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Abstract

This research provided a package of analytical' numerical' and experimental re-

sults. By first investigating lul1y developed laminar flow with zero buoyancy force'

velocity and temperature profiles for circular sector ducts (CSD) rvere expressed in

series form and converted to pressure drop and heat transfer data Then' three-

dimensional Navier-Stokes equations were numerically solved in the hydrodynamic

entrance region of CSD's. Next was to perform numerically a heat transfer anal-

ysis for pure forced convection of thermally developing florv in CSD's' Foliowing

these prerequisite studies, numericai predictions were carried out using the modified

SIMPLER algorithm for fuliy-developed laminar mixed convection in a horizontal

semicircular duct (SCD), As the lasi and main target in this research' mixed convec-

tion florr' and heat transfer were experimentally investigated in the ihermal entrance

region of the horizontal SCD with uniform heat input axially'

The analytical study included a novel expression of Nusselt number and pro'

duced a complete set of practical design data' The hydrodynamic analysis revealed

that a smaller apex angle corresponds to a shorter hydrodynamic entrance length'

It was similarly found that, fo¡ the thermal condition of aúal uniform heat flux with

uniform peripheral wall temperature, decreasing apex angle enhances loca'l Nusselt

numbers and shortens thermal entrance sections. Regarding the mixed convection

flow, dual solutions rvere predicted for the SCD for modified G¡ashof numbers (Gr+)

up to 2 x 108 wiih Prandtl values of 0'?, 3, 5, and 20 The buoyancy-induced sec'

ondaryflowwasfoundtohavetwocounter-rotatingvorticeswhichcouldbifurcate



into a muitiple-cell flow structure' For high heating rates' the experimental data

showed large ci¡cumferential variations in wall temperatures' a factor o{ over two for

friction factor increase, and a factor of about five for heat transfer enhancement ln

addition, the onset of the¡mal instability was observed to advance with increasing

Grashof number and with decreasing Reynolds number'

It was concluded that increasing Gr+ augments flow ¡esistance and, more signifi-

cantly, greatly enhances heat transfer' The influence of Pr was shown to be insignif-

icant when the Nusselt ratios were pìotted against the modified Rayleigh number

.Rø+. However, the friction ratios were better correlate d to Gr+ ot Gr+ f Prn , wherc

n, was determined to be 1.8 for 3 1 Pr 15 In general' good correlations were

obtained for the experimental data, whereas all key features o{ the mixed convec-

tion flow that were disclosed by both measurement and prediction were found to be

consistent.
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Nomenclature

A : cross-sectional area of circula¡ sector duct' {'R!

An = cross-sectional fluid area

A;. : inside heated wall area

A, = cross-sectional solid area

B = geometrY Parameter, 2(Ó + l)lÓ

C - dimensionless pressure drop constant, (¿F l¿X)AZ"I(W y')

Ct : geometry parameter; for the 111 anð' H2 conditions'

q = 2(ö + 1) I $; lot the H!"¿ and H2"¿ conditions' C1 = 2

% = specifrc heat at constant pressure

dF ldx = axia,I P¡essure gradient

Dn = hydraulic diameter, 2öR¡'10 + ó)

D;, Do = inside and outside diameters of the duct

f - Fanning friction factor, Dh(-dP I¿X)IQPW')

n = gravity

Gr : modifred Grashof number, G' : þsp'DIQ t I pzhA;*

Gr+ = modifled Grashof number, Gr+: þsq'Rll?2k)

h -- peripherally averaged heat transfe¡ coefrcient

HI = uniform axia'l heat flux with uniform peripheral temperature

fo¡ all surfaces

Hlo¿ : uniform axial heat flux and uniform peripheral temperature

for the cu¡ved surface; adiabatic flat surfaces



H2 = uniform axial and peripherál heat flux

H2o¿ = uniform axial heai flux with uniform peripheral heat flux on

the curved surface; adiabatic flat surfaces

k - thermal conductivitY of fluid

K : local incremental pressure drop number, equation (4 11)

/((*) = incremental pressure drop number for fully developed flow

when X : oo, dimensionless

L - total heated length

Lu : hydrodynamic ent¡ance length, 'Ls11, L¡11-, L¡75¡' Ls5''

defined in the text

Lou : hydrodynamic entrance length, trþr¡, Lour., Lon,!' Louu-'

defined by equations (a 13) and (  la)

Lr, Lî : thermal entrance length, tra - X7l(D¡RePr)

and tr$ - XT I@oReoPr)

rix = mass flow rate

n, N = notmal coordinate, n - NlRo

Nu, Nu¡ = peripherally averaged Nusseit number , Nu: hD¡lk

and lVz¡ - hH"lk

Ñu-r, Ñu",h = local, but peripherally averaged, Nusseit numbers

defrned bY equaiion (6 4)

ñ,",,t : @u^t+Ñ"',h)12

P = total thermodYnamic Pressule

P', ?', P+ : pressure driving the cross-sectional flow' p' = P'D'z¡lþv')

and P+ : PtR?olþv'z)

P, p = axia.l pressure averageil at a cross-sectio", F: P lþlv')

Lp, : Fo - F, the Pressure droP

LP = pressure drop across the heated section

Pr : Prandtl ntmber, ¡'r'co f k'



q' = duct heat transfer rate per unit length

q" = constant heat flux

ott^ : peripherally loca.l heat fl*, qle : (tr ¡ 2)(ðT+ lÔn).'rr
'tr0

Q¡ : heat Sain bY the fluid

Q" = elect¡ic Power inPut

Ro, r'o : ¡adius of the duct, rL : Rol D¡

R, r, r' : radial coordinate, 7 - Rl Ro ar.ð' r' = Rl D¡

r- = radia.l distance, no¡malized by R¡, where the axial velocity

has its maximum value

Rø : modified Rayleigh number, Rø = GrPr

Ra+ : modified Rayieigh number, Ra+ : Gr+ Pr

Ra'=modifiedRayieighnumberbasedonductinsidediameterD¿'
fi6' - Rø(D¡lD¡)a

Re, Re¡ = Reynolds number, Re : pW D¡lp and 'Re6 - plV RolU

t, l-, të = temperature; i., = ate'a8" peripheral wall temperature; á¿ :

average wall temperature over the curved surface of the duct

T - the boundary condition of constant wall

temperature both peripherally and axiaJly

T; = dimensionless temperature; for the 1{1 anà Hlo¿ conditions'

i = 1 and T1 = (t - tu)lk"Rolk);

fo¡ the Il2 and H2"a conditions,

i = 2 ar.dTr: (t -I-)l(s"n^lk)
T, : dimensioniess temperature, f- = (t - t^)lk"R¡lk)

T+ : dimensionless temperature, T+ : (t. - t)l(q' lk)

(J, u, u+ - radia^t velocity, u - {J Dnlv and u+ : U Rolu

V, a,l+ : angula¡ velocity, a -VDnlv and a+ :V&olu

W, u, lV - axial velocity,w =Wllv,ll = ^t"o axial velocity

Trnaæ : dimensionless maximum axial velocity an r = r" a¡;.d 0 = Ó

v1



X, a+, æ', æ' = axia.l coordinate, æ+ : Xl(DnRe), æ- - Xl(D¡RePr)'

and æ' : X l(RsResPr)

Greek Letters

p

6¡

0

p

v

P

o

ó

= thermal expansion coeficient

= fluid mean conduction Path length

= angular coordinate

= dynamic viscosity

= kinematic viscosity

= density

: standard deviation

= half the apex angie of a circular sector duct

Subscripts

0 = at the entrance or based on -R¿

¿ = average ovet the curved surface

fd = fully deveioped conditions

EI, H2 = for the HI ot H2 boundary condition

HI"a, H2"¿ = for the H!"¿ ot ff2.¿ boundary condition

i - 1 for the Hl or Ht"¿ condition;

2 for the H2 ot H2"¿ condition

j - indicator for thermocouple positions a, b, and c at each station

Im = axial length mean

rL = bulk mean; fluid properties evaluated at the average of

upstream bulk temperature and downstream bulk temperature

M = fluid Properties evaluated at the average

bulk temperature in the fully developed region

rnal: : maximum va,iue

vll



mi, mo = bulk mean at inlet and at outlet

T = thermal entrance length or for the ? boundary condition

u) = at the wall

c = axiallY local
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Chapter 1-

Introduction

TUp n"t¿ of heat transfer has continued to grow swiftiy during the past twenty

years due to ever-increasing research eforts. with the rapid deveiopment of modern

technology, the use of heat transfer has spread widely to many other branches of

science which in some cases has 1ed to the formation of new subfrelds. one of

these subfrelds is the study of the interacting efrects of free and forced convection.

Due to its practical importance, ihis kind of mixed convection has recently received

increasing attention.

1.1 Mixed Convection

It has been realized that buoyancy forces can cause a he¿t t¡ansfer result to dif-

fer significantly from its pure forced convection value. The importance of buoyancy

efiects depends on whether the flotv is lamina¡ or turbulent, internal or external, on

whether the duct is horizontal or vertical, smooth or frnned, and on duct geometry as

well as duct-cross-section orientation. For turbulenf flows, since turbulent diffusion

tends to attenuate thermal gradients and hence reduce buoyancy efiects, more inter-

est has been given to mixed convection heat transfer in laminar flow. For a vertica"l

duct flow, the gravitational vector (g-) is parallel to the flow direction and thus buoy-

ancy forces act to assist or retard the flow. on the other hand, for a horizontal duct

flow, which is conside¡ed in the present research, þ'is perpendicular to the flow and



the thermogravitational fo¡ces are known to generate counte¡-rotating transverse

vortices.Thisso-calìed..second'aryflow,,.rvhichissuperimposedonthestreamwise

main flow can lead to substantial circumferential temperature variations and heat

transfer increases. For the heating case (i'e , hot wall), due to the downward move-

ment of the core fluid that contains high axial momentum, the axial velocity profrle

canbealsodistortedsuchthatsignifrcantincreasesinflowresistanceresult.

Furthermore' the buoyancy-induced secondary flow can aid the flow development

andsubsequentlyshortenthethermalentrancelength'Itisalsopossiblethatlarge

buoyancyefectswill¡esultinaneariytransitionfromlaminartoturbulentflow.

Concerning the response to thermal boundary conditions, buoyancy effects persist

throughoutthewholelengthofauniformlyheatedductwherethewall-minus-fluid

temperature difierence (Af) increases from zero at tlte beginning of the heating to

a constant value in a far downstream region ln contrast, for ducts with constant

wall temperature Aú, will diminish and eventually vanish in the f¿r downstream

region. Therefore, free convection efiects exist oniy in the thermal entrance region

of isothermal ducts.

L.2 Circular Sector Ducts and Motivation

In this study, considerable efort was spent on pure forced convection flow and

heat transfer irr circular sector ducts (csD) even though the investigation on mixed

convection was focused solely on a horizontal semici¡cular duct (scD) which belongs

tothefamilyoftheCsD.TheCsDwasfoundtobeofspecialinterestafte¡acom-

puter literature sülvey.was conducted at the beginning of the research. specifically,

the important facts may be stated as follorvs:

1. In food, chemical, and nuclear engineering applications, heat transfer analy-

ses are often encountered for laminar flow through muitipassage tubes rvhich

consist of CSD's. Also, the CSD (e'g, SCD) can be used to design new com-



pact heat exchangers which provide higher heai transfer coeffcients than the

smooth tube ones. Ilowevel, very limited data are availabie fo¡ CSD's'

2. The CSD represents ihe limiting cases of circular tubes having equi-spaced'

raclialfuilflns.Thus,reliable¡esultsofmeasurementsandpredictionsfor

CSD's can provide a complete analysis for internally finned tubes'

3. The semicircular duct is of particular practical interest. For instance, the

flat wall of the duct can be attached on a nuclear ¡eactor surface from which

substantial heat might be released. In addition, the ¡esults for the scD serve

as a lower bound for circuia¡ tubes containing a twisted tape-insert'

It is these considerations that motivaied the present research

1.3 Objectives

The research involved two components; viz', an analytical and numerical study

of iaminar flow and heat transfer in CSD's without buoyancy effects, and (more

importantly) a numerical and experimental investigation on combined laminar free-

fo¡ced convection in a horizontal scD. The ma.in objectives were as follows:

A. To frnd analyiical expressions of velocity and temperature distributions for lam-

inar, hydrodylamically and thermaliy developed flow of zero buoyancy force

in csD,s using four diferent therma"ì boundary conditions. A complete set of

results for friction factors and Nusseit numbers for the enti¡e apex angle range

of the CSD rvere to be Provided.

B. To soive numerically three-dimensional momentum equations in the hydrody-

namic entrance region of CSD's.

c. To study numerically forced convection heat t¡ansfer in the thermal entrance

IegionofCsD,susingtwotherma]boundaryconditionsinordertofurnish

base-line references for the mixed convection study'



D. To analyze numerically the flow and heat transfer of mixed convection for fuliy

developed laminar flow in a horizontal SCD' Computations were to be per-

formed for Grashof numbers up to 2 x 108 and Prandti numbers of 0'7, 3' 5'

and 20.

E. To investigate experimentally the flow and heat transfer o{ Iaminar mixed convec-

tion in the thermal entrance region (and fully developed region) of a horizontal

SCD with uniform heat input axially.

t.4 Layout of the Dissertation

This dissertation is composed of seven chapters. An extensive review o{ the

literatu¡e is supplied in Chap. 2. The results of objective A are presented and

disctssed in Chap. 3. Chapter 4 then deals with objectives B and C, i'e', the hydro-

dynamic and thermal entrance regions. The governing equations fo¡ laminar mixed

convection and the numerical analysis for objective D are outlined in chap. 5. The

experimental results (objective E) are presented in chap. 6 where comparisons be-

tween measurement and prediction are made wherever possible. Finally, conclusions

a.nd ¡ecommendations are givel in chap. 7. since the experimental study deaìs with

developing mixed convection flows which possess the most complicated phenomena

in principle, chap. 6 is deliberately placed to follow the representation of all nu-

merical results. Regarding the raw experimental data, Appendix E lists the outputs

that were ca"lculated by the computer program given in Appendix D'



Chapter 2

Review of Literature

TunouCgOUT the literatu¡e, information on the fluid florv and heat trans{er of

combined laminar lree-forced convection is widely scattered. Thus, this revielv is

intended to gather the information together to form a clear picture of the background

for the present research.

2.! Scope of the Review

This review is limited to laminar flow although certajn referenced papers have

involved transitiolal and turbulent flows. Due to the scarcity of materiai on circuiar

sector d.ucts or ot]rer similar noncircular ducts, this survey was expanded to include

smooth circular tubes and rectangular ducts However, not much attention v¡as

given to internally finned tubes although they are of practical interest' Regarding

duct orientation, verticai and inciined ducts were included but the search was mainiy

focused on horizonta.l ducts. whereas mixed convection was emphasized, anaJytical

studies on forced. convection flow and. heat transfer we¡e a.ìso briefly reviewed' The

methods of probiem solving, rather th¿n detaiis of the results, in each selected

paper were particularly discussed. In addition, recent numerical techniques received

special attention. To highlight the previous studies, the review is organized in terms

of anaiytical method.s, con:rputational analyses, and experimental investigations



2.2 Analytical Methods

Todeterminethecharacteristicsofirrterna]fluidflorvandheattransferwith

andwithoutbuoyancyeffects,aconsiderableamountof¡esearchefiortwasdirected

tolvard analytical solutions. Even though they are often subjecied to certain iimi-

tations, demands for these solutions are still increasing' This is primarily because

of three reasons: (1) they spark our theoretical interest and promote our insight

into physical fundamentals; (Z) they precisely represent the }imiting cases of real

situations and provide useful design data; (3) they also serve as a reliabie source

for verifying complex numerica,l solutions when the predicted value converges to its

limit. In the past three decades, a numbe¡ of analytical methods have been suc-

cessfully developed for obtaining the fields of velocity and temperature' calculating

pressure drops and heat transfer coefrcients, and determining effects o{ solution

parameters and other quantities of interest'

2.2.L Exact Solution

From the analogous torsion solution, Eckert et al' llJ rvere the first to derive

aseriesexpressionforthevelocityproflIeofcircularsectorductsinfullydevel.

oped laminar flow. For the thermal boundary condition of axial uniform heat input

rvithuniformperipheralrvalltemperature(Il1),theiranalyticalsolutionoftemper.

atutervasobtainedbyatransformationofthesemicircularplate-deflectionproblem

discussedin[2].Forthethermalboundaryconditionofuniformireatinputbotlr

axially and peripherally (112), they expressed the temperature solution in the form

of a series with arbitrary constants. For both cases, they computed average Nusselt

numbers fo¡ circular sector ducts for apex angles up to 60". sparrolv and Haji-

Sheikh [3] extended the work of [1] and plotted the plessure drop data and the

Nusselt numbers for apex angles up to 180"

Hu and Chang [4] used a pariial eigenfunction expansion method to construct a



genelalized Green,s function {or the energy equation of finned tubes in fully devel-

oped larninar flor¡,. For the Il2 condition only, theil full-frn tubes (whiclt represent

several circular sector ducts) gave calculated Nusselt numbers which difered by up to

10% from the ¡esults in [1]. To analyze fuliy developed laminar flow in finned tubes,

soliman and Feingold [5] divided the cross-stream flow domain into tv¡o regions.

Thei¡ solution for the axial velocity distribution within each leSion was written in

the form of an infinite series involving arbitrary constants. They also derived the

expressions of the velocity and the product (/Ãe) of friction factor and Reynolds

numbel for full-fin tubes in terms of the number of fins. usilg the method of sep-

aration of variabìes, soliman [6] anaiyzed fully developed laminar heat transfer in

annular sector ducts. with the aid of numerical integration, he computed Nusseit

numbers for both the .I/1 and f/2 conditions with a wide range of the radius ratio

and the duct apex angle.

Regarding thermal boundary conditions, sparrow and Patankar [7] demonstrated

that the follorving four types of conditions that are compatible with the existence

of a thermally developed regime were tightly interrelated They are: (a) uniform

wall temperature; (b) uniform wall heat flux; (c) exponential variation of the rvall

heat flux; and (d) convective heat transfer from the external surface of the duct to a

fluid environment with heat transfer coeficient and temperature both of which are

uniform. Through analytical analyses, they concluded that cases (a) and (b) serve

as low and high bounds, respectively, on case (c) while case (d) is a specialization

of case (c). They also noted that various subclasses of thermal boundary conditions

can be formulated if circumferentiai variations are considered'

2.2.2 Linearized APProximation

The method of linearized axial momentum equation in ducts for determining the

incremental pressure drop resulting from the entrance efiects is one of the noteworthy

analytical techniques. Lundgren et at. l8l developed this method and calculated the



pressure drops in various duct flows without actually solving for the entrance-region

velocity development. Following this theory, McComas [9] generated a procedure

fordeterminationofthehydrodynamicentrancelengihofductsofarbitrarycross

section by knowing only fully developed veiocity profrles' A more general analytical

approach was made by Fleming and Sparrow [10] to determine the developing ve'

locity freld and pressure drop for laminar flow in the entrance region of ducts Using

this linearization method, Soliman ef at' lTtl predicted the velociiy distribution and

pressule drop in the entrance region of circular sector ducts for apex angles up to

90".

2,2.3 Perturbation Method

Ättention has been long drawn to the perturbation method ([12] is a good source

for this method) for investigating probiems of buoyancy efiects on forced convec-

tion. Starting with the forced convection soiulion as a first approximation' the next

approximation can then be found as a buoyancy-driven secondary flow and a sec-

ondary temperature ilistribution due to the modified fleld offlow This merely gives

a perturbation of the forced convection solution Morton [13] was the first to use

theperturbationmethodforstudyinglaminarconvectioninuniformlyheatedhor-

izontal pipes at low Rayleigh numbers ('Ra) Under fully developed conditions' he

empioyedaStokesstreamfunctionandeliminatedthepressurebetweentwocross.

stream momentum equations. The governing equations were thus written by the

dimensionless stream function, axial velocity, and temperature' which were approxi-

mated as power series in Ã4. Substituting these power series into the corresponding

governing equations and equating coefrcients oI powers of 'Rø made it possible to

have a particular order approximation fo¡ these three variables Morion [13] found

that the Nusselt number rvas a function of the Prandtl number (Pr) and the product

of the Rayleigh and Reynolds numbers (Ra Re) '

Theinfluenceoftubeorientationoncombinedfree.forcedlaminarconvection



was theoretically examined by lqbal and Stachiewicz [14] Their perturbation series

solution rvas approximated up to second order' Since' to insure convergence of the

series, the .R¿.Re value must be small, they made a detailed check of temperature

and Nusselt number equations. The upper limits of Ra Re were found to be lower

than 3000 fo¡ the vaüdation of their solutions. using primitive variables (pressure,

temperature, and three velocities), Yao [15] obtained an asymptotic solution of

Iaminar {¡ee-forced convection flo$, near the entrance o{ an isothermally heated pipe

by perturbing the solution of the developing flow in an unheated pipe'

2.2.4 Integral Method

For mixed convection flows, it is often worthwhile to look for approximate meth-

ods of solution, such as i[tegral methods. Based on a flow visuaiization, Mori

andFutagami[16]developedanintegraisolutionfortheoretica]Iystud¡'i1g¿¡"

buoyancy-induced secondary flow in uniformiy heated horizontal tubes. In their

solution procedure, velocity and temperature fields in a core region were assumed

to be afiected mainly by the secondary flolv and efiects of viscosity and the¡mai

conductivity were disregard.ed. on the other hand, ir a thin layer along the tube

wall, velocity and temperature fields were afected by viscosity and tl¡ermal conduc-

tivity, and boundary-layer approximations rvere applied in the analysis' Treating

each velocity and temperature as the function of boundary-layer coordinate and

its thickness, they integrated equations ol momentum and energy for the case of

the momentum thickness larger than the therma,l thickness and fo¡ the case of the

reversed condition (Pr efiect).

similar to the method described in [16], Hong and Bergles 117] investigated

corrbined free-forced convection in fully developed laminar florv of horizontal tubes

with temperature-dependent viscosity and large Pr. In considering viscosity as

temperature-dependent only in the governing equations, they introduced the coefr-

cient 'y of viscosity variation due to temperature change At ('y = -(dp'ld't)lp', wlttch



is a te¡m analogous to the coefrcient of thermal expansion, p) For boih the ll1

anð, H2 conditions, the Nusselt (.lfø) results in [17] were presented in the form of

ltfu - Ç{1At)l?¿llá, where C1 is a lunction of a nondimensional viscosity param-

eteryAú and the thermal boundary conditions Of course, 7At : 0 represents the

constant viscosity solution They reported that, rvhile the proportionality constant

C1 increases as '74ú increases, the heat transfer predictions for large 7AÚ were over

50 percent above the constant viscosity predictions'

2.2.6 Other Techniques

Anotherusefulanalyticaltechnique,thesimilaritysolutionmethod'wasused

by several investigators (e.g., in [18,19,20,21]) to approxrmate larninar mixed con-

vection flows. For the mixed convection laminar flow of a Iatge Pr fluid, Ilieber and

sreenivasan [19] divided an isothermal horizontal pipe into a succession of regions:

a ttnear region", an ttintermediate region", a ttbreak-up tegion", and a ttfar-region" 
'

In each region, buoyancy forces were assumed to play a difierent role'

As a last notable analytical technique, the Gram-Schmidt method has been use-

fuì to construct orthonorma,l functions in fluid flow and heat t¡ansfer analyses. For

example, Sparrow and Haji-Sheikh [22] used this method to develop a computation-

orienteil method of analysis for determining series-form solutions for fully developed

laminar flow and heat transfer in ducts of arbitrary shape with arbitrary thermal

boundary conditions.

2.3 Computational AnalYses

As a nen, field, computationa,i heat transfer and fluid flow has made signifi-

cant impact on reseatch, design, and education over the past twenty years One of

the most prominent features of computational analysis is cost-efiectiveness; namely'

providingaconvenientwayofobtainingdetailedsolutionsforcomplexphysicalsit-

10



uations.Alargenumberofcomputationaltechniqueshavebeenproposed'tested'

anilappliedtocombinedfree.forcedconvectionflowandheattransfer.Forpur.

poses of the present research, the follorving review starts with an ouiline of numer-

ical methods and proceeds to the recognition of convection-difusion formulations

and flo.rv-equation solution algorithms which are two core ingredients of a nonlinear,

iterative, computational technique. Then, applications mainly in laminar mixed

convection analyses are selectively reviewed'

2.3.L Outline of Numerical Methods

Convectioual numerical methods that are often applied in heat t¡a¡sfer can

be consuited in the book of shih [23]. of these, the numerical metirods that are o{

interest to the present research are the frnite diference method and the finite element

method. A great many subclasses of numerical methods can be grouped if the

techniques of equation formulation rvith soiution procedures are considered. A recent

review that includes some frnite eiement methods in fluid flow and heat transfer

has been given by Patankar [24]' Anoiher method whose applications are rarely

found in internal mixed. convection flows but widely found in porous media flows is

the boundary integral equation method [25] Also, boundary element methods are

widely used in solid mechanics [26].

Whereas the finite diference method earns the most popularity in fluid flow

and heat transfer analyses, its fi¡st subclass may be clarified by the types of vari-

ables present in the Navier-stokes equations. These are called: primitive variables

methoil, vorticity-stream function method, and vorticity-velocity method" Gener'

ally, ihe vorticity-stream function and vorticity-veiocity methods share the dificul-

ties of appropriate implementation of boundary conditions for the vorticity. The

primitive variables method, on the other hand, is associated rvith problems of deter-

mining the pressure. The most successful primitive variables method in numerical

heat transfer and fluid flow was developed by Patanka,r and spalding [27] and by

I1



Patankar [28]. An essential feature of this method is a generai, numerical, marching

procedure for the calculation of transport processes in three-dimensional parabolic

flows. The so-cailed ,,parabolic flows" are characterized by the presence of one dom-

inant coordinate in wlúch there exist no regions of reverse florv in this direction.

This is often accomplished by neglecting axial diffusion terms (second derivative

with respect to the axial coordinate) from the elliptic difrercnlial equations. should

reverse-flow regions exist, Gosman et aI. l2glprovide a good source of using vorticity-

st¡eam function methoils io handle two-dimensional elliptic florvs' A recent review

on finite difie¡ence methods for natural and mixed convection in enclosures has been

gir,enbydeVa]r]Davis[30]whohasstressedvorticity.streamfunctionmethods.

Forlaminarmixedconvectionproblems,mostinvestigatorshaveemployedthe

primitive variables methods, e g., a vectorized finite diference marching technique

[3i,32] that was specifically developed for a vector-processing supercomputer of the

Cyber 205 and a finite diference procedure [33] for laminar, axisymmetric devel-

oping florv in circular tubes with temperature'dependent viscosity' But, the use of

vorticity-stream function methods can be found through [3a] to [a0] and the use of

vorticity-velocity methods in ia1,42]' Ku and Hatziav¡amidis [43] used Chebyshev

expansion methods for solving the steady two-dimensional Navier-stokes equations

in both the vorticity-stream function and vorticity-velocity formulation'

2.3.2 Convection-Diffusion Formulation

The treatment of convection-difusion formulation is always a key issue in com-

putational heat transfer when considering accuracy, convelgence, stability, and com-

puting time. An improper convection-diffusion formulation may result in excessive

numerica,l errors known as false difusion which is a multidimensional phenomenon.

Ðspecially for large Peclet numbers (Pe) for which rea.l difiusion is relatively small,

the matter of false difiusion attains importance. This is o¡e reason why ma[y dis-

cretization schemes tend to become unstable and fail to converge at high flow rates'

12



In a convection-difiusion situation, lhe central-d.ifferezce scheme that is the nat-

ural outcome of a Taylor-series formulation is recognized to give unrealistic results

at high Pe. To seek better formulations, Patankar [28ì firsi introduced the well-

known upuind' scheme This scheme leaves the difusion term unchanged but the

convection term is conditionally calculated by checking the flow direction. Thus, ihe

solutions will always be physically realistic, which is the most important advantage

of lhe upwind scheme. Howevet, it generates spurious overshoot and undershoot

for difiusion at large Pe values. To remedy the defects, Raithby and Torrance [44]

proposed and employed the enponential scheme, Despite its desirable behavior, it

is not wideiy used because exponentiais are expensive to compute' Spalding [45]

deveìoped Lhe hgbriit scheme whose essence is the three-Iine approximation to the

exact convection-diffusion variation. Another approximation given by lhe power-Iøw

scheme rvas described and recommended by PatarLkar [28]' While in many situations

the last two schemes serve equally well, the power-law expression (a closed form rvas

given in [28]) proviiles a better representation o{ the exponential behavior'

Recently, a nltmber of new formulations have been proposed Some of them are

based on the quad'ratic upstream (QTJICK ) scheme of Leonard [46] Runchal f47] has

described a scheme, call coNDIF, which retains the essential natu¡e of lhe central

d,ifference scheme but eliminates the over- and under-shoots. Lillington [+8] has

proposeil a scheme that accounts for the magnitude of the source telm in addition

to the direciion of the velocity vector. other proposed schemes irave been discussed

and compared in [24].

2.3.3 Algorithm for Discretized-Equation Solutions

once convection-difusion terms are properly formulated, successful predictions

then lie in the use of an efrcient algorithm for obtaining the solutions of the dis-

cretization equations. since finite difierence primitive variables methods are of in-

terest here, velocity-pressure coupling techniques that largely afiect the performance



of solution methods are first reviewed'

Velo city-Pressure Coupling. Fo¡ internal parabolic boundary-layer flows'

longitudinalandlatera.lpressulesareoftendeliberatelydecoupled.lVhileilrelon-

gitudinal pressule gradients are determined by ensuring the global conservation of

mass, the iateral pressures are obtaineil by solving the Poisson equation which is

derived from the local continuity equation' Thus, the plessute serves as a crucial

bolt for the coupling between momentum and continuity equations' After propos-

ing a usefui procedure to calculate the streamwise pressure gradient' Raithby and

Schneide¡ [49] examined several existing methods of handling this coupling The

first method of Patankar and Spalding [27] uses the pressure correction (obtained

by solving the Poisson equation) to correct the velocities while also correcting its

best esiimate pressure with a relaxation parameter' The second Patankar-Spalding

method uses under-relaxation of velocities from the momentum equations but assigns

the ¡elaxation parametel to 1 for the pressure correction' Several other methods'

including a proposed new method, and results of their application to a test problem

were discussed and compared in [49].

Solution Procedures. Due to the highìy coupied, nonlinear' muliidimen-

sional features of the governing equations, iteration methods are employed for the

solutions.Anumberofcurrentiyusedmethodsofflowcalculationoriginatedfrom

theSIMPLÐprocedureofPatankarandspalding.TheSIMPLÐ,whichstandsfor

,9emi-ImplicitMethodforPressure--Linked'fruations,hasthesho¡tcomingsofsìow

convergence, approximate pressure field, and the need {or heavy under-relaxation'

AmoreefrcientvariantofslMPLE,ca]ledSIMPLER,whichstandsfo¡SIMPLÐ

.Revised [28], solves an extra equation of pressure but requires fewer iterations for

convergence hence reducing the ove¡all computing time' This method has been

widely used for computing mixed convection flow and heat trans{er' However' it

does not satisfles all situations When studying mixed convection in a vertical tube

with radial internal frns, Prakash and Patankar [50] found that their successive-
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substitution technique tended to diverge at high Rayleigh numbe¡s For a remedy'

they developed a simultaneous solution of two coupled variables and accelerated con-

vergence by using a block-correction procedure, which uses the concepts oI "additive

correction" generalized by Settari and Aziz [51]'

Other modiflcations of SIMPLE have been made by Connell and Stow [52],

Latime¡ and Pollard [53], and Issa [54]. Van Doormaal and Raithby [55] have de-

scribed the SIMPLÐC procedure, which employs consistent under-relaxations for

momentum and pressure corrections. Spalding [56] has developed ihe SIMPLEST

procedure, which treats convection explicitly and difusion implicitly in the momen-

tum equations. vanka [57] has recently shorvn that the use of a multigrid method

with a coupled soiution at a point can lead to a very efrcient technique. All these ef-

forts certainly enhance the capability of computational heat transfer and fluid flow.

But careful evaluations of different methods are still required for future research.

2.3.4 Applications in Developed Mixed Convection

Problems on lully developed mixed convection are usually numerically dealt with

differently from a more general analysis for the developing flow Thus, it is necessary

frrst to focus attention on fully developed mixed convection studies'

2,3.4.t Special Computing Features

Withiherapiddevelopmentofcomputerhardware,anumberofinvestigators

have started to use specially developed computers to speed up computations. Fung

ef ø1. [58] have employed an Array Processor FPS-164 attached to an Amdahl

5g60 m¿in frame to study flow pattern phenomena in mixed convection. using a

Cray-l supercomputer, Braaten and Patankar [59] have vectorized the SIMPLE al-

gorithm for analyzing laminar mixed convection in shrouded arrays of rectangular

blocks, e.g., like closely-spaced elect¡onic circuit boards' The time-dependent forms

of the vorticity-stream function formulations using the quadratic upstream difer-
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encing method have been applied by Kotake and Hattori [60] to steady combined

convection in horizontal annuli. To permit a smooth variation in the geometrical

shape from a full circle to a semicircle, Nandakuma¡ er øI' l6tl have used a cylin-

drical bipolar coo¡dinate for their laminar mixed convection analyses in horizontal

ducts. Nakamu ra et aI [62] have employed a triangular coordinates system to an-

alyze mixed convection in arbitrary triangular ducts' Using the conjugate gradient

method [63], they have also nunerically solved a similar problem for rectanguÌar

ducts.

2.3,4.2 SecondarY Flow Patterns

Nand'akumaretøt'|61]weretlrefrrsttonumericallyinvestigatefullydevel-

opeil laminar mixed. convection flow in a horizontal semicircular duct using the fJl

condition. For the flat wall of tiie duct at the bottom, they predicied two symmet-

ric counterrotating vortices for their defined Grashof number (Gr) less than about

1.3 x 105 at the P¡ value ol 5. The trvo-vortex secondary flow pattern persisted as

Gr gradually inc¡eased {urther until the Gr value reached about 1.4 x 106. At this

Gr level, they found th¿t the two vortices bifurcated into {our vortices' together

with a jump in the curves of friction factor and Nusseit number ratios. If this four-

vortex soiution tvas treated as initial guessed values for a higher Gr, a four-vortex

solution was obtained only. Similarly, but for a lower Gr, the four-vo¡tex solution

also resulted. GraduaJly reducing Gr continued to give the four-vortex resuits until

Gr <- !.3 x 105 {or which previous two-vo¡tex soiution was again obtained. They

pointed out that this hysteresis behaviour and the flor¡¡ bifurcation phenomenon in

mixed convection werê akin to the phenomenon in couette flow between lotating

cylinders (the Taylor problem) and had featu¡es similar to those of laminar flow

in helical tubes (the Dean problem) as studied by Nandakurrar and Masliyah [64].

They dso reported that for Pr = 0 7, the upper critical Grashof number could not

be reached due to the numerical instability when Gr )- 2'4 x 106 For their rect-
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angulal ¿lucts and citculal tubes, similar results were presented in the same paper

[61].

As an extension to the abo,'å work, Law et al' [65] examined the effect of

nonuniform heating on laminar mixed convectiol in the same semici¡cular duct that

was heated f¡om the bottom flat rvall but with the cu¡ved sulface insulaied. In this

case, calculations for P¡ = 5 revealed the bifurcation phenomenon but those for

Pr - 0.7 did not. More recently, Fung el øl [58] found even-cellular modes from

a numerical study on the mixed convection in rectangular ducts. They concluded

that the appearance of cellular flows via buoyancy instabiliiy is gradual and that

there is no precise value of Gr at which such development occurs abruptly. The

secondary flow bi{urcation phenomenon was also numerically reported by Chou and

Hwang [38], Acharya and Patanka¡ [66], and Patankar et al' 167l

2.3,4.3 Heat Transler Enhancement

The results of Nandakumar et at. 16ll showed that the buoyancy-driven sec-

ondary flow significantly enhances heat transfe¡ in the semicircular duct. lf the

corresponding forced convection Nusselt number is referenced, the Nusselt ratios

are shown to increase with increasing Gr as rvell as Pr' By comparison' the four-

vortex Nusselt ratio for the case of the heating below only [65]' for P¡ : 5 and

Gr æ 5 x 105, is about 1.7 times higher than the corresponding value for the uni-

form lreating case [61]. According to Patanka¡ et aI' 1671, ai lúgh heating rates, the

heat transfe¡ enhancement for the case of heat added along the bottom half of a

tube (other half insulated) is even about 8 times higher than the value for the case

of heat added along the top half of the tube (other half insulated). These indicate

th¿t ihe bottom heating induces the vigorous secondary flow whiie the top heat-

ing brings about temperature st¡atification and induces the much weaker secondary

florv. For rectangular ducts, the Nusselt ratios predicted by Chou and Hwang [38]

show a jump due io the onset of a second pajr of eddies when plotted aga.inst .Rø -Re.
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For triangular ducts, heat transfer results in [62] include the effects of an inclination

angle and a rotationa,l angle of the duct.

2,3.4.4 Fliction Factor Results

while enhancing heat transfer, the buoyancy driven secondary flow also presses

down axial velocity profiles and consequently inc¡eases overall friction factors. Pre-

dictions in [61] for the semicircular duct show, with increasing Gr and decreasing

Pr, marked increases in the friction facto¡ reiative to its forced convection value.

But the increases are often substantially smaJler (e.g., about 5 times smalier in [67]

lor a high Gr and Pr = 5) than those attained by the Nusselt number' For the

described case of the bottom heating tube, the friction ratios in [67] rise up sharply

with Gr lot Pr = 0.7 but remain fairly constant for all Gr for the top heating case

at high Pr, e.g., Pr > 5. This is consistent with numericai results for an equilateral

triangular duct in [62] where the influence of the friction ratio against Pr is plotted.

Aga.in, the {riction ¡atios in 136] for rectangular ducts also display a jump at Ra Re

ai which ihe two-eddy secondary florv breaks up into a four-eddy fforv structure'

2.3.5 Applications in Developing Mixed Convection

In recent years, interest has been rising in studying buoyancy efiects on laminar

heat transfer in the thermal entrance region of ducts. computations haYe no longer

been limited to the large-Prandtl-number approximation which neglects inertia force

terms in momentum equations, as first (in 1972) used by Cheng ef al. [68]. Many

investigators have numerically solved ihe fulty parabolic and even elliptic transport

equations for a number of mixed convection problems. Ilowever, no numerical efiorts

have been made so far for developing mixed convection in a semicircular duct'
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2.3.5.1 Special Computational Techniques

In receut numerical studies, Mahaney et al. [31,32] solved the dimensional gov-

erning equations using the SIMPLER procedure. To obtain the solution of algebraic

equation systems, they employed the vectorized Jacobi iterative technique which

proved most eficient for all but the pressure equations. With ihe inúroduction of

a new parameter, choudhury and Patankar [69] formulated the three-dimensional

governing equations of an inclined tube in a compact fo¡m in which the inclina-

tion angle does not explicitly appear. using the high Peclet number assumption

(parabolic flow), Chou and Hwang [41] numerically solved vorticity-velocity govern-

ing equations. Coutier and Greif [70,71] used a code, ca'lled TOROID, and solved

the eliiptic equations rvith three-dimensional grids without marching. Simiiarly, but

using the soR (successive over-relaxation) meihod, calculations in [72] involved ihe

three-dimensionaJ time-dependent forms of conse¡vatioD equations. Horvever, these

th¡ee-dimensional solvers were costly so that only very coalse grids in the axial

direction were used.

2,g.ó.2 Longitudinal Distribution of Nusselt Numbers

uniform \Ã/all Heat Flux. From a numerical study by Incropera and schutt

[73], a typical ]ongitudinal Nusselt number (llu) distribution would have the fol-

iowing pattern. The sharp decline in the immediate neighborhood of the entrance

indicates the development of the thermal boundary layer. with the establishmeni

of thermal gradients, onset of free convection or thermal instability is marked by an

ascension in .lÙ¿ relative to its pure forced convection limit. Then, ihe lüz value con-

tinues to drop until it ¡eaches a miaimum. As the heating proceeds, the buoyancy-

induced secondary flow grows and the .lúø value attains a maximum. Because the

secondary flow acts to diminish its own driving potential, another decline in Iüu

occurs. Àccording to Mahaney et at. 131,321, these longitudinal .lÛ¿ oscillations also

19



happened in their computations which were carried out by a vector-processing su-

percomputer. But, under certain conditions, the osciilations are damped and yield a

fully deveioped Nusselt number that substantially exceeds the va,lue for pure forced

convection. ln the predictions of [41], the first minimum and maximum in the lfu

distribution are apparent, followed by some degree of oscillations especially for low

Pr fluids.

uniform wall Temperature, unlike the case of uniform waIl heat flux,

buoyancy effects exist only in the thermal entrance region of isothermal ducts. Be-

yond onset of thermal instability, a .lúu cu¡ve may rise above its forced convection

curve, depending on the significance of buoyancy forces There always eústs a regiou

whe¡e free convection efects are most pronounced. In a far downstream region, Ilu

approaches its forced convection value due to the diminuiion of the wall-minus-fluid

temperature difierence. Such axiai -lúz distributions are predicted in [69,74,75,76]'

2.3.5,3 Onset of Thermal Instability

since onset of the thermal instability is of practical interest in design, it is

usually defined based on a given percentage at which the local Nusselt number frrst

exceeds that of pure forced convection. cor¡elation equations for the onset point

based on the 2% deviation are given in la2,76l for rectangular ducts, and in [75]

for isothermal tubes. Another criterion, based on the location of minimum local

Nusselt number, is also considered in Ia2]. AII these studies show that increasing

buoyancy efiects advances onset of the thermal instability or the secondary flow.

2,g.5,4 Efrects of Reynolds, Grashof, and Prandtl Numbers

Concerning the parameters influencing the Graetz problem, in most nume¡ical

rvork, the Reynolds number dependence of the entry-region mixed convection flow

is often accommodated through the Graetz number (Ga) Hence, the role of the

20



Reynolds number is to "stretch" the flow in the duct [73] When the iarge Pr as-

sumption is disregarded, numericai calculations are usually car¡ied out by treating

Gr or Raand Pr as independent parameters (e g', see [69]) Since Gr is a measure of

ratio of buoyancy force to viscous force, the efiects of Gr ot Rø are evident through

I3i,68,69]. flolevet, due to ihe efects of fluid properties, the Pr influence on devel-

oping mixed convection flow and heat t¡ansfer is not as clear as other parameters'

Some examinations on the Pr dependence are given in i41,69,73]'

2.4 Experimental Investigations

For horizontal laminar duct flows, widely scattered experimental data have been

long attributed to buoyancy effects [?7,78]. Measurements of mixed convection

heat transfer have been predominately conducted for circular smoofir tubes and

rectangular channels. However, no similar work to the present experimentaÌ study

has been reported so far.

2,4.L FlowVisualization

Mo¡iandFutagami[16]firstint¡oducedsmokeofNH¿CIintoanairflowinan

inner tube at the inlet oi the heat transfe¡ section and photographed the pattern

of smoke. They observed thai the buoyancy-assisted secondary fi.ow generated a

pair of vortices which are symmetrical about a vertical meridian piane A Mach-

Zehnder interferometer was employed by Yousef and Tarasuk [79] Y'ho provided a

nice interferogram showing isotherms of laminar ai¡ flow in an isothermal tube. The

isotherms exhibiting a marked depression indicated that the buoyancy fo¡ces led to

an increase in heat transfer coefrcients near the tube bottom but a decrease nea¡

the iube top. Other florv visualizations were done by Hwang and Liu [80] for air

flow in a parallel-plate channei using smoke, Gilpin et øl' [81] for ¡vater over a

heated flat plate using an electrochemical technique, Wang el øl [82] for an oPen-
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channel rvater flow using a hydrogen bubble and siradowgraph method, and Knox

and Incropera l8e] for a rectangular duct water flow using two difie¡ent types of

dye and lighting. water flow was also visualized by osborne and Incropera 184,85]

through the side walls of horizontal parallel plates using both dye-injection and

shadowgraph techniques.

2.4.2 Measurements of Velocity and Fluid Temperature

Axial velocity. Axia,l air velocities at the cross sections of a unifo¡m heated

tube were measured by Mori eú al. [86] using a traversing device containing cylin-

drical yaw probes. The rneasu¡ed velocities at the symmetric plane of the tube

exhibited an increasing degree of downrvard asymmetry with intensifying secondary

flow. A traversing device carrying a hot-rvire probe was also employed by Kamotani

and ost¡ach [87] to measure axial velocities in a parallel-plate channel air florv. By

examining signals of a hot-film anemometer probe placed in a rvater pipe florv, Dl-

Hawary [88] used velocity fluctuations to detect ihe stabilíty of the flow that rvas

subjected to significant buoyancy efiects

Fluid Temperature. cross-sectional distributions of air temperatutes at va¡-

ious axial stations were measured by Mori ef al. [86] and they showed that buoyancy

influenced the thermal profrles significantly. signals of a thermocouple probe placed

in the rvater pipe flow were also studied in [88] for analyzing stability and estab-

lishing flow maps. wang et aL l82l obtained vertical temperature distributions in

an open-channel water florv by using thermocouple probes, a traversing support, a

data logger, and an x-y recorder. similar techniques of temperature detection were

reported in 184,85].

2.4.3 Measurements of Heat Tlansfer

obtaining heat t¡ansfer data is the major purpose of most experimenta,l inves-

tigations on laminar mixed convection. For isothermal conditions, heat transfe¡
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measurements we¡e petlormed in [79,89] for air pipe flows, in [70,90] for water pipe

flows, and in [62,91] for high Pr fluid florvs in rectanguiar and triangular ducts Fo¡

horizontal srnoofh tubes with uniform heat input axialiy, heat transfer data were

collected in [86,92] for air, in [88,93] for water, and in [94,95] for ethvlene glycol'

Mixed convection heat transfer for wate¡ flow in inclined rectangular ducts was also

measu¡ed in [96] where the entire ducts were electrically heated. It should be noted

that, in recent years, F. P. Incropera and his colleagues have experimentally inves-

tigated mixed convection heat transfer for rectangular ducts, parallel piates, and

open channels under various heating conditions [82,83,84,85,97]' Their work has

not only contributed useful experimental data, but also revealed some interesting

characteristics of buoyancy effects on forced convection flow and heat transfer'

2,4.4 Measurements of Pressure Drop

Ðxperimental Pressure drop data that are subjected to significant buoyancy

effects are scarce. Shannon and Depew [94] used a manometer to measure pressure

d.rop across the heated section of a tube. Fourteen data points were obtained for Gr

upto2300,andforPrrangingfrom26toS00similarpressuredropmeasurements

rvere achieved by Ðl-Hawary 188] for a laminar water pipe flow Limited data points

shorved an increasing trend in the fiiction factor as buoyancy forces became large.

The overall pressure drop was a.lso measured by Morcos and Bergles [95] for tubes

using water and ethylene glycol as working fluids' Since an inclined manometet was

used, they were unable to measu¡e the very low pressure drops due to heating for

water. For ethylene glycol, they reported that the diabatic lriction factors rvere as

much as 50% higher than the corresponding isothermal values

2.4.5 Empirical Correlations

Based on experimental data, a number of correlations fo¡ mixed convection heat

transfe¡ have bee¡r proposed and applied in order to generalize the nature of the flow



and expand the range of the existing data. Kakac er al. [98] have recently compiled

tl.rese correlating equations with detaiied descriptions of ranges of applicability

2.5 Remarks

First, from the above review of analytical methods, closed-form or exact solu-

tions were confined to oniy fuliy developed lamina¡ flow and heat transfer because

of their mathematical existence. A numerical integration is gelerally required to

transfer the exact fields of velocity and temperature to direct design data such in-

cremental pressute drop numbers and Nusselt numbers lt is interesting to note

that, for some bound.ary conditions (e.g., for fl1), a closed-form Nusselt expression

may be obtained without any numerical integration, for example, like the work of

Lei and Trupp [99]. In analyses including buoyancy efects, the outiined analytical

methods are all approximate to some degree. Due to this reason, they have become

unpopular in recent years and most attention is now on the more sophisticated nu-

merical techniques. However, it is the author's point of view that more research

eforts should be made to modify the existing analytical methods and/or to develop

nerv analytical methods.

secondiy, the above survey for computational eforts has focused o1l flnite dif-

ference primitive variables methods. The existing algorithms {or the solutions of

discretized governing equatiolls are lar from perfect. Handling the velocity-pressure

coupling seems to still challenge numerical researchers For exampie, Mahaney el øl'

[32] recently reported that several hundred sweeps over the domain of their partic-

ular problem were typicaJly required to obtain a converged plessule solution. The

author experienced a similar problem during this ¡esearch. The way to solve the

pressure equation definitely needs more exploration. In addition, concerning prob-

lems of hydrodynamically developing laminar flow and thermally developing forced

convection in circular sector ducts, no similar studies to the present work have bee¡
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reported so fal.

Thirdly, there are very limited experimental data on laminar mixed convection

flow and heat transfer in the thermal entrance region of horizontal noncircular (other

than rectanguiar) ducts. Moteover, a number of investigators have numerically

reported the phenomenon of the secondary flow bifurcation. will ihis phenomenon

be confl¡med experimentaliy? If positive, a solid theory should be developed to

explain the processes of the flow bifurcation.
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Chapter 3

Laminar Fully DeveloPed Flow
and Heat Transfer 'Without

Buoyancy

THE ,"op" of this chapter is limited to laminar, hydrodynamically and thermally

developed flow of a constant properties fluid. circular sector ducts are considered

as shown in Fig. 3.1 which also deflnes the cylindrical coordinates (r,d) system.

Buoyancy fo¡ces are neglected so that the existing solutions are expected to serve

as lower limits for problems with f¡ee convection efiects. Though being far from the

frnishline ol the research, this mathematical approach is aimed to furthe¡ under-

stand the fundamentals embedded in the research and to provide some new useful

results.

3.1 Governing Equations with Boundary Condi-
tions

Using quantities defined in the Nomenclature and taking advantage of symmetric

flow about the line o1 0 = ö, the nondimensional axial momentum equation and

boundary conditions are

LôtÔu\ 7Ôw
--lñ-lJ--rôr\'ôr)'r2002
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Figure 3.1: The Cross Section of the Circuìa¡ Sector Duct
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tr(r,0) - wQ,{ :0, and, *A{r,ö) - O

with negligible axial conduction and viscous dissipation within the fluid, the nondi-

mensiona,l energy equation can be expressed by

i*ç#)-ï#-cp(r,o)

(3.2)

(3.3)

where ?¡ and c1, as defined in the Nomenclature' are a dimensionless temperature

(i - I,2) and a geometry parameter, respectively. Uniform axial heat flux is consid-

ered such as would occur with nuclear or eiectric ¡esistance heating. Four peripheral

conditions used in this analysis are as foilows:

1. Uniform peripheral temperature for all surfaces, denoted by fl1 '

2. Uniform peripheral temperature fo¡ the curved surlace but with the flat section

adiabatic, denoted bY HI"¿ .

3. Uniform peripheral heat flux for all surfaces, denoted by ff2 '

4. Uniform peripheral heat flux for the curved su¡face but with the flat section

adiabatic, denoted bY H2"¿ .

The mathematical expressions fo¡ the above four conditions are readily derived

(see [gg,100]). concerning practical situations, the 111 condition generaliy simulates

well a duct having a high peripheral thermal conductivity (e.g., copper) while the

I12 condition may suit a duct having a low peripheral thermal conductivity (e'g.,

glass). The .I/l"¿and fr2"¿ conditions might serve as a lower bound for ci¡cular

tubes having internal full tapered fins of poor thermal conductivity and/or defective

thermal bonding between tube and fins'
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9.2 Maximum Velocity and Pressure Drop

A rvell-behaved solution of equation (3.1) with equation (3.2) was developed by

the finite Fourier t¡ansform method as follows:

u(r,o) - T Ðffisin(À,g) with À" = W
_ó2

" - t=, (À"(À" + 2))-'

The product of Fanning friction factor and Reynolds numbe¡ for fully developed

conditions, (fRe)¡al, with each defined in the Nomenclature, can thus be expressed

in closed form as

12 1 (3.6)

In a special case $: zr/2' equation (3.6) yieids

f R" - -- V:-- ^ - 15.2668
(zz-8)(er+2)'

Equation (3.6) is well-behaved for all {, unlike equation (390) in the book by shah

and London [10i] which requires special efiorts to obtain the limiting va.lues as

þ -+ r14 or S -- 3rf 4.

Now, the flrst interest is given to the maximum velocity, t!-o', and its location,

r.. For developing flow (chap. 4), this information is very useful in determining

hydrodynamic entrance length based on the velocity at r- attaining a particular

percentage of the fully developed value. Due to symmetry, the maximum velocity

occurs on the symmetry line defined by 0 - $. Eence by setting the first derivative

ol w(r,0: {) to zero, a unique nonzelo root at r = r- for each given { can be

found. Substituting r- with / into equation (S.a) thus gives ru*o''

The total pressule drop between the duct inlet and a far downst¡eam station x

is also of interest. In engineering applications dealing with ducts that are not too

ffiiudicatiugfullydevelopedconditions,isunnecesraryand
hence is omitted he¡eafte¡'

(3.4)

(3.5)
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short, this pressure drop can be approximated by

Po -_P(X) : rå + Ktoo)
pw2 12 " D¡

(3.7)

where the incremental pressure drop number K(oo) can be computed via the method

of Lundgren ef a.l. l8] as

/((*): ?olr-" _ wz)dA (3.8)

The compuied results for r',u^o,,f Re, and K(oo) are listed in Table 31 and

shown in Figs.3.2 and 3.3. As shown in Tabie 3.1, with increasing /, the location of

the maximum velocity moves from near the curved su¡face towards the apex. This

behaviour is illustrated in Fig. 3.2. It is noted trhat u,no" occurs at the radius center

(i.e.,r':0.5)for/aboutS0o.Figure3.3shorvsthatthenormalizedmaximum

velocity, ø-o,, incteases sharply as 2/ becomes smaller than about 60" This is

probably because I7 is progressively reduced (relative to W-"') by increasing corner

efiects associated with reducing / at small apex angles. Also note that as { --+ 0,

2.,-o, approaches the co¡rect limiting value of 3.00 [101].

For /,Re, as given by equation (3.6), as þ ---> 0,JRe -+ 12'000 which is one-half

the corresponding value for the parallel plate channel' In general, the /'Re values

presented in Table 3.1 are in excelient agreement with those tabulated in [101] for

0 < ö S nl2. The /.Re values for the extended range, 7'12 < Ó ! n, are also

believed to be of high accuracy For / : r, the present /-Re value agreed well (as

did r-, ø-o, also) with values calculated from the equations of soliman and Feingold

[5] for one internally full flnned tube.

For K(oo), the numerical integration in equation (3.8) was performed by em-

ploying the trapezoidal rule. Diferent fine grid sizes we¡e used so as to make the

fifth digit after the decimal of each K(oo) independent of grid size, For example,

lor þ - zr, a fine (r,{) grid of 70 x 214 was used. The present computed values

of K(oo) are listed in Table 3.1 together with the available values from shah and
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Table 3.1: FuIIy Developed Flow Characteristics ol Circular Sector Ducús

ñ K(-)
lDes) Present Ref' [101]

rc 12.oooo 2.9710 2.97t

2 0.95734 2.80928 72.1074

8 0.88?30 2.56777 72.4996

10 0.87003 2.51826 12.5042

15 0.83350 2.42489 t2.7284
20 0.80342 2.35858 12.9364

25 0.77767 2.30883 13.1298

30 0.?5510 2.27013 13.3099

36 0.73121 2.23384 13.5103

40 0.71682 2.2r4t7 13.63,51

45 0.70026 2.19344 13.7822

50 0.68504 2.17612 13.9200

55 0.6?096 2.t6t49 14.0495

60 0.65?87 2.t4902 t4.t7LL
65 0.64563 2.13831 14.2857

70 0.63415 2.12905 14.3936

72 0.62975 2.12570 14.4351

75 0.62334 2.r2r0t 14.4955

80 0.61313 2.11397 t4'5977

90 0.59427 2.!0234 14.7688

100 0.57720 2.09323 14.9277

110 0.56162 2.08597 15.0709

120 0.54731 2.08013 15.2004

130 0.53409 2.07538 r5Åfi7
140 0.52183 2.07t48 t5.4245
150 0.51039 2.06824 15.5218

160 0.49970 2.06553 15.6 i0?
170 0.48967 2.06324 15.6921

180 0.48022 2.06130 15.7668

i90 0.4?131 2.05964 15.8356

200 i.4628? 2.05820 15.8989

210 0.45488 2.05696 15.9573

220 0.44729 2.05587 16.0114

230 0.44006 2.05491 16.0614

240 0.4331? 2.05406 16.1078

260 0,42030 2.05263 16.1908

270 0.41428 2.0520! 16.228i
299 0.40296 2.05094 16.2951

300 0.39764 2.05047 16.3253

320 0.38?58 2.04963 16.3799

340 0.37824 2.04889 t6.4276
360 0.36952 2.04823 16.4696

2.8 i 89
2.4957 2.480
2.41t0
2.2375
2. i048
2:0008
t.9177
1.838 5

t.?952

z.zit

r.g5s

t.7494 1.657

1,7109
1.6784
1.6508 1.580

1.627 t
L.buo t
1.5993
i.5890
1.5736 i.530
1.5484
1.5288 1.504

1.5134
1.50i2 1.488

1.4914
1.48 34

r.47 69

1.47t5 1.468

1.4670
7.4632 i.463
1.4600
1.4573
1.4549
1.4528
i.4510
7.4494
1.4466
1.4454
r.4432
t.4423
1.4404
1.4388
t.4372
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London [101]. comparison shows that the present results are slighily higher than

the existing values (maximum difference of about 5%), although the agreement is

exceilent lor $ : ¡. In the limit as / -r 0, K(oo) "+ 2'971' Figure 3 3 shows that

K(oo) has a trend versus / that is similar to u*o"'

3.3 Heat Transfer Results

The solutions of equation (3.3) associated with the foregoing four boundary

conditions can be also obtained by using the finite Fourier transform technique

which results in

For the fl1 condition:

T1(r,g)--C+îHQ;,,)r;n1x¡d) with ",=ry 
(3'9)

Q i=t

For the .I11.¿ condition:

r1(r,0): ftîaf^",O*YÐ-t*^,À*,r)cos(B^0) 
with B- :ff O'nl

Fo¡ the f/2 condition:

r2(r,g): o,u (#- o -ï+ $)'+ \ptø,,,¡
+'z î ##úcos(B^o)- ryJ-t)å îsr.^,^^,,) (311)

For the .I/2,¿ condition:

r2(r,0): e,"o+ fte\^,U -Y 
Ë,ËQ(B^,À*,r)co{8,*0) 

(3.12)

where 1ú(1¡,r) ,9(\^,r),5(8,*,.\",r),6()*,r) ,Q(þ^,À",r), and constants '42 and

A2a¿ arc given in APPendix A.

The average heat transler coefficients for the fl1 and ff2 conditions are defined

in a customary manner by q" : h(t, - ú-) and Nuí - hDhlk - -2öl@ + 7)lr^,;,

where the dimensionless bulk temperature ?t,i is evaluated by

r*,,:lj j-n'**

34
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tlowevet, for the I/1o¿ and 112.¿ conditions, since the input is imposed on only the

curved surface, the average heat transfer coefficient may be defined by 2$Rsq" :
-h(2öRo + 2R")(tt - ú*) Hence,

,ó( r .2(_!\':- (a.14)Nuu\¿=rlñö) ilr_f^t 
and .lÙz¡¡2"0 = --r1 *ör T,,z

As discussed later, these defrnitions, based on overali wall temperature, are improper

lor small apex angles. Thus, the following Nusselt numbe¡s, based on difrerence

between average wall temperature only over the curved su¡face and the bulk mean

temperature, (t, - t,"), are defined bY

, ó 12 1 - , ö ' 
1

Nu-nt"o:-(fr) * *u Nutnz"o=r(ffi) +i-r^, (3'15)

where the dimensioniess average temperature over the curved surface, ?¿,2, is also

given in Appendix A.

It shouid be noted that the finite Fourier transform method used in this analysis

provides a unique advantage of computing /úz¡1, unlike the solution of Eckert eú

aJ. [1], equation (3,9) with equation (3.4) ofers a vety easy way to obta'in 7}.,r

through an orthogonality feature. As a result, Nuír ca]¡- be w¡itten in closed form,

without any numerical integration, as

2ö4 lî x? +|x;+n \ -1
Nusl = úfrol'; (x, + z¡1r,+ oXx,(x¡ +Ð(il1trJ (3 16)

In the limit as / -r Q, this novei expression yields the well-known results of 105/51,

or 2.0588.

The computed results for Nuu\¿, Nuitr"o, Nu¡¡, Nu¡¡2"0, NuÍttz.o, and Nu¡¡2

are üsted in Table 3.2. To minimize truncation error, al1 calculations involving a

series form were continued until the absolute value of the last term of the series was

smaller than 10-10. Computation tests showed that reducing this cont¡ol factor to

10-15 produced no signifrcant improvement of accuracy. The numerical integration

of equation (3.13) for l¡¿,1 and T¡,2 was performed by employing the trapezoidal
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îable 3.2: Heat Transfer Characteristics of Circular Sector Ducts

2

8

10

15

18

20

24

30

36
40
45

50

60

65

72

80

90

100

110

120
130

140

150

160

170

180

190

200

2L0
220
240
260
270
290
300

320
340
360

3.128
3.134
3.146
3.161
3.179
3.198
3,2L7
3.236
3.256
3.275
3.294

3.332
3.367
3.399
3.4t4

3.458
3.486
3.512
3.536

- 0.004 2.7469
- 0.052 2.384L 2.384
- 0.075 2.4554
- 0.142 2.6189 2.6L9

- 0.186 2.7077
- 0.2L7 2.7633
- 0.279 2.8670
- 0.376 3.0052 3.005

- 0.472 3.L257
- 0.536 3.1976
- 0.615 3.2792 3.27

- 0.004 0.003
- 0.052 0.051

- 0.075 0.082 0,081
- 0.142 0.198 0.195
- 0.186 0.295
- 0.2L7 0.371 0.362
- 0.279 0.549
- 0.376 0.870 0.838
- 0.472 r.228 t.L74

4.835 0.536 7.471 1.400

4.051 0.614 1.763 1.667

3.656 0.690 2.027

3.280 0.837 2.448

3.184 0.907 2.604
3.100 1.001 2.771 2.608

3.040 1.103 2.895

3.000 7.222 2.987

2.980 1.333 3.030

2.973 1.437 3.045

2.970 1.533 3.042 2.898

2.971 L.622 3.028

2.975 1.705 3.010

2.979 1.783 2,988

2.983 1.854 2.964
2.988 7.922 2.942
2.994 1.985 2.920 2.923

2.999 2.044 2.899

3.004 2.099 2.879

3.009 2.L57 2.860

3,016 2.201 2.843

3.025 2.290 2.8LL
3.032 2.370 2.782

3.034 2.406 2.769
3.041 2.473 2.746

3.044 2.504 2.735

3.051 2.563 2.718
3.056 2.6L6 2.702

3.060 2.664 2.687

0.691 3.3527
0.839 3.4792 3.479

0.910 3.5338
1.005 3.6023

1.108 3.6707 3.671

1.230 3.7440
1.343 3.8064 3.806

1.450 3.8600

1.549 3.9062 3.906

t.642 3.9466
L.729 3.9819

r-.811 4.0L32
1.88? 4.0409 4.04

1.959 4.0657

2.027 4.0880 4.089

2.09i 4.1081

2.152 4.L263
2.209 4.L429
2.264 4.1581

2.365 4.1848

2.456 4.2076
2.498 4.2178
2.578 4.2362
2.615 4.2445
2.685 4.2597
2.749 4.2732
2.809 4.2852

2ó NuEt"¿ Nuîtt"o NuHt
7i"nl "'"o Ptur"r,t Ref. [101] -- rygqte{ t1!1]

re 2.obs o.ooo o.ooo

uE2"¿ Nufu2"¿ Nunz
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rule and Simpson's rule, respectively. Diferent fine grid sizes were used so as to

make the fifth digii after the decimal of each ?*,; independent of grid size' For

example, for S: ¡,a frne (r,þ) grid of 50 x 151 was used'

3.3.1 The I11 and Hlo¿Conditions

From Table 3'2, for the semicircular duct (/: rl2),lhe present 1r1¿¡r1"¿ value

of 3.256 agrees well with the nume¡ical va.lues of 3.170 f¡om [101,37] and 3.160 from

[102] after they are conve¡ted to a similar basis. But although the difie¡ences are

within 3%, in order to confrrm the accuracy of the present result, equation (3.3) for

the ff1.¿ boundary condition was also solved by a finite difie¡ence method using a

band storage linear equation solver. The numerical value of 3.255 was obtained fo¡

-llz¿1"0 with the (r,n 12) grid of 30 x 44, lt is believed tirat similar high accuracy

was obtained for the other ducts.

Figure 3.4 graphically shows the results for Nuxtoo, N'är"., and lVzrr and

includes the average waII and bulk mean temperatures for the .[l1o¿ condition. In

this case, the surface temperature for the curved su¡face is constant (at ú" or î",r = 0)

whereas for the flat surfaces, the temperature is maximum at r : L and decreases

monotonically with decreasing r to ¡each a minimum at r = 0. The overall average

wall temperature (1'],) is consequently less than ú" hence 7i,1 is negative. Figure 3.4

illustrates horv fi,,1 varies with Ó. A" Ó dec¡eases (from large /), the size of the

heated curved surface dec¡eases hence ft,,1 decreases. In the meantime, ?-,1, which

is also shown in Fig. 3.4, varies rryith the opposite trend with /. consequently

Í-¡ 1 T,.,t 1or 2$ <- 30o. This, in turn, causes a discontinuity in 'lfu¡¡1"0 whereby

Nu7r.d + oo as f.,,1 - T,o,t, followed by negative y'f?'Fl"d numbers The behaviors

of f,,1 and î',i at smali / are therefore such that the computation of lfusl"o leads

to improper results. Otherwise, as shown in Fig. 3'4, lVø¡¡1.0 is fa'irly constant for

2ö >- L00., rising only slightly with increasing /. In Table 3.2, the unrealistic

values of NuE\d ate not presented fot 2S < 100". On the other hand, 'lfu'i¡t",
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Figure 3.4: Fully Developed Heat Transfer Results for the I/1 and Il1"¿ Conditions
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defrned by equation (3.15) is well behaved for all apex angles and varies smoothly

with / (see Fig. 3.4). As { --+ 0, Nufur.o --+ 0 due to the vanishing heat input' At

d = zr, which represents a tube with one internal full-frn (non-conducting), lúui¡t",

becomes 2.809.

As shown in Table 3.2, values for Nu¡¡1 calculated f¡om the series expression

of equation (3.t6) are in excellent agreement with those in shah and London [101]

for 0 ( ö < 
"12. 

The y'lus1 values for the extended nnge, rf2 1$ ! r, arc

also believed to be of high accuracy. For þ - n, which represents a tube with one

internal full-frn (perfectly conducting), the present Nu¡,¡- is 4'2852'

The N¿¡¡r and Nufur"ovalues listed in Table 3'2 may be compared directly (for

a given /) since they are defined on the same surface area and temperature difier-

ence bases. Naturally, values for Nu.F1 are always higher than those for lüz;r.o

because of the larger heat input area of the frl condition (Fig. 3.a). In engineering

applications such as internal full-fin tubes, the two thermal conditions considered

in this analysis may represent the limiting cases between which a real situation re-

sides. Accordingly, where applicable, the data in Table 3'2 will bracket the probable

thermal performance.

3.3.2 T}r,e H2and H2o¿Conditions

since there are no similar data for lhe H2o¿ condition in the üterature, the

accuracy of the present results was confrrmed by solving equation (3'3) ihrough

the finite difie¡ence method. Numerica,l values for Nu62"o and y'[zi¡r", were thus

obta,ined and compared with those from the present series solution. The agreement

shown in Fig. 3.5 is rvithin 0.4% for the six diffe¡ent apex angles. Regarding 1føs2,

as shown in Table 3,2, values for Nup2 calculated from the series expression of

equation (3.11) difer from those in [101] (also ref' [a]) for 0 ( $ < rl2, bv ':ip

to 6%. The present values a,lso difie¡ by up to 10% f¡om the graph readings in

[1] for / < r/6. such difierences may be due to earlier truncation of the series
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calculations and/or the inaccurate performance of integral equations in their early

work. Again, to confi.rm the present results, values lot Nu¡¡2 for each of the 10 apex

angles corresponding to those reported in [101] plus 2 extra angles were generated

by the frniie difierence method. Agreements (see Fig. 3.6) were all within 0.5% in

favour of the series solution presented in equation (3.11). Accordingiy, it is believed

that similar accuracy was obtained lot Nu¡72 fo¡ the extended range, n12 < $ < zr'

For the ff2"¿ condition, the maximum wall temperatufe occurs at the curved

corners and dec¡eases monotonically with decreasing r to ¡each a minimum at r : 0'

Thus, as expected, ?i,2 is positive for all apex angles (2{) and it va¡ies as shown

in Fig. 3.5. On the other hand, for 2ö >- 28' , the average wall temperature

(l-) is higher than the bulk mean temperature (ú-) hence [',2 is negative' As {

increases, the heat transfe¡ area becomes larger, and so does the difference between

l- anò, t, hence ?1,',,2 varies as shown in Fig. 3.5. As the result of these patterns,

lor 2$ 2- 28o, Nu¡¡2"o shows only a slight increase with d' Ilorvever, lot 2S <-

2go , with decreasing {, the decreasing size of the heated curved surface causes

l- < t,. hence ?',2 ) 0. This, in turn, causes a discontinuity in Nu62"o, namely,

Nuøzo¿ - oo as ?',2 --+ 0, followed by negative Nusselt numbers Similar to the

case of the fll..¿ condition, the behavior of T,*,2 al small { therefo¡e gives rise to

the inappropriate computation lor Nu¡¡2"". In Tabie 3.2, the unrealistic values of

NuH2"darenot presented for 2þ < 40'. However, lVuþ2", defined by equation (3 15)

is weII behaved for all apex angles and increases smoottrly with increasing { (see

Fig. 3.5).

Unlike the H2o¿ case, the T, ,z va¡iation with apex angle for the ff2 condition

is no longer monotonical. For small /, large absolute va^lues of Ta,2 ale observed

because of the significant corner efrects. As / increases, lhe T^,2 absolute values

first decrease to reach a minimum and then inc¡ease. This behavior of ?-,2 gives

an unusual pattern for lhe Nunz variation. Figure 3,6 shows that 1vøs2 sharply
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Figure 3.6: FuIIy Developed Nusselt Numbers for Circular Sector Ducts
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increases from zero to a maximum of 3.046 at2þ x 112' and then gradually decreases

with increasing /. Note that the 10 values ol Nuuz from [101] fail to show this

pattern. In fact, their data suggest an increasing t¡end of Nuuz lot 2{ > n' which

of course is misleading.

For comparison putPoses, Fig. 3.6 also shows plots of lúø¡¡r and 'lfzirr", as well

as Nuþ""'. As expected (e.g., as discussed in [t01]), values for Nun2 ale lorver than

for .lfr¿¡¡r for all apex angles. For a typical actual duct (e g'' a steel tube), the

therma.l perÍormance would be expected to lie between these two limiting solutions.

Next, referring to the cases of HL"¿ and H2o¿, it tu¡ns out, for a given duct and

the same fixed temperature difierence, that the duct heat transfer rate per unit

Iength (q,) is proportional to Nusselt number. Hence the two gtvalues for the two

boundary conditions may be compared by comparing the curves for I{øþr", and

Nul¡,z"o.The correspondence is valid since in each case the duct-average convective

heat transfer coeficient is proportional to Nusseit number, the heat transfer surface

areas are identical and the temperature difference definitions are essentiaJly the

same. For the latter, in the -tl1o¿ case the temperature diference is the difierence

between the bulk mean temperature and the average (but constant) curved wall

temperature, whereas in the ff2"¿ case it is also the dife¡ence between the bulk

mean temperature and the average curved wall temperature but now the curved

wall temperature varies somewhat especially near the corners By comparing the

two ¡fø" curves in Fig. 3.6, it can be seen that there is no marked diference between

,lVø!1", and Nu'i1r^o lor small apex angles. Furthermore, although lVuþr"" starts to

exceed JVøþr"o at 2$ x 120o, the differences the¡ea{ter remain within about 6%. It

follows for a given duct that the fully developed Nusselt numbers (hence also the q'

values fo¡ the same temperature difierences) are almost identical. In other words,

it is not necessaly to distinguish between the thermal boundary conditions oL IIlo¿

anð, H2"¿ or, in fact, for any boundary condition on the curved surface that is in

between these two. Finally, Fig. 3.6 shows trhat Nuaz and NuÍ¡r"o are almost equal
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at ó: T. But this has no particular significance since these two Nusselt numbers

are based on difierent temperature definitions.

9.4 Remarks

This chapter contributes a complete set of analytical results for fully developed

laminar flow and heat transfe¡ in circula¡ sector ducts. New information on the

maximum veiocity and its location is valuable for determining the hydrodynamic

entrance length. A novei closed-form of ,lúuar has been found. Results for Nu'þr"o

and Nui¡r"o are both novel and of practical use. In addition, highly accurate ¡esults

Íor JRe, N¿¡¡r, and NuE2 are provided for the fuII apex angle range Some of these

results will be used in the following chapters
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Chapter 4

Numerical Analyses of
Developing Laminar Flow and
Heat Transfer \Mithout BuoYancy

THD p."uiorr. chapter has mathematically delineated the flow and heat transfe¡

of circular sector ducts in a {ar downstream region. However, in many engineering

applications such as a compact heat exchanger design, knowledge of local plessure

drops, velocity profiles, and temperature gradients in the entrance region is also es-

sential. Again, excluding buoyancy forces, the investigation described in this chapter

is motivated to understand the laminar developing flow in circular sector ducts and

to provide base-line refe¡ences for mixed convection problems that are targeted in

the research. Two main sections are provided in tliis chapter. The first considers

the flow in the hydrodynamic entrance region. The second presents heat transfer

results for developing temperature fields with fully developed hydrodynamics'

4.L Hydrodynamically Developing Flow

This analysis is applicable to steady, laminar flow of incompressible, Newtonian

fluids in straight circular sector ducts. Figure 3.1 shows the duct cross section and

the cylindrical coordinates (r', d). The three-dimensional internal flow is assumed to

be little influenced by the downstream flow conditions and to have negligible axial
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difiusion of momentum. Like most boundary layer problems, such a flow is governed

by the parabolized Navier-stokes equations in which the longitudinal and lateral

pressure gradients are deliberately decoupled. For the problem being investigated,

the decoupling of the pressure can be w¡itten as p(rt,0,t+) -- p'('',0) + n@+),

where p is the average pressure over the duct cross section, and p¡ is the small

pressure va¡iation driving the cross stream secondary flow. The main flow is driven

by the pressure gradients, d'pld.r+, which can be determined by the overall mass

conservation. As a result, the problem can be solved by employing the marching-

type procedure of Patankar and Spalding 127,28], as described in greaier detail later.

4.L,L Governing Equations and Hydrodynamic Parame-
ters

Neglecting the axia.l diffusion lerms Ô2fôæ+2 and using the defined Nomencla-

ture, the governing Navier-stokes equations in cylindrical coordinates can be written

in the following nondimensional form:

Continuity

1ô',. 7ôa Ôw
-*\r'u)+7æ+ a**=tt

Radial momentum

LA.. 1ô. A , 1ô,^,ôu,.1ô,1'Ôu,
- f;; (,' "") + - *(au) - *r;;) : 

rruT)Ï,n 
) + - *\; 66 )

-ñ- iôo\ñ,-##-'#-* @.2)

Angular momentum

1ô.. 1â. a tð,,ôa!,fi(,'",) + +hþu) + ft(-,) = ) *O' ;l +

lôp'.1-0,ðu, 3ôu
-7 a0 

* iñ\ A0) 
* ;E A0

Axial momentum

(4.1)

7 ô,24a,
_-t 

-- 
|

r' ô0t r' ô0'
TUT

{4.ót
rto Tl



7 0,,ðw, I ð,10w, dF
-! 

--r1.t Art\' ð ) ' r, ô0\ r, ô0 t d.a+
(4.4)

To specify the problem completely, equations (a.1) to ( . ) are supplemented by

the following boundary conditions:

At ø+ = 0 for all r' and 0

u = u = p' :0, F: pn : any constant, and t¿ = 1 (4.5)

Atø+>0

u:,0:t¿=0 at r'=rL, 0<05Ó

at0:0, Q(rt<rl (4.6)

ôu ðw
#= *-=tr:0 atthesymmetryline d - þ' 0 <r' <r'o Ø'7)

To soÌve lor u, a, w, 7t' and p, equation (4.5) at the iniet of the duct is fi¡st

used. Then the marching soiution procedure is carried out along the axial direction.

For the cross stream flow the gradients of p' in equations (4.2) and (4 3) can be

determined from the local continuity equation (e.g., using equation (a'1)) while

d,pldæ+ is the outcome of the overall continuity equation which can be expressed by

the global mass conservation as

ö 1'o , '2

J l-,'a,'ae:\
00

As the solution step is progressed, ihe flow is gradually developing ln a far

d.ownstream region, z, a, 7t' anð' Ôw f Ôc+ become zero whtle d'þ I d'æ+ approaches

an asymptotical constant value. Consequently, in such a fully developed region,

equations (a.1) to (4.3) vanish and equation (4.4) reduces to

i*n'#,*)ftÇ *\=(#t,,
where the fully developed pressure gradient (dp,ldæ+)rd can still be obtained from

equation (a.S). An alte¡native to obtaining (dp ld,æ+)¡a is to solve equation (4'9)

directly via se¡ies solution, e.g., as done in Chap, 3.

(4.8)

(4.e)
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In engineering applications, lhe local fri'ction Jøclor , J, is an important hydrody-

namic parameter. Using the local pressure gradient d,P ldX arrð, hydraulic diameter

D¡, the product of loca.l friction factor a,nd Reynolds number can be expressed in

dimensionless form as

rr" = -l# (4.10)

Another important parameter is the total pressure drop AP(X), where AF(X) =

Fo - P(X), rvhich is the pressure difference between the inlet and a particular cross

section. This pressure drop can be expressed as

A¡(x) 
= 

(aP=(x))rd 
+ K(x\

pW2 12 pwz /2
(4,11)

The first term on the right represents the fully developed pressure drop and

K(X) is the incremental pressule drop number considering entrance region effects.

In dimensionless form, ff(æ+) is given by

R(æ+) -4--(ry -u&Ò¡o) (4.t2)

With increasing axial distance from the entrance, this extra pressure drop num'

ber increases, while the product /.Re decreases. Both parameters eventually reach

their limiting values K(oo) anà (tRe)¡a, respectivel¡ and remajn constant in the

fuily developed region.

To detect where the flow enters the fully developed region, the axial distance

from the entrance, called the hydrodynamic entrance iength ls, is usually estimated

by either of two definition methods. One is to compare a iocal axial maximum

velocity to the corresponding fully developed magnitude. Another is to examine

the loca.l f¡iction factor referenced to the corresponding fully developed value. The

Iatter is frequently used fo¡ a noncircular duct where the maximum velocity and

its location are not specifically available However, the previous work in Chap' 3

on the florv characteristics of circul¿r sector ducts made it possible to define .Lr

in both ways. It was expected for each geometry that the .L¡¡ result deflned one
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way would be diferent from its value defined the other way. But it rvas not known

whether or not the difrerences wouid be significant. It appears that there are no

reports on the investigation of these trvo kinds of definitions for a nonci¡cular duct'

Therefore, in this analysis, it was decided to employ the following four deflnitions I

of the hydrodynamic entrance length for each circular sector duct:

Lus-, Lsr- = the values of ø+ at which the axial maximum veìocities

first reach 95To anà 99% of the fully deveioped maximum
velocities, lespectively.

Lnut,Lnr!:thevaluesofc+atwhichtheiocalfrictionfactorsfrrst
drop to within 1.05 and 1.01 times the fuliy developed

friction factors, resPectivelY.

It is noted thal L¡7 contains D¡ which is dependent on tire duct apex angle d'

As shown later, the use of -L¿ tends to mask the efect of { on entrance lengths. To

better isolate the / efiect, the hydrodynamic entrance length may also be defined

on the basis of duct radius .R¡, as

'o Xu': 
RoR"o

where .Ree : pRoW lp The ¡elationship between L¡, unð' Lo, is given by

r,"n -- r,a(ffiy'

(4.13)

(4.14)

4.L.2 Computational Procedure and Accuracy Verification

Fully implicit discretization equations of (4.1) to (4.4) were formulated using

the control volume integration finite difference method. The SIMPLÐR algorithm

of Patankar [28] was used to solve these finite difierence equations. A uniform

staggered grid on the cross st¡eam plane was employed. Figure 4.1 illustrates a

typical grid map (for 71, 't), 7t), pt, and þ only for this analysis) with half sizes

near the boundaries. The solution lor u, u, w, p', anð. ¡ was progressed along

r This a owed the question of diffe¡ences to be exploted as a secondary issue

49



u, I

Figure 4.1: A Typical Staggered Grid Map with Cylindrical Coordinates
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c+. At any axial station, the pressure distribution p/ was fi.rst estimated using

equation (a.1). Then, equations (a.2) and (4.3) were solved simultaneouslg lot u

and o. Next was to compute ?.,, while ensuring the satisfaction of the overall mass

conservation. concerning the coefficients of each discretization equation, they were

continually updated using the most recent values of z, a, u, and p' A line-by-Iine

iterative technique was employed for solving u, o, and rt while the p' distribution

was noniterøtiaelg obtained using a band storage linear equation solver'

As reviewed in chap. 2, it was realized that obtaining converged solutions for

p, plays a crucia.l roie in the success of the use of the SIMPLER algorithm. Directly

solving p, equation gave an exact pt distribution for the present iteration. This

currently-best-p/ solution, rather than a not-yet-converged one through iterative

method, tvas used to correct the current veiocities. Therefore, it was felt that

errors in current velocities mighi be minimized and that the overall convetgence

could be accelerated.. To confirm this modification of the algorithm, a number of

computation experiments were conducted. For example, for a given test, aJ1 three

momentum equations lot uru, and tu, and the pressure correction equation for pt

were first solved using the line-by-Line iterative method. Then the experiment was

conducted once mole. This time every condition remained unchanged except for

obtaining the p,distribution through the direct solver. Comparison was then made

between the results from both the experiments inciuding the number of iterations.

It was found that, {or the mesh size used in this study, the direct soiver for p'not

only provided more acculate ove¡all results but also speeded up the convergence

hence reducing the computing time. Before marching to the next station along o+

, the following criteda ì¡¡ere checked:

1. All absolute difierences between the currellt iterative values and the previous

iterative results were not greater than 10-5 at all nodal points'

2. The ,,mass source" telm (checking the local continuity) in each control volume
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was sma.ller than 10-a in magnitude.

3. The absolute value of the dpld'æ+ cor¡ection (checking the overall mass bal-

ance) was smaller than 10-6.

The cross-sectional mesh size that was employed fo¡ each duct geometry was de-

cided on the basis of results obtained using diferent meshes in solving equation (4.9)

numerically for the fully developed velocity distribution and the axial pressure gra-

dient. Table 4.1 lists the mesh sizes used in this investigation, together with the

nume¡ical fully deveÌoped results plus certain ¡esults from the series soiution in

Chap. 3 or [fOa]. The chosen meshes we¡e taken to be flne enough when a zr-o'

value was obtained that was within 0.5% of the exact solution value. At this stage,

as indicated in Table 4.L, (JRe)¡a values were consistently a bit low (averaging

1.6% low), but always within 3% of the exact values. Later, with the axial step size

pattern fixed, some numerica.l tests were conducted to check the adequacy of the

cross-sectional mesh size for entrance region calculations. For example, tests for an

apex angle of 180" (where eventually a (r' x 0) mesh of (25 x 30) was used) showed

that increasing the mesh siøe (r' x á) from (15 x 28) to (20 x 38) made the local

/.Re values noticeably diferent only near the entrance. Regarding the axial step

size, the marching step size Ac+ for the siudy was a.lso determined by numericaJ

experimentation. Following a se¡ies of trials, the following pattern was adopted for

each circular sector duct. The frrst step size was taken as Ac+ : 10-6. Then Aæ+

was increased. by 10% for each consecutive station until ac+ ¡eached 7 x 10-{ which

was then kept consúant thereafter. For each case, marching rvas continued until

both o-oo anð. JRe were within 1% ofthe (-^o,)to and (f Re)¡a values respectively

as generated by the numerical 2 fully developed solution. Typically, the required

z The numeúcal sdution, rather than the exact solution, was used in case of grid bias. In this
connection, tests for 2þ = 20o and 360o we¡e c¿¡¡jed ouú in which the soÌuújons were deliberately

marched well beyond the 1% )evel, and eøch test positively confrrmed that the vdocity distribution

and úhe axial pres swe gradient for the three-dimensional solution were defrnitdy converging to the

two-dimensional fu y devdoped solution fo¡ úåe same c¡oss-sectìonal gtìd,
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Table 4.1: Mesh Size and Fully Developed Results

2ö
(D"s)

r x0
gRe)¡a (-^",)¡o

r- 11031

Numerical lExact [103] Numerical Exact [103]

20 15x25 t2.582 12.936 2.349t 2.3586 2.7033

45 10x15 13.389 13.782 2.2005 2.1934 r.2417

90 25x20 14.529 14.769 2.1070 2.t023 0.6755

130 25x25 15.153 15,318 2.0782 2.0754 0.5024

180 Ì5x30 15.646 t5.76? 2.0628 2.0613 0.3930

270 |5x32 16.093 76.228 2.0545 2.0520 0.2951

360 Ì0x34 t6.277 16.470 2.0567 2.0482 0.2436

number of axial steps ranged from about 200 for large apex angle to about 300 fo¡

small apex angle.

Information on the hydrodynamic ent¡ance region is provided next fo¡ 7 ci¡cular

sector ducts. It should be noted that, for the largest apex angle (2d = 360"), the

results are appiicable to a circular tube with one internal full fin'

4.1.3 Fully Developed Results

For each circular sector duct, prelimiuary computations were required to obtain

(-^o,) lo and (JÂe)¡a for fully developed flow as govetned by equation (4'9) These

numerical values were then used as input to estimate the hydrodynamic entrance

lengtlr. Values lor (w^",)¡¿ and (/rÎe)¡a as obta.ined numerically as weII as analyt-

ically from [103] are listed in Table 4.1. Since knowing r' where lhe w,.", occuts at

the symmetry piane is necessary, values for r* are also included in Table 4.1.. For

(-, ",)¡¿ 
and, (fRe)¡a, ihe good agreement between the present numerica'i results

and the exact results 1103] has already been discussed.

53



4.L.4 Local Values of /.Re and K

variations oî JRe anð, K in the entrance region for 7 circular sector ducts are

listed in Table 4,2. For convenience, the dimensioniess axial length æ+ is normalized

by the corresponding entrance length .Lar. as previously defined (values fot L¡¡1.

will be tabulated iater). It is noted that Tabie 4.2, along with Table 4 1, gives the

main hydrodynamic quantities of interest. If the fully developed incremental pres-

sure drop number K(oo) (also given in Table 4.2; see discussion later) is known, the

total pressure drop up to any axial distance can be calculated from equation (4'12)'

Resuits for /-Re and 'I( in the entra'nce region for 2Ó:20' and 360" are graph-

ically illustrated in Fig. 4.2. The resuits for the othe¡ 5 angles are not shown in

the same figure in orde¡ to avoid crowding. But if plotied, each would fall between

the present trvo curves. Values of /,Re in Fig. 4.2 shorv the expected trend of a

monotonic decrease with æ+, approaching to the limiting values of (/,Re)¡¿ in the

fuliy developed region. On the other hand, K va.lues monotonically increase with

ø+ towards the asymptotical constant values of K(oo) in the very far downstream

region.

The present results for fRe and ff are compared in Fig. 4.3 with the results of

others. For the K values of Prakash and Liu [104] for 2ö - 45', eight graph values

we¡e taken from their figure 3(a) in 1104] for the circular sector duct Figure 4'3

shows that, ftot 2þ :45o, these 8 points closely and consistently lollow the present

variation of ff with a maximum diference o{ about 5%. It is also interesting to

compare the present results to the published data of Soliman et aL llll who used

the linea¡ized axial momentum technique [105]. As can be seen fiom Fig 43,except

for immediately near the inlet, the agreement is within about 5% over the lasi g0%

of the entrance section for apex angles of 45o and 90o. This good agreement attests

to the sound capability of the linearization method of Sparrow ef al. [105,10]'

54



Tabie 4.2: va¡iation o1 fRe and K in the Entrance Region of circular sector Ducts

2Ô =20"

lReI K

2þ =45o

lRel K

2þ =9Ð'

lReI K

2$ =730o

fRel K

2ö =I80'

ÍBel K

2þ =270ø

fBel K

2S =3604

tBcl K

0.001 48.68 0.131 39.3 8 0.059 39.18 0.04? 42.76 0.046 45.60 0.049 49.16 0.051 88.12 0.06?

o.003 ?5.45 0,238 t00.96 0.138 11.52 0.115 20.41 0.117 29.t7 0.130 40.00 0.145 38.52 0.187

0.005 68.38 0.303 85.69 0.200 9?.03 0.170 08.21 o.177 r5.72 0.201 14.68 o.225 86.0? o.254

0.00? 50.40 0.353 75.46 o.262 88.85 0.219 98.48 0.231 98.91 0.261 86,7? 0.283 72.47 0.301

0,010 0.416 0.31? ?8.44 0.284 83_r? 0.300 14,81 0.32S 65.?6 o.344 61.42 0.358

o.o20 0.56? 4?.09 0.417 52.?9 0.438 49,65 0.443 46.6? 0.460 45.20 0.4?5 43,7 4 0.490

0.030 28.81 0.6?8 37.81 0.586 40.55 0.533 40,24 0.530 38.83 0.547 37.59 0,562 36.43 0.5?9

0.040 2Ê.23 0.?68 32.43 0.66? 35.17 0.604 36.47 0.597 34.3? 0.616 33.39 0.630 32.46 0.647

0.050 24.40 0.845 29,26 0.733 31.93 0.663 0.653 31.43 0.670 30.62 0.6E5 29.8i 0.703

0.0?0 21.93 0.9 73 25,57 0.838 27 .91 0.?56 28.31 0.?43 27.66 0.?59 27.0',1 0.77 4 26.47 0_?91

0.100 19.5 3 1.121 22.44 0.958 24.45 0.862 24.89 o.844 24.45 0.859 24.04 0.872 23.58 0.889

0.150 1?.18 1.2s4 19.60 t.102 21.35 0.989 21.80 0.965 21.84 0.9?6 21.31 0.985 21.0t 1.000

0.200 15.88 1.414 1?.99 r.206 19.ã? 1.080 20.03 1.05r 19.90 1.058 19.80 1.063 19.60 t.076

0.250 15.0? 1.502 16.S4 1.284 r8.40 r.149 18.88 1.116 18.85 1.11E 18.85 1.120 18.?3 1.131

0.300 r4.52 1.6?0 r6.20 1.345 17.58 1.203 18.08 18.12 1.165 18.20 1.163 1E.15 .l tJ

0.3 50 14.12 1.623 1.394 16.98 r.246 r7.49 1.206 1?.60 1.201 11.76 1.19? 11.74 206

0.400 13.83 15.23 !,434 16.52 1.281 17.04 t,238 17,2r 1.230 t1 .4r 1.223 !7.44 .230

0.460 13.60 r.?01 14.90 1,461 1.309 16.?0 1.266 16.91 I.214 I ?.16 1,244 11.21 .250

0.500 t.730 r4.64 1.494 15.8? 16.42 I.2E6 16.68 1.273 16.96 1.282 1?.04 266

0.600 r,773 14.25 15.46 1.368 16.03 1.318 16.35 1.301 16.68 1.288 16.?9 29r

0.700 12.9I 1.803 13.99 1.562 r 5.1? 1.392 1.341 16.13 1.320 16.50 1.305 r6.64 1.307

0.800 1?.8? 1.825 13.81 1.582 14.98 1.409 15.58 15.99 1.334 16.38 1.31t 16.53 1.319

0.s00 12.79 1.840 13.68 t.596 14.E4 r.421 15.46 1.36 8 15.88 16.30 r.327 16.46 1,328

r.000 t2.73 1.851 13.60 t.606 14.?5 |.429 15.37 1.3?6 16.E1 1.360 16.24 1.333 16.41

1.880 1.625 1.445 1.390 1.360 1.341 1.340
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4.L.5 Limiting Incremental Pressure Drop Number K(oo)

The va¡iation of ff rvith ø+ in Fig. 4.2 suggests the existence of a limiting

incremental pressure drop number K(oo) which represents the total incremental

ptessure drop due to the entrance effects. The values of K(oo) are often estimated

by graphically extrapolating the values ol K, e.g', as done by Prakash and Liu

[10a]. In the present investigation, the exponential behavior of ff near the end of

the entrance region is assumed to take the form:

K(c+): /f(oo)(l - "-ur)
(4,15)

In order to obtain K(æ), K values from the last 21 stations were used to solve

this equation numericaJly for the mean values of K(æ) and the constant c. Uniike

the graphical extrapolation, this cu¡ve fitting technique is believed to provide more

accurate and consistent values of K(oo). The present Il(oo) values determined via

equation (4.15) for the ? duct apex angles are iisted at the bottom of Table 4.2 for

the correspond.ing infinite length of ,+ lLnr*. They are also graphically illust¡ated

in Fig.4.4, together with ihe results ofothers, The three K(oo) values lrom [104] are

shown to agree well with the present results For 2þ = 45', the present K(oo) value

of 1.625 is only slightly higher than 1.58 from [104]. Other interesting comparisons

can be made with the numerica.l results [11,101,103] obtained from the linearization

method. Figure 4.4 shows that the present resuits follorp a parallel trend to the

K(oo) patiern [103] as also shown in Fig. 3.3 where the fuliy developed se¡ies solution

for ?rjd was used to produce the K(oo) values for the entire apex angle range.

overaJl, although linearization methods tend to ove¡estimate ff(oo), all values for

K(oo) through the linearization method we¡e found to be within 12% of the p¡ese[t

results.
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Tabie 4.3: Results of Hydrodynamic Entrance Lengths

2ó 20' 450 90" 1300 180" 270 360'

LutJ 0.1654 0.tL22 0.0898 0.0863 0.0863 0.0891 0.0919

Lnn 0.i564 0.0989 0.0800 0.0779 0.0842 0.0912 0.0982

L xsJ 0.0905 0.0667 0.0543 0.0499 0.0485 0.0478 0.0478

Lns. 0.0821 0.0541 0.0443 0.0422 0.0429 0.0457 0.0492

r0LElI 0.0146 0.0357 0.0695 0.0975 0.1289 0.t757 0.2115

Lorr- 0.0i38 0.0315 0.0619 0.0880 0.t257 0.1798 0.2260

¡0UHsJ 0.0080 0.0212 0.0420 0.0564 0.0724 0.0942 0.1100

Lor"- 0.0073 0.0t72 0.0343 0.0477 0.0641 0.0901 0.1132

4.L.6 Estimate of Hydrodynamic Entrance Lengths

Results fo¡ the hydrodynamic entrance length .L¿ and ,L!¡ as defined earlier are

listed in Table 4.3 and graphically illustrated in Fig. 4.5 and Fig. 4.6. For comparison

purposes, Fig. 4.5 shows three values for l¡¡51 from Prakash and Liu [10a]' The

agreement with the present results is very good. For example, îor 2þ : 45", the

present z¡¡5¡ value of 0.0667 almost coincides with the va.lue 0.0659 reported in

f104]. Soliman et at' llll also reported tr¡¡ vaiues of 0.108 and 0'0786 for 2þ - 45'

and 90", respectively. Their values rvere taken at the distance ø* where all axial

velocities were within 1% of the corresponding fully developed value Using the

same defrnition, this study gives the corresponding zr values of 0.1189 and 0.1079,

which are 9To and 2Uo higher, respectively. These discrepancies are probably due

to poorer estimates of L¡¡ by the linearization technique'

From !'ig. 4.5, one tends to get the impression that a circular sector duct with

smaller { needs a longer length for the flow to be fully developed. This misleading

impression arises because .Ls is normalized by the product of D¡Re which is depen-
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dent on $. It fact, as shown in Fig. 4.6, for the same duct radius, decreasing the

apex angle does indeed shorten the physical hydrodynamic entrance length. This is

because decreasing / increases the duct co¡ner efects which aid the development of

the flow. A.s a resuit, as { increases up to zr, which represents a circular tube with

one internal full-fin, one reaches the longest hydrodynamic entrance length among

circular sector ducts. For example, from Table 43, LoTtu:0.2260 for 2/ - 369"'

Note that this length is still shorier than the value of 0.2313 (converted to the same

base as .Lþr-) reported in [101] for circular tubes, and of course this is as expected'

Regarding the Zþ outcomes (Fig. 4'6), lor 2þ > 270", the difierences between

Lo¡¡r- and Lo¡1r¡ anà between -Lþu- and Lo¡¡r¡ are relatively small (within about 7%)'

But, for 2ô < 270', these difierences are more marked and reach up io 21%' For each

geometry, the entrance lengths of -Dþr,, and Lo¡¡r¡ are significantly longer than 'Lþu-

and Lo6rr, especially for large circular sector ducts. Fo¡ example, lor 2þ -- 360',

the -L!¡r,, value is about double tr!¡u., (Table 4.3). Furthermore, t'he Lo¡¡u- entrance

lengths average about 53% of the -Lþr, values rvhile the entrance lengths for 'L!¡5¡

average about 56% of the results for .Lþr¡. These illustrate that the flow develops

much more gradually near the fuliy developed region than in the preceding region'

It should be pointed out that Fig. 4.6 shows thal Lo¡¡ is almost linearly dependent

of d. For a quick estimate, it may be useful, for exampie, to express ,L!¡r, as

lþr-: o.oo2o +0.07245Ó l0<ó<zr) (4.16)

where / is in radian. Ðquation (4.16) predicts all present data fo¡ -Lþr,, within 8%'

4.L.7 Axial Velocity Profiles

A sample of ihe axial velocity distributions at the symmetry plane for 2d : 180"

is plotted in Fig. 4.7. As illustrated, the velocity proflle near the entrance is fairly

uniform. Then it gradually develops to form a parabolic shape with the apex at
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Rl Ro :0.480 [103] as it approaches the fully developed profile. The plot also shows

that as the flow develops, the siope of ðwlô(RlR¡) at the wa.ils is reduced towards

the limiiing corresponding slope for (0.'¡a(J.¡Aù) rr. Finally, it is noted that the

developing velocity proflles in Fig. 4 7 do indeed progressively approach well the

fully developed profile [i03] which is also shown in the figure.

4.2 Thermally Developing Flow

This section analyzes forced convection heat t¡ansfer in the thermal entrance

region of straighi circuLar sector ducts [106]. Primarily, the present investigation

rvas motivated by the experimental study of buoyancy effects on forced convection

in a horizontal semicircular duct [107]. Since one practical heating means is heating

by electric resistance wires (like the experimental setup described in Chap. 6), this

analysis considers the boundary condition of uniform heat input axially. The pe-

ripheral conditions being employed are unifo¡m wall temperature and uniform wal1

heat flux, denoted by .Il1 and I/2, respectiveiy

4.2,'].. Mathematical Formulation

Figure 3.1 shows the duct cross section under consideration. The analysis is re-

st¡icted to the steady, laminar flow of incompressible Newtonian fluids with constant

properties, The fluid axial heat conduction is treated to be negligible. For circular

tubes at least, this idealization is valid [101], except for the immediaie neighbor-

hood of the duct inlet providing (RePr) > 50. Like most laminar flow analyses, tlús

study also neglects viscous dissipation within the fluid. Using dimensioniess vari-

ables and parameters defined in the Nomenclature, whiìe the momentum equation

and its boundary conditions are given by equations (3.1) and (3.2)' the governing

energy equation can be written as follows:

ô2T- t AT- | AzT- t1T-............'_-L--J--=a^t-
ôr2 r 0r r2 002 \ ôa'
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rvhere the geometry parameter B is given by 2(Ö + l)lþ' Drc to symmetry, solu-

tions are necessary for only half the duct geometry. Thus the energy equation is

supplemented by the foilowing boundary conditions.

At ø' :0

?--0 for all r and d (4.18)

At ø/> 0

for the f/l condition:

atr:L,0Sg<ö
al 0 = 0, 0 ( r ( 1

at0:ô,0<r<1aT-
ae

(4.1e)

(4.20)

(4.21)

(4.22)

(4.23)

for the -t12 condition

T:t at¡=1, 0<0i=ó
ôraf::-, aid=0. o(r<1

a0

9#=, ato:ö,0<r<1

Note that, since ft = (¿, - t,")lþ"R¡lk), ft is the functio¡ of æ', namely,

fi(æ'). But, the Q(æ') value at each cross section is not known in advance {or both

the cases. To solve for ?., a solution method is fl¡st to use the initial condition at the

duct inlet. Then the soiution procedure is progressed along the axial di¡ection. At

each axial station, wall temperatures must be initially guessed while equation (4.17)

together with its boundary conditions is soived for the ?- distribution. Wall temper-

atu¡es are then corrected by determining the dimension-less bulk mean temperature.

After several iterations, the correct velocity and Iocal temperature fields must ensure

that
- Ô1

T;= '¿= [ lT'wrdr¿a -oAJ J
'00

OD

(4.24)



As the solution step is marched, the temperature profile gradually develops' In a

far downstream rcgion, ôT- f Ôa' approaches zero and the temperature fleld becomes

independent of the axial coordinate. Consequenfly, in such a fully developed region,

equation (4.17) reduces to

ôzT' 10T- r ô2T-

-r--!----Bu'
ðr2'rÔr'12Ô02

Complete series solutions for this equation with both ihe ffl and fl2 boundary

conditions were presented and discussed in sec. 3.3. These accurate fully developed

Nusselt numbers were used in this study in connection with grid size selection as

discussed later. The cross-sectional-average heat transfer coefficient, ã , is defined in

a customary manner as s" - IL(l- - f*). Using the dimensionless peripheral average

rvall temperature f; and the hydraulic diameter D¡, the local Nusselt number is

given by

N,,-=h'Dn =f ]!-¡:l Ø.26),r - \d +t)Tã(æ')

where ft(ø') = T;(æ') fo¡ the ff1 condition, but for the I12 condition, T;(æ') can

be evaluated by

(4.25)

(4.28)

(4.27)

Since D¿ is a {unctiou of the duct apex angle, to better isolate the / efiect and to

facilitate comparison to a circular tube, the Nusselt numbe¡ may be deflned, on the

basis of duct radius .Ra, as

1ó
Ì';1æ'¡: #U ,-<,,0,æ')dr * ! r"¡,e,,'¡ae)

Ø'+ I 
")o0

,- h,Ro i]\uox=-_:-=Tß

Information on thermal entrance iength is also ol practical importance. Thus,

in this analysis, values of therma,l entrance lengths were taken as the dimension-

less distances (a' - X l(R¡Re¡Pr)) where the local Nusseit numbers first drop to

rvithin 1.05 and 1.01 times the fully developed Nusselt numbers, denoted by 'L|',



¿nd ¿11, respectively. Similarly, the conventional thermal ent¡ance length, .t¡, was

correspondingly defrned with the axiai distance normalized by (D¡-RePr). The re-

lationship between Lr and LT for circula¡ secto¡ ducts is given by

r,r=(Ç)'4 (4.2s)

4.2.2 Computational Details and Accuracy Assurance

The flnite difierence equation of (4.17) rvas formulated using the control vol-

ume integration method. For the fulìy developed velocity field, exact values were

computed f¡om the series expression of equation (3.4). At a given axial station,

equation (4.17) rvith the fIl or .[/2 condition was numerically solved by a band stor-

age linear equation solver. Since rvall temperatutes wele not known in advance,

iterations we¡e needed for obtaining the co¡¡ect 7' distribution. Thus, a number

of co¡¡ections (2 to 5 for most stations) were made on the wall temperature for the

f1l condition and on an arbitrary nodal temperature for the .Il2 condition, while en-

suring the bulk mean temperature less than 10-6 in magnitude. For each case, the

solution procedure w¿s marched along ø' until the local Nusselt number was at least

within 0.1% of the corresponding fully developed value as numerically generated

from equation (4.25).

Decisions on the adequacy of the cross-sectional mesh size adopted for each duct

geometry were mainly guided by comparing a numerical value of (/úz)¡a to the exact

value obtained ftom the series solution in Chap. 3 or in [99,100]. Table 4.4 gives these

comparisons and the mesh sizes used in this investigation. Fo¡ both the cases, the

chosen mesh sizes were taken to be fine enough to make a grid value of (.1Ùz)1¿ within

0.5% ofthe exact solution value. Regarding the axial step size, the marching step size

Aø'for the study was also determined by numericaì experimentation. For example,

lor 2þ : 180o, with the cross-sectional mesh size (22 x 25) fixed and the first step

size An' = 10-6, two numerical tests rvere conducted near the entrance. One let Aø
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Table 4.4: Mesh Size and Fully Developed Heat Transfer Results

2ó
(D"s)

rx0
(Nunt)t¿ (Nuur)t¿

Present lExact {99] Present Ðxact 1100]

20 22x15 2.7683 2.7633 0.3692 0.3710

45 22x17 3.2820 3.2792 t.7592 1.7630

90 22x20 3.7460 3.7440 2.9871 2.9870

130 22x22 3.9485 3.9466 3.0282 3.0280

180 22x25 4.0897 4.0880 2.92t0 2.9200

270 30x35
22x30

4.21.\3 4.2L78
2.7704 2.7690

360 50 x40
22x32

4.2653 4.2852
2.6876 2.6870

be increased by 5% and another by 25To lot each consecutive station. Local Nusselt

numbers from these two tests showed no noticeable difference. This insensitiveness

to the axial step size is mainiy attributed to the use of the accurate direct solver

for simultaneous iinear equations at each cross section. For all cases, it was finally

decided to use the following pattern. The first step size was taken as Aø' : 10-6'

Then A¿' was increased b y 20% Íor each subsequent step size. Upon reached 8 x 10-4,

a¿, remained unchanged for the rest ol the enúrance section. using these th¡ee-

dimensional meshes, specific tests were lun which positively confirmed that the

three-dimensional temperature profile for each case was indeed converging to the

two-dimensional fully developed temperature proflle for the same cross-sectional

grid.

4.2.3 Fully Developed Nusselt Numbers

Nusselt numbers for hydrodynamically and thermally {ully developed flow we¡e

generated by solving equation (4,25) numerically. These results, together v¡ith values
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dete¡mined f¡om se¡ies solutions [99,i00], are given in Table 4.4. For both the

H\and H2 conditions, all present Nusseit numbers fell wiilún 0.570 o1 the exact

solution values with an average dife¡ence of about 0.1%. This excellent agreement

can be seen (for 1fø6 only) in Fig. 4.8 rvhich shows va¡iations of fully developed

Nusselt numbers with duci apex angle. Both Nusselt numbers ((Nu)¡a based on

D¡ anil (Nzs)¡¿ based on Ão) have been plotted, but as can be seen, (Nz)¡a tends

to mask the þ efect. For instance, (Nurr)to decreases rvith decreasing / which is

accompanied by increasing corner efects. In fact, for the I11 condition, this increase

of corner effects should enhance the duct capability of thermal energy transfer. The

¡eason fo¡ this is as follows; since hh = -k@tlaÐlþ.-t^), where ú- is constant'

introducing the fluid mean efective conduction path length ó¡ (as in [101]) yields

L7¡1 - k(t- - t,") I 6 t lþ. - t,") : &/á¡. Accordingly, a circular sector duct with

smailer / should have a shorter overall ó¡ value, and this means a higher average heat

transfer coefrcient. concerning the f12 condition, a parallel analysis suggests that

wall temperatures at co¡ners are higher than temperatures for surfaces arvay from

the co¡ners. Hence since ñ,¡¡2 involves the evaluation of average wall temperature'

the / efect on ã¡¡2 should not be as marked as on hnt' On the other hand, as

is shown in Fig. 4.8, .lúz¡ follorvs the expected trends of heat t¡ansfer coefrcients

versus apex angle for both cases. Note that a maximum for (-l[u¡,s2)¡¿ occurs at

2þ æ 6C'. This particular circular sector duct has an (Nus,H2)¡¿ value which fa'ils

between the Nusselt values for equilateral triangular ducts with trvo rounded corners

and no rounded corners [101].

4.2.4 Local Heat Tlansfer

Results for /fø',¡¡r and Nu',uz in the therma.l entrance region for the seven

ci¡cuiar sector ducts are presented in Table 4.5. For convenience, the dimensioniess

¿xial distance ær is normalized by the corresponding thermal entrance iength -[$1

as previously defrned (values for -L$, wiil be tabulated laier). It should be noted
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Table 4.5: Va¡iation of y'Í2" in the Entrance Region of Circular Sector Ducts

ry,

2ö =2o' 2þ =a5" 2ô =s0o

t¡l I tit,

2C =130" 2Ó =1a0" 2þ =270o 2S =360'

.0001 i7 .852 .268 0.809 r8.9 88 4.494 9.603 6.614 ,8.602 1.923 8.8?1 i9.241 0.?94 45.641

.0005 t2.653 .812 1 .270 7,214 1.850 2.231 4.084 2.330 r5.454 0,605 6.330 6.664 4.856 23.739

.0010 ?.880 .5 83 2.203 3.308 6,491 5.198 E.141 4.606 r8.s07 2.881 8.161 9.850 7.429 1?.8?0

r.0030 2.349 .236 5.888 8.?06 8.?56 6.392 9.409 5.655 9.646 4.585 9.004 8.?58 11.?95

r.0050 0.4ô1 .?96 3.542 7.724 5.682 3.363 6.138 2.751 6.216 2.024 5.909 0.715 5,7 47 9.607

r.00?0 I _386 .559 3.915 7,732 4.302 1.264 4.3?9 0.626 4.18 5 9.506 4.061 8.697

r.0100 8.385 0.?63 5.441 2,251 o.242 2.609 9.8E2 2.700 L344 2.679 8.3 82 2.481 7.663

r.0200 6.?33 .013 8.472 4.270 9,629 7.949 9.946 7,73t 0.046 7.320 0.011 6,371 9.960 6.043

r,0300 5.S 16 .864 1.379 3.641 8.405 6.891 8.?00 6.721 E.802 8.77 A 5.738 8.?3I s.292

1.0400 5.404 .715 6.?09 3.306 ?.651 6.246 7.922 6,096 E.024 5.781 8.011 5,227 ?.984 4.835

).0500 5.040 ?13 6.23 3 3.069 7.129 5.800 ?.384 5.662 7.480 5.371 L414 4.E73 ?.456 4.820

.0?00 5.614 6.418 5.189 6.64E 5.085 6.7 46 4.839 6.?59 4.405 6.752 4.105

.1000 4.099 5.050 2,475 5.764 4.639 5.981 4.565 6.0Ei 4,356 6 115 3.9E6 6.127 3.737

.1500 3.6 80 499 4.509 2,223 5.143 4.r20 5.350 4.080 5.45? 3.906 5.511 3.599 3.402

.2000 3.436 .463 4.18S 2.O84 4.778 3.818 4.981 3.799 5.093 3.646 5.162 5.189 3.2r2

.2600 3.281 .441 1.99E 4,537 3.619 4.731 3.6r6 4.854 3.475 4.934 4.968 3.090

.3000 3.169 .42t 3.624 1.940 4.36 5 3.4?9 4.66 6 3.487 4.686 4,775 3.133 4.814 3.006

.4000 3,024 .405 3.621 1,8?1 4.147 3,291 4.341 3.321 4.470 3.200 4.672 3.004 {.6i8 2.898

r.5000 2.937 .393 3.508 1.834 4.005 3.1S0 4,207 3.222 3.10? 2.921 4,602 2.832

.6000 2.E83 .38 5 3.433 1.812 3.920 3.722 4.123 3.160 4,261 3.04? 4.376 2,879 4,428 2.189

r.?000 2.848 .380 3.384 1.?98 3.E6 3 3.079 4.06? 3.11E 4.208 3.00? 4.326 2.E46 4.380 2.760

r.E000 2.824 .371 3.362 1.789 3.E26 3.050 4.030 3.091 4.172 2.9E1 4.293 2.824 4.347 2.7 40

r.9000 2.807 r,3?5 3.330 r.7 82 3.801 3.030 4.005 3.O72 4.148 2.963 4.270 2.809 4.323 2.125

.0000 2.756 r.3?3 !.IIT 3.783 3.01? 3.988 3.068 4.131 2.950 4,253 2,798 4.308 2.718

2000 2.782 r.3?1 3.29E 1.??0 3.?64 3.002 3.966 3.043 4.110 2.935 4.234 2.78á 4.2E8 2.702

.5000 r.3?0 3.281 1.?65 2,992 3.955 3.033 4.O97 2.926 4.220 2.776 4.275 2.693

72



that Table 4.5 can be also used to estimate the flow length average Nusselt number

whicii is often required in a heat exchanger design.

4.2,4.1 Local Nusselt Numbers for the -Il1 Condition

Figure 4.9 shows the variations of the ]ocal fll Nusselt numbers for the seven

circular sector ducts. As indicated before, the hydraulic diameter D¡ is intentionally

removed from the piot to better disclose the apex angle efiect. For each circuiar

sector duct, Nuor,E, exhibits the expected trend of a monotonic decrease with æ',

approaching the limiting value of (Nu¡,61)¡a in the fully developed region' Ðxcept

for very near the duct inlet (c' < 8 x 10-E), Iocal values for Nuon,ut demonstrate

the same / variation as the (1fz¡,¡¡1)¡a values, namely, inc¡eased rvith decreasing

apex angie.

The present /üroo,¡¡, va,lues are compared in Fig. 4.10 to the results of others'

Nusselt numbers and dimensioniess axial lengths presented in the plot for each duct

are on the basis of the same characteristic length .R¡. As illustrated, all noncircular

ducts including the one internal full-fln tube (2d - 360") possess higher Nusselt

numbers than a circular tube, except for the proximate neighborhood of the duct

inlet. For a semicircular |úe (25: 180"), the present Nuon,nt values compare well

in Fig. 4.10 with ihe results of Hong and Bergles [102]. Differences between the iocal

Nusselt numbe¡s averaged 2.7To,bú were always within 7%. Figure 4.10 also shor¡¡s

comparison to two noncircular ducts whose Nusselt numbers fall between the curves

of circular sector ducts with 2/ = 45" and 90". These tv¡o ducts are the equilateral

triangular duct (comparable with the circular sector duct o1 2þ : 60') and the

right-angled isosceles triangular duct (comparable with the circula¡ sector duct of

2d : 90"). Using the same basis of .R¡ (see Fig. 4.i0 for the legend), the y'úzs',¡r1

values for these two ducts appear to have correct trends with ø' as well as with

/. For instance, higher values of Nuon,Hr for the right-angled isosceles triangular

duct a¡e definitely expected when compared to the va,lues fo¡ the circular secto¡

73



Nuo",nt

10'

æ' -- Xf (RsResPr)

Figure 4.9: Local Nusselt Numbers for the 111 Condition
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Figure 4.10: Comparison of l{uqo,¡r1 with Other Published Results



duct of 2/ : 90". As demonstrated before, this is because the fluid mean efective

conduction path length for the right-angled isosceles triangular duct is relatively

shorter.

4,2,4,2 Local Nusselt Numbers for the I12 Condition

Variations of Nuon,nz for the thermally developing flow for the seven circular

sector ducts plus a square duct are graphically shown in Fig. 4.11. Like Nze',¿1,

for each duct, .l{26",¡¡2 monotonically drops as æ'incteases' In the far down-stream

region, each curve approaches its correct fully developed value of (Nus,n2)¡¿, lt

should also be pointed out that, near the entrance, Fig. 4.1i appears to show flatter

slopes for Nuo,,H, ihan fo¡ farthe¡ down-stream. This misleading appearance is due

to the logarithmic scale plotting. The actual slopes of ¡ruos versus axial distance

for all cases of this study were always steepest near the eutrance.

Concerning the / efiect, for ø' >- 6 x 10-2, Iocal values of Nu¡,,¡¡2lor all circular

sector ducts in Fig. 4.11 follow the same pattern as (1f2.¡,¡2)¡¿ versus /, as displayed

in Fig. 4.8, i.e., increasing apex angle up to 60" gives rise to an inc¡ease in JVr¿o',¡rz

which then decreases with further inc¡eases in /. For the middle region of the flow

development, the { efiect on Nu¡n,7¡2 is very small lor 2$ > 45"' Figure 4.11 also

provides one comparison to the ./V¿o',¡¡z results of Chandrupatla and Sastri [108]

who studied non-Newtonian fluids in a square duct. Their Newtonian results of

Nuo,,uz appear between the cu¡ves of the circular secto¡ ducts for 2$ - 90' and

130". This would also be the case if thei¡ Newtonian results of 1ú26',s1 were plotted

in Fig. 4.10 (not plotted because of crowding).

4,2,4.3 Efrect of Thermal Boundary Conditions on lfø¡'

The difrerences between Nusselt numbers for the difle¡ent therma'l boundary

conditions are considered next fo¡ each geometry. All results obtained in this in-

vestigation indicated that, except for the region very near the duct inlet, -lføo",sr
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was always higher than Nuo,,Ez This expected outcome is graphicaJly shown in

Fig. 4.12 using the semicircular tube as a typical example. It can be seen that ,

near tlre duct iniet, Nuon,xt starts to exceed lü26',s2. As the flow continues to

develop, the difierence between them increases and reaches up to about 40To (i,e,,

(Nuo,ut)t¿l(Nuo,uz) fi x 1.4) in the fully developed region. Figure 412 also shows

the developing Nusselt numbers fo¡ constant wall temperature in both the axial

and peripheral directions (? ) which were calculated ftom the correlation equation

of the axial length mean Nusselt number (after converted to 1fzs",7) reported by

Manglik and Bergles [109]. As illustrated, the lfuo",r values fall between the curves

of 1{ø¡,,,¡¡1 anð, Nunn,¡¡2 as the flow approaches the fully developed legion. It may

be pointed out that the ? condition produces a iower boundary for lfz¡¡1 but not

lor Nus2. This is because both ihe ? condition and the Ì11 condition have periph-

erai uniform wa,ll temperatu¡es therefore they belong to a same family. In fact, as

demonstrated by Sparrow and Patanka¡ [7], the ?and Il1 conditions are lespec-

tively lower and higher limits for any other øøiøl thermal condition provided that

peripheral 'tnilorm rvall temperatures are preserved.

4.2.5 Estimate of Thermal Entrance Lengths

Table 4.6 lists results of the thermal ent¡ance lengihs for the ffl and H2 cott'

ditions. For the semicircular iube (2/ : 180"), the present values of 0 05395 and

0.09747 for Lrd,nt and.t¡1,¡¡1 compare reasonably well with 0.0525 and 0 0893 ¡e-

spectively which we¡e obtained by interpolating the thermal entrance results ef Hong

and Bergles [102] using a (Nu41)¡a value of 4.108 [102]. The diflerences are 3% for

.L15,¡¡1 and 8% for L71,¡11. For each geometry and boundary condition, Table 4 6

shows signiflcantly higher values fo¡ L71 thar- Ío¡ Lrs In fact, the -L1s,¡71 entrance

lengths average 56% of the la1,¡¡1 values whiie resuits lor L75,62 average 54% of the

121,¡¡2 values. These indicate (as expected) that the flow develops very gradually

near the fully developed region. Furthermore' each Lr,uz vaf,ue iisted in Table 4'6
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Table 4.6: Results of The¡mal Ðntrance Lengths

2ó 20" 450 90' 130" 1800 270' 360"

f0uTb,Hl 0.01004 0.02345 0.04501 0.06203 0.08057 0.10657 0.12583

f0uTl,It 
1

0.01822 0.04044 0.07749 0.10919 0.14556 0.19935 0.23870

7DLT5,H2 0.07607 0.04524 0.05393 0.09367 0.14896 0.26030 0.39179

¡0L'TT,H2 0.13466 0.09878 0.09377 0.16624 0.26542 0.48814 0.75257

Lrs,nt 0.11372 0.07373 0.05814 0.05489 0.05395 0.05406 0.05467

Lrt,s, 0.20631 0.12716 0.100 i 1 0.09663 0.09747 0.10112 0.10371

Lrs,¡tz 0.86124 0.14225 0.06967 0.08290 0.09975 0.13203 0.17023

Lrr,uz r.52464 0.31060 0.12174 0.747\2 0.r7773 0.24760 0.32698

is higher than its counterpart Lr,ut. On an average, the thermal entrance length

for the ff2 condition is 2.8 times ionger than the section for the IJ1 condition. This

indicates that the -Il1 condition when imposed on a circular sector duct is a much

stronger thermal boundary condition (compared io fI2 ) such that the temperature

freld requires a much shorter axial length fo¡ its full development. The thermal

entrance resuits of chandrupatla and sastri [108] for a squale duct a.lso show that

the .I/2 condition ¡esuits in longer thermal entrance lengths than the II1 condition

for Newtonian as well as non'Newtonian fluids.

Va¡iations of thermal entrance lengths rvith duct apex angle are shown in

Fig. 4.13 for the 1/1 condition. For -L¡, for large /, thermal entrance lengths appear

almost constant, however for 2Ó <- 100" , 11 (which is normalized by D¡) increases

with decreasing /. But, in fact, physical variations of thermal entrance lengths are

better vierved in terms of z$ (normalized by -Re) which show a monotonicaliy in-

creasing trend with /. For small /, duct corner efrects assist early temperature

development so that the trend is expected Note that increasing apex angle up to

80



0.3

0.2

Li
0.I

0.2

L7

0.1

0.01 ,

I e0 180 ¿tlo 300

2@ (Deg)

Figure 4.13: Thermal Entrance Lengths for the ff1 Condition

0

81



360" (which forms a circular tube with one internal full frn) results in the largest

thermal entrance length for each base, e.g., LTs,m - 0.12583. This value is still

¡horter than 0.L7221 lot a circula¡ iube liO1] which has no "colner effects" at all.

Figure 4.14 plots variations of the the¡mal entrance length with duct apex angle

fo¡ the ff2 condition. Again, tr$, rather lhan L7, provides a better piciure of the

þ efrec|. Beyond 2/ >- 45", corner effects diminish as the 'L$ values increase

gradually with /. It is noted ihat minima occur at 2S x 45" for tr$r,¿, and at

2$ x 90" lor L$r,*r. Such behavior may be attributed to the (Nus,E2)¡a versus /
pattern which has a maximum value at 2þ =.60', as shorvn in Fig. 4.8.

4.3 Remarks
In Sec.4.1, successful predictions were obtained for steady, laminar, fluid flow

in the hydrodynamic entrance region of circular sector ducis by numericaliy solving

the three-dimensional momentum equations. The presented data cove¡ed the entire

duct apex angle range and were shown to agree well with the limited published

results. Four deûnitions were deliberately employed to determine the hydrodynamic

entrance lengths. The apex angle effects on the pressure drop and the hydrodynamic

entrance length were also carefully examined

Section 4.2 presented numerical solutions of forced convection heat transfer for

thermally developing laminar flow in ci¡cula¡ sector ducts using the HI and H2

conditions. It was observed that the apex angle influences heat transfer quantities

difierently for these two boundary conditions. compared io II2, the 111 condition

is thermally stronger hence resulting in higher heat transfer coefficients and shorter

thermal ent¡ance lengihs. However, in the absence of buoyancy effects, real situa-

tions would generally lie between these two, e.g., for a duct with an electric resistance

wiring heating. on the other hand, for the experimental investigation of combined

lamina¡ convection in a horizontal semicircu-lar duct, the present analytical results

will serve as lower boundaries fo¡ the data that wiII be presented in Chap 6'
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Chapter 5

Predictions of Mixed Convection
in a Horizontal Semicircular Duct

COMSN"O free-fo¡ced convection flow and heat transfer in a horizontal semicir-

cular duct are numerically analyzed in this chapter. The only new parameter that

the present chapter wiII embrace is the thermogravitational force. The inclusion of

this body force term makes it possible to simulate real flows in a much closer manner

especially when they are subjected to significant temperature gradients. Unfortu-

nately, the price for such a forv¡ard step resuits in highìy coupled momentum and

energy equations which therefore complicate computations.

The semici¡cular duct is considered for only one orientation, viz,, the flat wall

facing up. This orientation is the same as that used in the experimental set-up

(as described in the next chapter). The cross section of the duct, together with

the cylindricaì coordinates (r,á) and the staggered grid used in this analysis, is

shown in Fig. 4.1. The analysis is confined to the the¡mal boundary condition of

axially uniform heat input 1 with uniform peripheral wall temperature (-Il1). The

symmetric steady flow is taken to be fully developed both hydrodynamically and

thermally. Other assumptions are identified as follows:

1. Iaminar flow of a Newtonian fluid;

I O y the case of heating of the fruid (i.e., hot waII) was considered'



2. negligible viscous dissipation within the fluid;

3. constant properties except for the density cont¡ibution to the buoyant forces;

4. negiigible axiai difiusion of momentum and heat;

5. decoupled longitudinal and cross stream pressure gradients,

5.1 Mathematical Representation

lVith the above assumptions, the dimensional Navier-Stokes equation can be

written in vector notation:

t,vi -vY2t -l.?vr + rø) (5,1)

whe¡" ü is the velocity vector, V is the operator for the cylindrical coo¡dinate

system, P is the thermodynamic pressure, and g'is the gravitational force vecto¡.

The analysis employs the Boussinesq approximation to account for the density

variation which conüributes solely to the body force term. If the density p is a

function of temperature f only, e.g., p = F(t), p can then be expanded in Taylor

series form a¡ound a ¡efe¡ence temperature (e.g', the wall temperature Ú,,), as

p - F(t-) *uå<t -rò + i#þ -ù)' + i.#u- ¿",)' + ". (5.2)

Taking the frrst degree approximation and introducing the thermal expansion coef-

ficient at constant pressure (þ -- -(tlp-)(Ap/ôú)) renders

P=Pu-p_p(t-t_) (5.3)

Subsúituting equation (5.3) into the pg- term only and then deleting the subscript',

for p (constant property assumption), equation (5.1) thus becomes

i,vi - uYzi - -v 
P 

+ î - dpþ - t-)p
(5.4)



where the last term in the right-hand side is the buoyant force. Referring to Fig. 4.1,

the þ' vector can be expressed by

i - {g", g,, 9,}: {gsin|, gcos|, 0} (5.5)

It is worthwhile to note that, for a more general case such as for a horizontal circular

sector duct whose seating position varies with a rotation angle a, the f vector may

be defrned by j = {g sin(0 - a), g coc(0 - a), 0}. Similarly, for an inclined duct,

this vector can be correspondingly modiûed.

Now, using equation (5,5), the radial component of the right-hand side of equa-

tion (5.4) can be written as

t0-i*" - PsR sino) - s?(t - t')sino

vherc pgR sin| represents a static pressure referenced to the flat wall of the duct.

Similarly, the tangential component is

IO-i*" - PsR sino) - eB(t - t-)coso

The pressure decoupling is implemented by setting P(R,0 , X) : P'(R,0) *
P(X), where P'(R,e) = P - pg R sin|. Thus, the fully developed condition simply

gives

AUôVôW-OPdP
f I _ _ 

-ôX ôX AX -' OX dX
Ôt Ôt," 0t. 2q'

AX AX AX pcpWnR?o

in which the constant g' is ihe rate of heat transfer to the fluid per unit axial length.

As the last step, dimensionless variables and parameters are introduced as follorvs:

R,URï-VRïW,= Rn u': u u'=-7 -:fr

(5.6)

(5.7)

ñ+ t.-t- s'/k
, _ (-d.P l¿x)n¡r - ZPIt¡z

Re:
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and, the modified Grashof number Gr+ and the Prandtl number Pr are defined by

Gr+ = Pr=

(5.8)

(5.e)

p%

Ic

Using these variables, the equations for mass conservation, momentum conservation,

and energy conservation can be w¡itten in the following nondimensional form

Continuity

lA. ,. Iôu+-*\ru-)+; æ =u

Radial momentum

L-!¡rr* u*) ¡ ! o ¡,*u*¡ : !\e,Yl + ! a èô!* Iror, ,ô0\" " )-;,rv' ôr)- r00\r ô0 1

_Ap"_ *t ð ,ôa'r - 
! Y: _2u- *u+ + Gr+T+ sin¡ôr rô0'0r' 12 00 rz r

Angular momentum

1Ô, -*. 1Ô,-., 7Ô,ðu+,.7ô,2Ôa+,:fi(ru=a+) +:fo(a"a*) = ;6V-Ð * ; æ(; æ )

-!T *t-!ê!t+ +ry -u* -u*¡s* tGr+T+cos¡ (5.10)
r ô0 ' rôr' 00' rz 00 î2 r

Axial momentum

lfio,..t * 
t-fto*ù ='rf;n#, + ift( *at + 9ff t n" (5.11)

Ðnergy

!fi{,,*r\ *I-fiø*r-t = }rfiu!:r'ä}).';!*+#\ + l- s.tz¡

This results in a highly coupled system invoiving ihe five variables u+, a+, w, p+,

and ?+ and two control parameters Gr+ and Pr' No boundary conditions for p+ are

needed because of the use of the staggered grid. Oiher explicit boundary conditions

are

ui =a* - u - T+:0
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and

:#:u+ = 0 at the symmetry line 9: rf2,0<r<! (5.14)

In addition, the axial pressure gradient or /.Re must be corrected by conservation

of mass, the dimensionless form of rvhich is

(5.15)

ôu+ ôw
ô0 ô0

t-

I [-,d.,d.0:TJJ 4o0

The average Nusselt number, based on hydraulic diamete¡ D¡,, is given by

n",-ÈDo - 
2t 7

k - ("+2)'zTÅ

where ?j is the bulk mean fluid temperature defrned as

, i.t
rl:illwT+rdrd,0

00

(5.16)

(5.17)

6.2 Computing Technique and Solution Accu-
racy

A uniform staggered grid of Fig. 4.1 on the cross stream plane was utilized to

discretize the governing partial difierential equations. Fully implicit formulations

were performed by using the control volume integration finite difie¡ence method.

Coefrcients ¡elating to the convection-difusion terms in the disc¡etization equations

were incorporated by the power-law scheme. To slow down the changes in the

values of the dependent variable from iteration to iteration, an underrelaxation

factor (0.1 < tl RF < 1) was inserted in each momentum discretization equation.

The SIMPLER algorithm of Patankar [28] was then used to solve these cou-

pled, nonlinear, and discretized equations. Starting wiih the guessed velocity and

temperature frelds, the cross stream pressure distribution for p+ was first estimated

through the continuity equation. Then, the equations for ¿+ and u* we¡e solved
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simultaneously. The next step was to compute tr, while ensuring the satisfaction of

the overall mass conservation of equation (5.15). After the ioca.l continuity or the

mass source was checked, if unsatisfied, the solution of the pressure correction equa-

tion was obiained to correct the cross stream velocities. Next, the ?+ distribution

was obtained and the following criteria were examined:

1. All absoiute difie¡ences between the current iterative values and the previous

iterative results were not greater than 10-5 at all nodal points.

2. The "mass soulce" tetm (checking the local continuity) in each controi volume

was smaller than 10-5 in magnitude.

3. The absolute value of the /.Re correction (checking the overaii mass balance)

was also smaller than 10-õ.

In each tun, for the given values of G¡+ and Pr, iterations we¡e continued until

all these convergence criteria were satisfied. During the iterations, the most recent

values of the dependent variables were used to update continually the coefficients of

each discretization equation. All algebraic equations for u+, a+, tu, and ?+ were

solved by a line-byJine iterative technique through the tridiagonaJ-matrix algorithm

(TDMA). Ilowever, the dist¡ibutions ofp+ and the p+ correction were noniteratively

obtained using a band storage linear equation solver. Similar to the descriptions in

Sec. 4,1,2, this modification of the algorithm was also numerically verifled for the

present problem.

Decisions on the cross-sectiona,l mesh sizes we¡e mainly guided by solving the

axial mome¡tum and. energy equations for Gr+ = 0. Table 5.1 presents th¡ee mesh

sizes and the corresponding numerical results of (/,Re)¡a,¡ and (.1úø¡¡1,¡¿)0, where the

subscript ¡ indicates the value for the zero Gr* numbe¡. As shown in the table, with

increasing the grid (r, á) lines from 18 x 20 to 30 x 40, the relaiive diffe¡ence between

the numerical ¡esult and the exact value reduces from 1.3% to 0'5% for (/-Re)¡¿,¡

and from 0.2% to 0.1% for (Nus1,¡a)o. A's a compromise between accuracy and

computing time, the grid of 20 x 25 was selected since it appears to be adequate for
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Table 5.1: Mesh Size and Results for Gr+ : 0

rx0
U R")¡¿,0 (1lr¡¡t,l¿)o

Numerical Exact [103] Numerical Ðxact [99]

18 x20 15.5558 r5.7668 4.0967 4.0880

20 x25 15.5992 15.7668 4.0956 4.0880

30 x40 r5.6922 15.7668 4.0922 4.0880

the problem under consideration. Wiih this grid, Fig. 5.2a shows close agreement

between the exact results and the corresponding numerical values of u ar^d T+ at

the symmetry pìane d : $ fot Gr+ : 0. Near the boundaries, the differences are

relatively large but always within 2To for w and within 4Yo lot T+. In addition,

by examining all nodal values at the cross section, absolute diferences between the

numerical result and the exact value average 0'7To lor r¿ and 1.6% for î+.

It is appropriate to remark here that, like other schemes, the power-law scheme

may numerically generate a fictitious o¡ fa,lse diffusion coeficient for multidimen-

sional problems. This is of special conce¡n when the flow is oblique to the grid lines

and a nonzero gradient of the dependent variable in the direction no¡mal to the flow

is presented. de Vahl Davis [30] has demonstrated that the use of finer grids can

reduce such a possibie parasitic efiect in numerical anaJyses. In view of this, the

30 x 40 grid might be a more suitable (but less affordabìe) choice fo¡ this problem'

flowever, the study of the velocity fields obta.ined from preliminary tests suggested

that the secondary flows are rrost pronounced near the curved wall of the semicir-

cuiar duct and they generalìy align with the tangential curved grid lines (e.g', see

Fig. 5.8a). This indicates that the false difusion in the present numerical analysis

is significantly ¡educed by orienting the d-grid lines to be parallel with the curved

wall. Furthermore, since the ¡ea.l difusion is signiflcant in this problem, the false

difusion r¡¡as estimated (using ihe equation in [30]) to be small in comparison with
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the real difiusion.

In addition, confidence in the use of the 20 x 25 grid was provided by comparing

the values numerically generated with this grid to the published resuits of Nandaku-

mat et aI. l6t] (they used the (r, d) grid of 21 x 21) for a mixed convection problem

but for the flat section of the semici¡cular duct at the bottom. For Pr = 5 and

Gr+ : l}a, 6 x 10a, and 105, the present y'[z/lfø¡ values of 1.156, 1.508, and 1.642

correspondingly agreed well with the figure-read values of L 14, I'49, and 1.63 in

[61]. Ii musi be pointed out that this comparison is valid only at low Gr+ since duct

orientation should has little efect on Nz values when the secondary flow is weak.

To further confirm the present numerical accuracy, the above soiution proce-

durces 2, still wiih the 20 x 25 grid, were used to directly produce the results of

Nandakumar et at. l6tl. For Pr : 5 and Gr+ = 10a, 105, and 106, the present

NulNus va.lues ol 1.156, 1.640, and 2.477 correspondingly agreed well (within 5%)

with the figure-read values of 1.14, 1.63, and 2.35 in [61]. Better agreement for the

corresponding f Rel f Re6 va^lues was found to be within 1%.

5.3 Numerical Results

Two control parameters embedded in equations (5.8) to (5.12) are the modified

Grashof number Gr+ and the P¡andtl Pr. Since one of the main goals of this study

was to provide numerical data which might be compared to the experimental resuits

fo¡ water flow, the Pr values of 5 and 3 were of prima.ry concern. However, results

lot Pr = 0.? and P¡ - 20 v¡ill also be presented. Regarding Gr+, the converged

solutions for each Pr were continuousiy achieved till Gr+ up to 2 x 108 which is

about the upper value reached in the experiment.

2 The computer progtarn in Appendix B contains a Seometty Parcmete4 i e., the duct seating

ang)e, The present soJutions corresp ond to the ang)e of 0o, lVJren the anfleìs 1800, ú.he faú secÉion

ol the semìcirculat duct is at the bottom.
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5.3.1- Typical Dual Solutions

Typical influeuce of Gr+ on the fully developed friction factor ratios and Nusselt

number ratios is iilustrated in Fig. 5.1' The forced convection values of (Nu1¡,¡a)o

anð, (f Re)¡a,oare given in Table 5.1 for the (r,d) grid of 20 x 25 As the dua'l

soiutions (e.g., two values of (ÍR")t¿ ot Nu¡71,¡¿ for a given Gr+ ) are displayed'

it is interesting to ¡elease the details of the computing procedures. Initialiy, the

dist¡ibutions of temperature and axial veiocity fot Gr+ = 0 were used as input to

flnd the solutions for a nonze¡o Gr+ , say 103. To accele¡ate convelSence, it was now

advantageous to obtain the starting values of z+, u+ , ta, T+ , and f Re fo¡ the next

higher Gr+ (e.g., Gr+ : 5 x 103) by extrapolating the converged solutions for the

preceding two lower values of Gr+. This was especially necessary for Gr+ > 106'

Also, as shown in Fig. 5.1 for Gr+ > 106, the .lüz and JÃe ratios increased sharply

with Gr+ , whereas the computing time required to secu¡e convergence was simiiariy

found to increase markedly with Gr+ .

Unlike the results reported by Nandakumar ef al. [61], the upper critical point

{or the two- to four-vortex transition was never found throughout this study. For

a given low Gr+, the solution procedures described earlier rvere able to secure a

converged solution rvith a two-vortex flow pattern. starting with this two-vottex

solution for the next higher Gr+ (e.g , Gr+ : 10?), a fou¡-vortex flow pattern was

obtained with a slight underrelaxation (say, LI-RF = 0.8 for ø+ and r+)' But, by

using a heavier underrelaxation (say, URF : 0.4 for z+ and o+), the same two-

vortex f.ow pattern could be preserved at the higher Gr+ . Furthermore, an increase

in G¡+ could result in either a two-vortex or four-vo¡tex solution, depending on

the initiat conditions. If the starting va.lues were taken from a two-vortex solution,

a ner¡¡ converged solution with trvo vortices was obtained. On the other hand,

the input of a four-vortex solution converged to a solution for next Gr+ with four

vortices. In this way, gradual increase in Gr+ up to 2 x 108 or higher did produce
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the dual converged solutions. Even though the difierences between the two-vortex

result and the four-vortex result decreased with increasing Gr+ (Fig. 5.1), lhe upper

critical poini (where the two vortices bifurcaie and are replaced for higher Gr+ by

four vortices) did not appear to exist. However, decreasing Gr+ from a four-vortex

solution did encounter the lower criúical point of bifurcation. For example, for Pr =

5, if calculations were begun with a converged four-vortex solution for lower Gr+ , a

four-vortex solution resulted for lower Gr+ and this persisted until Gr+ æ 1.25 x 105.

At about this Gr+ , the transition to the two-vortex result was observed.

The dua,l solution pattern of Fig. 5.1 is consistent with a ¡ecent numerical re-

port by Maughan and Incropera [110] who studied laminar mixed convection with

Iongitudinal fins in a horizontai parallel plate channel. Their multiple solutions

were found by prescribing different initial conditions. For instance, for their de-

frned Rayleigh number .R¿ : 10a, initializing calculations al Ra :0 resulted in a

three-vortex solution. Ilorvever, treating the last converged two-vo¡tex solution as

an initia.l condition, gradually increasing -R¿ to 1.0{ generated a solution with an

unchanged two-vortex flow pattern. The first routine indicated that the secondary

flow, while set to zero at the beginning, was allowed to vary substøntiallg' Ot I'he

other hand, the latte¡ suggested that the prescribed nonzero velocity fields let the

new cross stream vortices be formed grailuøllg, Clearly, these routines are similar to

the underrelaxation techniques rvhich were appiied in the present study. Therefore,

the consistent outcomes are indeed expected.

A question that may arise now is how the dua,i solutions occur. For the case of

the semicircular duct, the two-vortex flow corresponds to a downward c¡oss stream

velocity at the iowest geueratrix of the duct (see Fig. 5.6a). .A's the G¡+ number iz¿-

crernentally becomes high enough, say 10?, the flow undergoes considerable changes

f¡om the initial condition to the same one but plus a large increment. The increment

in heat flux not only destabilizes the initial thermal boundary layer, but also magni-

f.es the c¡oss stream velocities near the duct bottom. When the secondary flow grows
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in size, its inita,l vortex pattern is also reformed in response to the signifrcant ther-

mal instability which originates f¡om the lowest generatrix. During such changes,

before a steady state is physicalÌy reached 3, the directions of the cross st¡eam ve-

locities near the duct bottom may be subjected to an alternation due to the thermal

instability. For instance, the velocity at the lowest generatrix may be downward or

upward. The downward velocity causes the warmer fluid to rise nearly along the

curved wall and the trvo-vortex flow results (Fig. 5.8a). The upward velocity, on the

other hand, changes by continuity the directions of the velocities in its neighbor-

hood. Consequently, the wa¡mer fluid near the bottom ascends approximately aiong

the symmetric plane of the duct (see Fig. 5.9a) and the transition to the four-vortex

form takes place. Based on these observations, reducing the increment of the cross

stream velocities or numerically using the underrelaxation technique (as done in the

present siudy) or approaching gradually the converged solution (as done in [ft0])

should all suppress the alternation of the velocity vector and hence the initial flow

pattern (i.e., a two- or fou¡-vo¡tex flow pattern) can be preserved. Otherwise, the

direction of the velocity vector at the lowest generatrix and the path of the rising

warmer fluid will alte¡ and, therefore, the secondary flow pattern transition (i'e.,

ftom two- to four-vo¡tex form) is anticipated.

The dual solution pattern of Fig. 5.1 is also similar to the heat transport mea-

surement of Walden et ø1. llll] who observed multiple cellular patterns for pure

free convection in a rectangular conta.iner. However, the profuse muitiplicity or

anoma,lous mode behaviour in mixed free-fo¡ced convection has not yet been veri'

fied experimentally.

3 Tlre present soJutjo¡ fo¡ the governing equatìons was assumed to be steady. In reality, when

subjected to signifr,cant buoyancy efects, it is possjbie that the flow exhibita a steady-periodìc
behavior rather than an entirely time-invaúant one. A numerical and/or expeúmental examìnation

of thìs matter is beyond the scope of úlre present work. Eowever, labontory observations by the
present author did rcveal some degree of fluctuation on data teadings'
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5.3.2 Effect of the Grashof Number at a Constant Pr

The influence of the modified G¡ashof number Gr* on ihe fully developed results

is explored next. To exclude the Pr effect, results only lor Pr = 3 will be discussed,

howeve¡ t¡ends were the same for varying Gr+ at other fixed Pt.

5.3.2.1 Secondary Flow, Axial Velocity, and Temperature for Varying

Gr+

To assess buoyancy efiects on a mixed convection flow, it is useful first to

consider the limiting case of pure fo¡ced convection. At Gr+ : 0, there exist no

cross stream velocities of ¿+ and z* due to the absence of buoyant force. Numerical

solutions of temperature ?+ and the axial velocity to can be thus directly validated

by comparison to the exact results as was done in Fig. 5.2a and discussed earlier in

Sec. 5.2. Contours of these numerical ¡esults for ?+ and tl that are shown in Fig. 5.2b

are seen to be fairly smooth and uniform, indicating no c¡oss-st¡eam flow. The

maximum ?+ value of 0.099 and ihe maximum u value of 2.061 are approximately

located by the labels of u?*" and "tl" where they can be respectively inierpreted

as the coldest spot and the highest axial momentum in the duct. In this case, the

expected same location indicates the absence of free convection effect.

With the presence of buoyancy, the warme¡ and lighter fluid near the duct

bottom, which is unstable and beneath the cooier and heavier core fluid, provides a

sou¡ce of vorticity for the cross-stream flow. Fig. 5.3a depicts, for Gr+ : 104, these

cross-stream velocity veciors (which are the resultants of z+ and o+). The scale

above the vector plot (e.g., 2.80 in Fig. 5.3a) gives both the scale and the maximum

resuitant. As can be seen, the secondary flow, which is superimposed on the ma.in

f.ow, is symmetric and contains a pa.ir of counter-rotating vortices. This results in

the warmup of the co¡e fluid as shown in Fig. 5.3b for reduction in ?+ (compared

to Fig. 5.2b). Contours of Fig. 5,3b a.re apparently shifted down, particularly for
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?+ due to the direct influence of free convection heat transler. The lowering of

the isotherms suggests the thinning of the bottom therma.l boundary layer and the

thickening of the top therm¿l boundary layer, thereby enhancing and reducing heat

transfer, respectively, Also, buoyancy effects cause the positions of the coldest spoi

("?+ ") and of the maximum axial momentum ("tll ") to move down vertically from

the place for Gr+ = 0.

As Gr* increases, the strengthened two vortices and the further depressed con-

tours can be observed from Fig. 5.4 1o¡ Gr+ = 105. Compared to the ones of

Fig. 5.3a, the centres of vortices in Fig. 5.4a have moved closer to the curved wall'

This is in agreement with the air flow visudlization done by Mori and Futagami

[16] who reported a pair of symmetrical vortices in a circu1ar tube. Also, note that

the top isotherms dispiay an increasing degree of stratification with increasing Gr+ ,

revealing that heat transfe¡ coef,Êcients along the top wall are fa.irly constant. By

contrast, the isothe¡ms near the curved wall reflect a gradient variation with 0, thus

producing suitable conditions for a secondary instability.

The four-vortex flow pattern lot Gr+ : 2 x 105 is iilustrated in Fig. 5.5a where

two extra smaller vortices appear just beside the symmetry piane, As discussed

before, the upward velocity at the lowest generatrix is an indicato¡ of four vortices.

The heated unstable fluid in this region encourages the flow to bifurcate into a

multiple eddy structure. This time there are {our eyeJike pupils within which the

fluid has low cross-sectional momentum. The two upper pupils can be seen to move

further toward the curved wa.ll nea¡ which the velocities of the rising warmer fluid

are relatively large. As shown in Fig. 5.5b, the two lowe¡ vortices obviously carry

the coldest fluid down and away from the cent¡a,l plane. A similar efect on the fluid

with the highest axial momentum is also evident. Contou¡s of ?+ and to (especially

isotherms) are shown to be dense at' 0 x 75o nea¡ the curved wall, implying in this

region a signiflcant increase in thermal gradients and in wall-fluid shear stresses.

Eowever, the contou¡s adjacent to the lowest generatrix rise up and become sparse.
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Figure 5.5: Four-Vortex Results lor Gr+ = 2 x 105 and P¡ = 3. (a) The secondary

Ftow (b) Contou¡s of lemperature and Axial Velocity



Results for the two-vortex and four-vortex flow structures at Gr+ = 106 are

plotted in Figs. 5.6 and 5.7. Firstly, contrasted with the velocities shorvn in Fig S'4a,

the two-vortex florv in Fig. 5.6a is significantly magnified, with the maximum cross-

stream velocities (from 11.17 to 31.29) occurring approximately on the same position

(r x 0.92 and d = 41"). The two counter-rotating eddies continue to depress the

contours of Fig.5.6b, including lowering the positions o1 "T+" and "1,". Secondly,

contrasted with the result of Fig. 5.5a, the maximum cross-stream veiocity (33.71)

in Fig. 5.7a occuÌs at the symmetry plane and the sizes o{ the two lower vortices

are clearly enlarged. This indicates that fo¡ Gr+ : 106 the increased buoyancy

force is most pronounced near the duct bottom. Contours in Fig. 5.7b become

mo¡e distorted compared to the ones of Fig. 5.5b. The coldest spot and the lúghest

axial momentum continue to move down. Next, comparing these two differeni flow

structures but with the same Grashof number in Figs. 5.6 and 5.7, severa.l trends are

apparent. The trvo-vortex flow only depresses its contours (Fig. 5.6b) rvhile the four-

vortex flow drives the coldest spot and the highest axial momentum down as well

as away from the central plane, hence breaking up some contours (Fig. 5'7b) into a

multiple closed map in each symmetric region. A cümb on the bottom isothe¡ms is

a^lso seen from Fig. 5.7b to match with the rising warmer fluid along the symmetry

plane (Fig. 5.7a). This extra path for the rising warmer fluid provides a more

powerful mechanism for heat transfer, e g., resulting in a marked ¡eduction in ?+ (see

Figs. 5.6b and 5.7b). Similarly, a ¡eduction in ur also ¡eveals an augmentation for

flow resistance.

Fo¡ a further increase ol Gr+ , say 107, the two-vortex and four-vortex results

shown in Figs. 5.8 and 5.9 comparativeiy keep the same trends as those previously

disclosed. Some further observations are as follows. Since the cores of two upper

eddies always tend to move toward the curved wall as Gr+ increases, the phenomenon

appears analogous to the efect of centrifugal force. This results in substantially large
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Figure 5.7: Four-Vortex Results for Gr+ : 108 and Pr = 3. (a) The Secondary
Flow (b) Contou¡s of Temperature and Axia,l Veìocity
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secondary flow just neighboring the curved wall and relativeiy small and uniform

veiocities in the central region of the duct (Fig. 5.8a). Also, the sizes of the twoìower

eddies in Fig. 5.9a are seen to become sma.lle¡ than the ones in Fig. 5.7a, indicating,

with increasing Gr+ (> 107), a decreasing difference between the four-vortex result

and the two-vortex result (e.g., referring to Fig. 5.1).

The foregoing observatious are more evident in Figs. 5.10 and 5.11 for Gr+ :

2 x 108. Fo¡ both cases, the most vigorous secondary flow ascends primarily along

the curved wall. The resulting contours are severely distorted and this accounts

for significant increases in heat t¡ansfer coefficients and friction factors. As can be

seen in Fig. 5.11a, the two lowe¡ vortices are fu¡ther shrunk thus playing a less

important role in the overall .lúr¿ and JRe results. Regarding the secondary florv

maximum velocity (the scale vector), its magnitude is seen to also increase with

increasing Gr+ . Fo¡ Gr+ = 2 x 108, it reaches about 307 (from about 90 for

Gr+ - I07). But this magnitude remains approúmately the same (e.g.' 305 58 in

Fig. 5.10a and 307.33 in Fig. 5.11a) for the same Gr+ but difierent flow patterns. A

last interesting observation can be made from either Fig' 5.10a or Fig. 5.1la where

there appear a pair of tiny recirculating eddies close to the centre of the top wall.

Ðxamining the contours in this region ¡enders a weak efect on othe¡ quantities. It

is not clear in this research whether these eddies will grow and significantly affect

the corresponding results as Gr+ further increases.

6,9.2.2 Peripheral Variation of trYiction Factor with Gr+

Information on two local friction factors (at the top and bottom of the symmetry

piane) is contained in Fig. 5.12. ,{s illustrated in the upper plot for the two-vortex

result, the axial velociiy profiles, as expected, exhibit an increasing degree of distor-

tion with increasing Gr+, The axial velocity gradients no¡mal to the duct bottom

increase with increasing Gr+. Howeve¡, the gradients normal to the top wall for

botlr flow patterns show a dec¡easing trend except for Gr+ :2 x 108 ¿t which the
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FIãw (b) Contours of Temperature and Axial Velocity
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occurrence of two top small eddies (as noted above) causes some high momentum

fluid to rise up, For the four-vortex resuit (Fig. 5.12b), the two lowe¡ vortices act

to reduce continuaìly the central high momentum as they are strengthened Con-

sequently, this augments the average fiiction factor although the secondary flow

curtails the shear stresses adjacent to the duct bottom.

Local values lor (JRe)¡a, including the ones at the top "4", at the duct corner

"8", and at the bottom "C", are shown in Fig. 5.13. To determine the normal gradi-

enl ôw f ôn at a wall, a third degree approximation a rvas numerically employed. For

both the two- and four-vortex cases, variations of (/Ãe)¡¿ aiong the top wall (.0'--+a)

are nearly ideniical, indicating that the two lower vo¡tices have little influence on

the top friction factors. For Gr+ ranging from 2 x 10s to 10?, the (/Âe)¡¿values

are independent of Gr+ and decrease slightly with increasing r and then rapidly

approach zero at the duct corner B. Due to the depressed axial veiocity contouts,

they are also lower than those for Gr+ : 0. However, higher (/.Re)¡a values for

Gr+ = 2 x 108 are attributed to the very vigorous secondary flow. On the other

hand, the (/.Re)¡¿ values increase markedly along the curved wa,ll (n--c). For ex-

ample, as shorvn in Fig. 5.13a lor Gr+ : 2 x 108, the (/rle)¡a value at the duct

bottom (c) is about 5 times as high as the value at the cent¡e ol the top wall

(.4,). In the four-vortex case, friction factors drop sharply near the duct bottom

rvhere rising and sparse contou¡s have previously been noticed. Also note that the

a ft is usefuJ to present here the general Îotm of thìs third-degree approximation derived from
the Taylor series expansion of y = F(ø) at a wd), say (as, ye), whe¡e c is the coo¡dinate norma)
to the wail. Let, Y; = g; -gs and X;= ai- ao, wherc i- f'2,3 and o; js a nodal point wìth its
dependent vdue of y;. Thus,

l d!\ _ ((x" - xùxîxïY' - ((x" - xr)x
\dJ "=""=

A Xt = X213 = XzlS' it ¡educes to

(#) 
"=..= 

råqt - ,!r"' * fi'"tr''
which gives an exact 1radient v ue for any third, degree pdynomia) using an arbittaty X1,
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peripherally-averaged values (that were obtained by performing the line integral of
BC

(8rlQ+ù\U(ôwf ðn)."pd'r ¡ !(ôutlÔn)*"ud'î)) arc illust¡ated in Fig. 5.13. Since
AB

the (/,Re)¡¿ value in equation (5.11) is obtained by ensuring the conservation of

mass, the value that is atta.ined by averaging the peripherally local shear stresses

can serve as a ch.ck point. Accordingly, difierences betrveen an avetage va,lue in

Fig. 5.13b and the corresponding result from equation (5.1i) are found to range

from -0.5% for Gr+ : 0 to 10% îot Gr+ = 2 x 108, hence further confirming the

appropriateness of the present solution procedures.

5.3.2.3 Peripheral Variation of Heat FIux with Gr+

The influence of Gr+ on temperature gradients which are normaì to the top

and bottom of the symmetry plane can be seen from Fig. 5.14. Similar trends

as discussed for Fig. 5.12 are evident. Peripheral va¡iations of the ioca.l heat flux

qf! are demonstrated in Fig. 5.15 whe¡e the normal gradient 0T+ lÔn at a wall is also

dete¡mined by the third degree approximation. By deffnition, peripheraliy averaging

qj's should yield 1. Thus, examining all numerica.l average results of qfi gives ihe

values ranging f¡om 0.98 lot Gr+ : 0 to 1.14 for G¡+ = 2 x 108.

Comparing the two plots in Fig. 5.15, the flow patterns show a weak efiect on

the top flux distributions (.0'--u). Except for the proximity of the duct corner B, the

gf! values tend to become more uniform along the top wall as GrÌ increases. This

tendency agrees with the stratified isotherms near the top wall, as noted earlier.

Decreasing the top wall heat flux with increasing dr+ is deflnitely consistent with

the previous observations on the thickening of the top thermal boundary layer.

Concerning the heat fluxes along the curved wall (n--c), the increasing qft values

with á and Gr+ (Fig. 5.15a) are due to the corresponding variation of buoyancy

forces. Similar to the situation on local friction factors, the flow patterns greatly

afiect the heat flux distributions along the curved wall. For instance, for the four-

vortex flow, higher qf's values along the curved wall and appreciable decays near the
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Figure 5.14: lemperature Variations at the Symmetry Plane (g = ö) for Varying

Gr+ (Pr = 3) (a) Two'Vortex (b) Four-Vortex
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Figure 5.15: Peripherally Local Heat Flux (gü -- @ +2)(ôT+ lÔn)."n ) for Varving

Gr+ (Pr - 3) (a) Two-Vortex (b) Four-Vortex
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duct bottom do reflect the influence of the multiple vortex flow structure. Finally,

it is interesting to note that, îor Gr+ : 2 x 108 in Fig. 5.15a, a severe depression of

isothe¡ms by the cross-stream vortices can cause the boútom heat flux to be over 10

times as high as ihe top value.

5.3.3 Effect of the Prandtl Number at a Constant Gr+

Since the present predictions involved four Prandtl numbers (0.7, 3, 5, and 20),

an investigation was made of the effect of this parameter on fully developed mixed

convection. Paraliel to the study of Grashof number, the discussion begins with

typical flow patterns and the associated contours lor Gr+ = 107, however trends are

the same for varying Pr at other fixed Gr+ .

5.3,3.1 Secondary Flow, Axial Velocity, and Temperature for Varying

Pr

First attention may be focused on flow patterns îot Pr -- 0.7. In Fig. 5.16a,

the two vortices are obviously much stronger than the ones for Pr = 3 in Fig. 5.8a

at the same heating rate. This ampliflcation of the secondary flow with decreasing

Pr can be expiained by the following reasoning. Since Pr : p%lk, a decrease in ¡.r

and/or an inc¡ease in & will reduce the Pr value. For a constant Gr+, decreasing

p means weakening viscosity forces hence allowing reiatively large buoyancy forces.

The resulting large cross-stream velocities are then expected. On the other hand,

increasing fr simply leads to large values for ?+ since T+ = k(t- - ú)/q'. When

Gr* remains constant, the source terms of Gr+T+ sinî anð. Gr+T+ cosî in the two

cross-stream momentum equations (5.9) and (5.10) become large. This indicates an

overaJl inc¡ease in the driving force of the secondary flow under the above conditions.

In Fig. 5.i6b, the depressed contours show some rising corners where the vigor-

ous secondary flow clìmbs, changes directions sharply, and then pushes its adjacent

fluid down (Fig. 5.i6a). This in turn gives rise to a marked increase of friction near
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Figure 5.16: Two-Vortex Results for Gr+ = 107 and Pr = 0.?' (a) The Secondary

Flow (b) Contours of Temperature and Axial Velocity
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the duct corners. Furthermore, buoyancy efiects appreciably retard the ma.in flow

(e.g., reducing the ru values) and press its highest momentum even lower than the

coldest spot (Fig. 5.16b). Consequently, friction factors have an increasing trend

as Pr decreases. tlowever, despite more powerful secondary f.ows, a smaller P¡

(relatively larger ft) does not contribute to higher temperature gradients at a wall

for a constant heat input. For instance, Fig. 5.16b shows that the coldest spot

(?+ - 0.035) lor Pr :0.7 is even colde¡ than the one (?+ : 0.025) for Pr : 3

(Fig. 5.8b) at the same Gr+ , thereby suggesting a declining trend in heat t¡ansfer

enhancement as Pr decreases.

Compared Fig. 5.17 to Fig. 5.16, the four-vortex flow mechanism lot Pr :0.7

is also a stronger one for heat transfer enhancement and friction augmentation.

Otherwise, increases in Pr attenuate the secondary flow, which can be further seen

from Figs. 5.18 and 5.19 for Pr = 5, and f¡om Figs. 5.20 and 5.21 lot Pr -- 20'

For exampie, the magnitude of the secondary flow maximum velocity dec¡eases from

about 165 for Pr : 0.7 to about 36 for Pr = 20. But it varies little for the same

Pr but difierent flow patterns. For both fl.orv patterns, contours for ø are seen to

become sparse nea¡ the duct bottom, where isothe¡ms become condensed, as Pr

inc¡eases. Of course, these provide further evidences for the foregoing discussions

and explanations.

õ,3.3.2 Peripheral Variation of Friction Factor with Pr

To illustrate friction facto¡ variations at the top and bottom of the duct, axial

velocity profrles at the symmetry plane are shown in Fig. 5.22 for Gr+ : 10?. With

the dec¡ease of Pr, the plots reflect the similar trends as Fig. 5.12 does for increasing

Gr+ . The peripheral (fRe)¡a variations that are shown in Fig. 5.23 a.lso take some

resembling characteristics disclosed by Fig. 5.13, An extra point that should be

noted is that the (fRe)¡a values along the top wall (.0'--+n) are fa.irly independent

on Pr except for in the region of 0,5 < r ( 1 where a marked peak occurs for
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Figure 5.17: Four-Vo¡tex Results for G¡+ = 107 and Pr = 0.7. (a) The Secondary

FIow (b) Contours of Temperature aod Axia.l Velocity
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Figure 5.18: Two-Vo¡tex Results for Gr+ =
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Velocity

<ji'l!i'¡;¡:;:192



i:rtlft:¡iï

$iiiiÌÐ,uKffi
WKîfÍÐry

--+ 70.90

Figure 5.19: Four-Vortex Results for Gr+ = I0? and P¡ = 5. (a) The Secondary
Flow (b) Contours of Temperature and Axial Velocity
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Figure 5.20: Two-Vortex Results for G¡+ = 10? and Pr = 20. (a) The Secondary
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Figure 5.21: Fou¡-Vortex Results fo¡ Gr+ = !07 and Pr = 20. (a) The Secondary

Flow (b) Contours of Temperature and Axia.l Velocity
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Pr - 0.7. As found earlier, since the buoyancy-induced secondary flow is most

fo¡ceful for Pr = 0.7, relatively large cross-stream velocities near this region (see

Figs. 5.16a and 5.17a) are certainìy responsible for such a pulse on f¡iction factors.

5.3.3.3 Peripheral Variation of Heat FIux with P¡

The temperature distributions at the symmetry plane, as illustrated in Fig. 5.24

lot Gr+ = 10?, present an decreasing t¡end in ?+ with increasing Pr. Unlike the

case of Fig. 5.14 (constant Pr, varying Gr+ ), for a constant heat input, the warmer

co¡e fluid for a higher Pr is not primarily attributed to the secondary flow but to

a iarger average the¡mal gradient. Again, as shown in Fig. 5.25 for varying Pr, the

flow patterns have little influence on the heat fluxes along the top wall (a---'a) but

afrect those along the cu¡ved wall greatiy (a-+c). It is evident that, in spite of the

attenuation of the secondary flow, increasing Pr increases the heat fluxes along the

curved wall, thereby resulting in higher heat transfer coefficients.

Average Results of Nusselt Numbers and Friction
Factors

Average results of Nusselt number rutios Nu¡¡1,¡¿f (Nu¡¡,¡a)o and fricúion facto¡

nlios (f Re)¡al$ Re)¡a,o (rvhere (1Ûa¡¡1,¡a)o and (,fÃe)¡a,o are as given in Tabie 5.1)

are Ìisted in Tabies 5.2 and 5.3, and illustrated in Figs. 5.26 and 5.27, respectively.

As predicted earlier, heat transfe¡ enhancement is seen from Fig. 5.26 to be most

significant, reaching a factor of about 7,1or Pr: 20 and Gr+ = 2 x 108 (the highest

value for Rayleigh number, Rø+ : Gr+Pr). Consistently, the higher Pr is, the

earlier the response of heat transfer enhancement to buoyancy effects (at low Gr+ )

can be observed. For a^11 Pr , the Nus1,¡¿l(Nust,¡a)o values monotonicaJly increase

with increasing Gr+ . The lriction facto¡ ratios that are shown in Fig. 5,27 also rise

with strengthening the secondary flow. But a marked augmentation for each Pr

5.3.4

124



Pr
o 0.7
a3
+5
x20

(b)

0
0 0.5 I

RlRo

Figure 5.22: Axial Velocity Variations at the Symmetry Plane (d = /) fot Varying

Pr (Gr+ = 107) (a) Two-Vortex (b) Four-Vortex



60

(J Re) ¡a
r.l0

20

(b)
0

20

(u)
0

80

0.5 B

R/Ro
3060c

d (deg)

Figure 5.23: Peripherd Variations oî. (f Re)¡a for Varying Pr (Gr+ = t0?) (")
Two-Vortex (b) Four-Vortex

o
A

+

X

Pr
0.7
a

5

e0

FVEBRGE

-+--+-
-*-

t26



Pr
o 0.7
A?

+5
x20

0. 03

T+
0. 02

0.0r

(u)

0

0. 0{

0. 0l

(b)

0

0. 03

T+
0. 02

0 0.5 I

RlRo

Figure 5.24: Temperature V¿riations at the Symmetry Plane (0 = ó) for Varying
Pr (Gr+ = t07) (a) Two-Vortex (b) Four-Vortex



Pr
o 0.7
a3
+5
x20

F 0.5 B

R/Ro

Figure 5.25: Peúpherally Loca.l Heat FIux (qi's = þr ¡ 2)(ÔT+ I ?n)-.u ) for Varying

Pr (Gr+ = 10?) (a) Two-Vortex (b) Four-Vortex

3060c
d (deg)



does not occur until the Gr+ va,lue becomes reiatively high, e.g., much higher than

that at which heat transfer enhances markedly. Unlike heat transfer enhancement,

friction augmentation at a given Gr+ is most pronounced (reaching a factor of about

3.6) {or Pr - 0.7. This agrees rvith the previous discussions and with othe¡ diferent

predictions in [61,67], namely that decreasing Pr intensifies the secondary flow and

hence increases friction factors.

In both Figs. 5.26 anð 5.27, the four-vortex ¡esults are higher than the two-

vortex ones. As can be seen, the efect of the secondary flow patterns becomes less

noticeable as P¡ decreases, especially for high Gr+ values. By examining peripher-

ally local heat fluxes and shear stresses (Figs. 5.25 and 5.23), this mainly accounts

fo¡ the fact that the local four-vortex values near the duct bottom tend to drop more

significantly with a lower Pr. Of course, the drop corresponds to the lower counte¡-

rotating vortices (e.g., Fig. 5.21) which carry the high axial momentum fluid away

from the duct bottom. Thus, as Pr decreases, this feature of the four-vortex flow

structure, on the whole, acts to lessen diferences between the two- and four-vortex

results. Aiso, note that the lower critical Gr+ value at which the secondary flow

transits from four to two vortices is seen f¡om Fig. 5.26 to increase with decreasing

Pr. The estimated va.lues are 3.5 x 10a, 1.25 x 105, 1.5 x 10õ, and 6.5 x 105 for

Pr :20, 5, 3, and 0.7, respectively.

Finalty, it is interesting to present the two plots of Fig. 5.28. Using the coordi-

nate of Rayleigh number Àø+, the Nusseit number ratios appear to be independent

of Pr although the curve fo¡ Pr :0.7 is slightly higher (Fig. 5.28a). This evidences

that the mixed convection heat transfer is well characterized by Rø+ 1o rvhich the

corresponding data might thus be correiated. Unfortunately, using 8ø+ to re-plot

Fig.5.27 scatters the friction ratio curves. This indicates that friction factor data

might be better cor¡elated to Gr+ rather than ftø+. Furthermore, by examining any

two f¡iction factor curves in Fig. 5.27, it is possible to gather them together using
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Table 5.2: Fully Developed Nusselt Number Ratios - Nu¡¡1,¡¿f (Nu7¡1,¡¿)6

Gr+
Pr :0.7

l-Vortex 14-Vortex

D^_'T D^-È,

)-t^"r.' l¿-V^*-

Pr=20
)-Vortex 14-Vortex

1x
3x
6x
1x
2x
4x
6x
8x
1x
2x
4x
6x
8x
1x
2x
4x
6x
8x
Lx
2x

04

04

0a

05

05

05

05

^5

.06

.06

.06

.06

.06

.07

.07

.07

.07

0?

.08

.0e

1.005

t.072
t.162
L.242

1.370

r.526
i.633
1.715

7.784

2.023
2.3i0
2.504
2.649
2.783

3.228

3.756
4.105

4.369

4.582

5.277

NA

NA

NA

NÀ

NA

N¡,

NA

r.787
1.866

2.395

z.zze
2.849

3.788

4.387

4.595

5.275

1.075

i.370
1.486

r.672
1.894

2.045
2.162
t tKo

2.602
3.017

3.297

3.514
3.692
4.296

4.942
5.316

5.571

5.761

6.292

NA

NA

NA

NA

1.739

2.02r

2.306

2.405

ó.IðÐ

a.o¿s

3.818

4.405

5.027

5.385

5.630

5.813

6.326

i.148
1.332

1..484

1.6t7
1.829

2.085

2.257

2.39i
2.503

2.897

3.371

3.689

3.931

4.t26
4.758

5.377

5.708

5.924
6.080

6.500

NA

NA

NA

NA

1.946

2.413

2.550

2.664
3.058

3.529

3.842

4.079
4.270
4.879

5.465

5.779

5.986

6.135

6.537

1 aao

r.672
1.910

2.106

2.4t5
2.788

3.042
3.240
3.404
3.976
4,605

4.976

5.230

5.418

5.933

6.519

6.633

6.7L2
6.919

NÀ

NA

2.030

2.252
2.582
2.968

4:774

5.378

5.5bú

6.050

6.425
6.578

6.686

6.763

6.962

3.429

3.595

NA- Not available fo¡ fou¡-vo¡tex flow pattern results.
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Table 5.3: Fully Deveioped Friction Factor Ratios - (f Re)¡alffRe)¡a,o

Gr+
Pr = 0.7

Ì-Vortex 14-Vortex

D--a

,-V""t"" 14-V""".

Pr:5
) 17^-+-- lÁ-\¡^.+-.

Pr :20
)-Vorfex 14-Vortex

1x 104

3xLOa

6x104
1x 105

2x10õ
4x105
6x10ó
8x105
1x106

2x106
4x106
6x106
8x106
1x10?

2x707

4x107
6x107
8x107
1x 1.08

2x108

r.009

t.051

t.102
t.147

t.220
r.312

L.ófo

1.426

t.468

t.616

t.797
ott

ì.0i9
).100

¿.384

t.925
1.078

t.797

|.559

Nrq.

NA

NA

NA

NA

NA

NA

L.487

1.534

1.862

2.075
z, rÐ,5

2:750

3.102

3.2t7
3,566

1.005

1.022
1.041

1.060

1.095

7.r44
f. i78
1.206

1.230

1.316

7.427
1.493

1.548

1.594

t.757
1.958

2.097

2.206

2.295

2.595

L.266
t.295

1.507

1.640

1.688

1.855

2.057

2.795
2.301

2.389

2.678

NA

NA

NA

NA

1.106

1.182

1.004

1.014

1.025

1.036

1.059

1.090

1.113

1.149

1,208

1.283

1.334

1.375

1.410

1.540

L.711.

1.834

r.932
2.013
t toÂ

NA

NA

NA

NA

t.077
r.727
t.762
1.189

1.211

t.287
L.377

L.437

1.483

t.521
1.657

1.827

1.948

2.045

2.L26
2.40t

1.000

1.002

1.004

1.007

1.011

1.017

t.022
1.026

1.029

1.043

1.064

1.081

1.097

1.111

1..L72

r.267
i.339
1.400

1.453

1.648

NA

NA

1.010

1.015

t.024
1.038

1.057

1.065

1.136

i.ìso
7.2tt
i.290
1.397

1.451

1.514

1.569

t.773

NA- Noi available fo¡ fou¡-vo¡tex flow pattern results.
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a ne\¡/ paramete, of çr+ f Pr".6 An illustration for this is given in Fig. 5.28b where

the friction ¡atio curves are indeed moved close¡ compared to those in Fig 5.27,

especially for the Pr values of 3 and 5.

5.4 Remarks
In summary, this chapter desc¡ibed the numerical solutions for iamina¡ mixed

convection flow and heat transfer in a horizontal semicircular duct using the I11

condition. Dual solution results were found for a wide range of two parameters,

namely, Gr+ and Pr, Detailed information was provided to investigate the efiects of

solution parameters and flow patterns on secondary flows, isotherms, axial velocity

contours, local friction factors and heat fluxes, as well as average Nusseit number

and f¡iction factor ratios. It was found that, while friction factor data are better

correiated Lo Gr+ or gr+ ¡Pr1'8, ihe Rayieigh number .Ra+ is a good measure for

mixed convection heat transfer data. Finally, it is noted that the FORTRAN codes

for this study are given in Appendix B.

5 In úåis case, n can be computed by setting (Gr+)¡/(Pr")¡ = (Gr+)¡ /(Pr")¡, where (Gr+);
and (Gr+)¡ arc G¡ashof numbets at which the two curves have the same friction lactor ratiot fo¡
(Pr); and (Pr)j, relpectively. For example, îor Pr = 3 and 5, )etting 4 x 105/3" = 106/5" (see

Table 5.3) yields the n value of about L8.
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Chapter 6

Measurements of Mixed
Convection in a Horizontal
Semicircular Duct

THE 
"*p..i-ents 

described in this chapter were originally designed to examine

buoyancy efects on laminar water florv and heat transfe¡ in the thermal entrance

region of a horizontal semicircular duct. No particular attention was given to the

verification of the flow bifurcation phenomenon. Also, it was simply planned to

test the duct at various orientations including the orientation of Nandakuma¡ ef a/.

[61]. The first arbitrary choice of orientation was the flat surface on top, but due to

the large number of tests and the lengthy procedure per test (see Sec. 6.2.3), other

o¡ientations had to be left as future experiments. Hence only the results for the

orientation with ihe flat surface on top will be described in this chapter. The duct

was subjected to an axially uniform heat input after the flow was hydrodynamicaJly

fully developed. Specifrcally, the main purposes of this study were:

1. to measure the streamwise pressure drops with and without heating;

2. to measure local circumferential temperature variations (as evidence of buoy-

ancy effects) and;

3. to obtain heat transfer data under va¡ious flow and heating rates.

Additional objectives were to correlate flow and heat transfer ¡esults and to estimate

and correlate the onset of the buoyancy flow.
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Inside diameter, .D; (mm) 49.76 Cross-sectional fluid area, An þm2) 9.7229

Outside d-iameter, D¡ (mm) 53.98 Inside heated wall area, Ai. (m2) 0.5997

Hydraulic diameter, Ð¡ (mm) 30.40 Cross-sectional solid area, A" (cm2) 3.4311

Table 6.1: Dimensions of the Semicircular Duct

6.1 Experimental Apparatus

6.1.1 Duct Geometry

Five semicircular ducts, each 2 m long, were carefully manufactured in the Heat

Transfer Laboratory at the University of Manitoba. Starting with a type K copper

tube (id : 49.8 mm and od = 54.0 mm), several rectangular openings were cut

along the tube so as to allow the tube to retain its original shape. With the aid of

these openings and an inside rod (od :24.9 mm), a machined brass plate (3.175

mm thick) was inserted into the tube and cautiously clamped in a desi¡ed position.

Then, the plate and the tube werejoined by performing a tungsten inert-gas welding.

After the outside unwanted material was cut and the inside surfaces were thoroughly

cleaned, the semicircular duct was put in a steam bath and subjected to a pressure

of about 552 kN/m'z (80 lb/in'z) lor ove¡ two hours. This test ensured that the

buiit duct rvas strong enough to suit the experimental condiúions and was free of

leaks. To examine the correctness of the geometry, inner and outer diameters as

well as ¡adii at each duct end rvere measured to be within *L% of corresponding

nominal values. Volume tests by filling water at room temperature to the duct gave

a maximum relative error of 2%. Each duct was straight and the duct twist angles

were all r¡¡ithin 1o. Table 6.1 lists the dimensions and othe¡ geometric properties of

the semici¡cular duct,
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6.L,2 Test Facility

Experiments were carried out in a test facility of Fig. 6.1. A tank with 227-

Iiters capacity was used to collect the working fluid (distilied water). The water was

circulated around the closed ioop by a 314 horsepower centrifugal pump. A frlter was

used to prevent any solid impurities from entering the loop. A bypass line controlied

by two valves made it possible to adjust the water flor,v rate and pressure level in the

system. The upstream buik mean temperature was measu¡ed as the fluid entered

the horizontal section of 3.8 m for the development of hydrodynamics. Following

the heated section, a mixing chamber (that has a diameter of 60 mm, a length of

200 mm, and a thermocoupie well filled with a high thermally conductive paste, and

a 24 gage copper-constantan thermocouple [112]) was installed to generate vortices

so that the fluid was properly mixed and a uniform downstream temperature was

measured. The rvater rvas then cooled in one or two double-pipe, counterf.ow heat

exchangers using city rvater as a heat sink. 1 Before the test fluid was returning to

the accumulating tank, it passed through a flowmeter measurement station where

two flowmeters operating on the variable area principle were used to measure the

instantaneous fluid flow rate.

6.L.3 Heated Section

The heated section was 4.7 m long, on which wall temperatures were detected at 19

axial stations, each employing lhree,24 gage) copper-constantan thermocoupìes (as

shown in Fig. 6.1). An additional I thermocouples we¡e mounted on the duct wall

just before and after the heating in order to estimate heat conduction losses along

the duct ends. The actua.i axia.l distribution of thermocouples is reported in the Lisi

1 The temperature of the cooled test flujd w¿s ¿lso measured and compared to the upstream bulk
temperature ot the tank temperaturc. Iî diîetent, adjustment coùd be done manually by changing
the flow rate of cìty water using a needle valve, For most specified run teste, it was necessaÌy to
let the pre-calculated upstream bulk tempenture remain unchanged. Thus, the adjustment was
desi¡¿bie.
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of Experimental Data in Appendix E. The axial locations of the measuring stations

were such that thermocouples were more sparsely allotted as the distance f¡om the

beginning of heating increased. However, more thermocouple stations along the last

one-third of the heated section were intentionally set up to watch buoyancy efrects

on the streamwise main flow. At each thermocouple location a small copper tube

or we1l,2.5 mm in diameter, was soldered onto the duct wall for the thermocouple

attachment.

To construct the heated section, a thin layer of insulating varnish (dielectric

strength of 2000 volts per one-thousandth inch) was sprayed on the rvall and then

a thin dielecú¡ic tape was wrapped a¡ound the wall. Two parallei lines of electric

resistance wires (Hoskin Copel 2), having a tota.l resistance of 6.61 ohms, were then

tightly wound around the duct with an equal space of 5 mm. Unifo¡mity was tested

by measuring the wire resistance for each 200-mm axial length (ohms/mm). This

¡esulted in a maximum nonuniformity error of 6% relative to its mean value. The

resistance of two wire leads was also measured to have a value of 0.09 ohms. Next,

the duct was coated using a high thermal conductivity and high temperature cement

to firmly position the wiring and to uniformly distribute heat.

A specially designed bed was used to support the test section and to facilitate

tire future rotation of the duct. After the duct was connected to the test loop with

an exceptional care as to its horizonta.iity, each initially calibrated thermocouple

was insta.lled in the thermocouple well and attached to the duct wa.ll. Each well

was then frlled with a high thermally conductive paste (Omegatherm 201, k = 125

W/mK) and sealed with solid epoxy to keep the paste always in contact with the

duct wall. All thermocouple readings were taken by a digital potenúiometer in oF

or oC (Leads and Northrup, model 938 Numatron). Input power to the heating

2 The chosen resistance rìbbon was made of copper-nickel ¡esisúo¡ a oy, having a thickness of
0.51 mm, a width oî 3.18 mm, and a resistance of 0.3209 ohms/m. Its îavorable physical properties
are low temperature coefficient of ¡esjsúance and )ow thermal coefficìent of lineat expansion (
*20 x 10-6 ohms/ohm/oC and 14.9 x 10-6 cm/cm/"C, respectively, îor temperature ranging lrom
20 to 1.000C).
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wire was regulated by a porver variac connected to a 208 A.C. supply and measured

by a digital wattmeter (Electron Industries, model W100). The input voltage and

current wele displayed in a voltmeter and an ammeter. Their accurate readings

were aJ.so obtained by a digital multimeter. Pressure drop across the heated section

was sensed through a diaphragm differential pressure transducer (Rosemount Inc.,

model 1151DP; output: 4 - 20 mA DC; range: 0 - 1.5 inches water). The t¡ansducer

was excited by a D.C. power supply (Lambda Ðlectronics, model LL-905) with an

adjustable range of 0 - 120 V and 0 - 0.65 mA. An analog computer, Macsym 2,

was used to receive the transducer outputs and to average the pressure readings.

All test sections were finally covered by a 50-mm layer of frberglass insulation to

minirnize external heat iosses. Estimates of the heat conduction losses through the

insulation were obta.ined using a thermo-electric heat flux transducer (Heatprobe,

modet HA-100, range of 0.3 - 300 W/m2) attached to the insulation.

6.2 Procedure and Data Reduction

6,2.1 Calibration

All measuring devices such as the flo'¡¡meters, the wattmeter, the pressure trans-

ducer and thermocouples were calibrated. The pressure transducer was caübrated at

room temperature using a water-column manometer, a multimeter, and the analog

computer. After the upstream and downstream fluid thermocouples were calibrated,

er¡o¡s in the wall-thermocouples readings were detected through the isothermal max-

imum florvrate tests. These we¡e achieved by closing the by-pass iine and isolating

the flowmeters and heat exchangers. Whereas no heat was added in the test sec-

tion, an isothermal wall-and-fluid condition was established and used to correct the

rva,ll-thermocouples readings, To cover all the range expected during testing, 13

calibration ¡uns were done for fluid temperature levels ranging from 18 to 83 {.
Using the 13 readings at each wall thermocouple and the corresponding bulk tem-
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peratures, a calibration formu.la was generated and was used to correct the readings

of that particular thermocouple during the heat t¡ansfe¡ tests.

6.2.2 Isothermal Pressure-Drop Test

To determine the critical Reynoids number -Re", for laminar-tu¡buìent transition

in the semicircular duct, isothermal pressure-drop measurements were begun at a

low flow ¡ate of about 5.8 cm3/s (Re = 200). For this constant flow rate, readings for

the upstream and downstream bulk temperatures and the pressure drop were taken

when steady state conditions were reached. The same procedures were repeated for

next higher flow rate o¡ an increase in .Re until the flow evidently transformed to

turbuìent flow. All runs wete conducted at an inlet fluid temperature nearly equal

to the room temperature. Since the test section received no heat, úhe upstream and

downstream bulk temperatures wete approximately the same.

6.2.3 Heat Transfer Measurement

For each run with a florv rate and an input power, at least 5 hours of operation

were needed to keep the input conditions unchanged befo¡e a therma,l equilibrium

was established. Such steady state conditions we¡e indicated by the constancy of

all thermocouples, flowmeters, and pressure-transducer readings. Then, aJl data

of wall and bulk thermocouples, flowmeters, wattmeter, multimeters, and analog

computer were recorded. Meanwhile, heat conduction losses through the insulation

were measured by attaching the thermal electric heat flux transducer on the insu-

lation at a numbe¡ of axial locations. Next, the pump was shut of, and so was the

input power immediately thereafter. The analog computer continued to record the

pressure transduce¡ readings for ove¡ 5 minutes. These time-variant data we¡e then

used to determine the reference plessure at v¡hich the pressure transducer would

have given zero output if it had been calibrated under the above conditions, namely,

stagnant fluid but with a certain temperature distribution.
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6.2.4 Data Reduction

A FORTRAN computer program listed in Appendix D was prepared to re-

duce the experimental data. The program accommodated a table of thermophysical

properties of saturated water [113] for interpolating any property value at a knorvn

temperature. To take into account heat conduction dissipation along the longitudi-

nal duct wall at the beginning and the end of heating, a procedure described in [112]

rvas used to correct the upstream bulk temperature ¿mr and the downstream bulk

temperature f-o. Between them, a straight line was frtted to determine loca.l bulk

temperature: tn,- : t^; + (t,"" - t^t)X I L, vherc X f L is the ratio of the distance

from ihe beginning of heating to the total iength of the heated section. The rate

of heat gain by the test fluid 8J was then caiculated and compared to the electric

power input Q.. Each set of data with an overall energy balance error within t8%

was accepted. The Reynolds number and Darcy friction factor were defrned, in

terms of mass flow rate zii., pressure drop AP across the heated section Z, and the

actual flow area ,4.t¿, as

The modified Grashof number and Rayleigh number were defined by

^ D¡m
ll.e = 

- 

and
ttAtt

G, : ry#:! and Rø = GrPr

^, h",¡Dn Q ¡D¡tvu,,i= k =Ar_kÇ;:t"Ã

" APD¡pA2¡1
t - 2L7n2

(6.1)

(6.2)

where ,4i,, is the inside circumferenúial heated duct area. 3 The local Nusselt number

was also given by

(6.3)

where j refers to a, ð, and c fo¡ the waII thermocouple positions as showninFig.6.l.

The fluid thermal conductivity & was evaluated at the loca.l bulk mean temperature

f".-. The local but peripheralìy averaged Nusselt numbers could be obta.ined either

3 Note that Gr/Gr+ = (2r)a l(n + 2)E = 0.4337 îor the semicitcular duct.
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by averaging the peripheral wall temperatures ¿3,r', or by averaging the peripheral

heat t¡ansfer coeficients å.,,,j, namely,

(6.4)

Due to symmetry, a better way to average a peripheral quantity (Í',¡ or 4",¡) may

be, taking ú. as an example, like¿ = ((t,,"+t",")12 * (l',¿* t",.)12)12. It is also

usefuì to obtain the mean va.lue of FÇ and Fz,¡, denoted by fftl"¡¡-, where

ñ%,r,,= (F".r +ñ""ù12

6.2.5 Experimental Uncertainties

Ðxperimenial uncertainties rvere estimated using the method of Eolman [114].

For this experiment, friction factors and Reynolds numbers were considered to be

accurate to within *8% and t4%, respectively. Regarding heat transfer, it was

noted first that the efects of axial heat conduction through the duct wall might

cause the heat flux gained by ihe fluid to differ from the heat flux imposed on

the outer surface of the duct. Such effects were signifrcant in the thermal entrance

region but they diminished as the change in the axial gradients of wall temperatures

decreased. Assuming uniform peripheral wall temperature and negligibie efects of

the duct thickness, an analysis was performed (see Appendix C for details) which

predicted a maximum difference o{ 3% between the fluid heat flux and the input

flux on the outer surface of ihe duct. Including this consideration, uncertainties for

the Rayleigh number and Nusselt number were estimated to be rvithin II2To and

*14%, respectively.

6.3 ExperimentalResults

Experiments were performed for both the isothermal and heating cases. For

the latter, 92 difie¡ent condition runs (see Appendix D) were completed for .Re-

ranging from 400 to 1600 and for .Rø- ranging from 5.6 x 100 to 4.6 x 108, whe¡e the

;r-- Q ¡D¡ i;- QtDntvu'r= A;ñ_t"Ã or tvu,,h= A^ffi
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Table 6.2: Ranges o{ Operating Conditions for the Heating Case

* Gl") 7.70 - 46.37 Re^ 399 - 1061

W (mmls) 7.39 - 47.81 Gr," 9.1 x 105- 1.3x 108

g, (kw) 0.133 - 4.578 Ra^ 5.6x106-4.6x108

Q¡lA;- (kw lm') 0.2L3 - 7.764 Pr,. 3.36 - 6.24

subscript ,n lor Re- and .Ra- indicates that the corresponding fluid properties rvere

evaluated at the average of the upstream bulk temperature and the downstream

bulk temperature. Fo¡ each combination of ,le- with Ro,,o, the dorvnst¡eam bulk

temperature was controlled not to exceed 85 t while all iocal Reynolds numbe¡s

were less than 2100. Mo¡e deta,ils on the ranges of these operating conditions a¡e

provided in Table 6.2. The following sections present the experimental results,

together with comparisons to the previous predictions and available resuits of others.

6.3.L Isothermal and Diabatic Friction Factors

Figure 6.2 shorvs both the isothermal f¡iction factor and a typical diabaiic re-

sult. The / vaJues for Ra,n: 0, which are subjected to {ully developed conditions,

monotonically drop with increasing Âe in the iaminar region. These results are in

good agreement with the Darcy friction factor prediction of 15.7668/.Re ([103,101j),

with a maximum deviation ol 8%. AL the critical Reynolds number (.Re- ) of about

2100, a sudden jump in the value of / indicates the laminar-turbulent transition.

For a heating case, as shown in Fig. 6.2 lor Ra- = 1.73 x 108, significant increases

in / can be seen especially at low ,le. These are due to buoyancy effects on ax-

ial velocity distribuúions. As .Re decreases, the intensity of the buoyancy-induced

secondary flow becomes relatively stronger (e.g,, having higher values o1 GrlRez).

This causes seve¡e¡ distortions of the axial velocity profile as predicted in Chap. 5,

hence resulting in large increases in the / values.
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Buoyancy efects on ftiction factor are furthe¡ illustrated in Fig. 6.3 rvhich shows

the ratio of diabatic f¡iction factor ("f¿;") to isothermal friction facto¡ (/). The

augmentation can be obse¡ved to be as much as a facto¡ of two at high Gr-. As

suggested in Chap. 5, the mean Grashof number Gr-, rather than Ra*,4 was used

to correlate the experimental daúa and a least-square-fit expression is given by

(.f ¿;"Re)^ì- = 1 * 5.269 , to-ro1Gr-)t tt (o - 7.5%, o,""" = L6To) (6.5)
\Í He) Jd,o

which satisfies the lower limit value of the lt,;tio (l¿¡"Re)^ l$ Re)¡a,0. Equation (6.5)

co¡relates all data fairly well, having a staldard deviation (o) o17 .5% of the average

friction ratio in the range and a 16To maximum deviation (a-o,). As indicated by

Fig. 5.28, using the parameter of Gr,"lPr,.ß results in a slightly better fit:

Çr"n:)^ = 1. + 2.7B6 r ro- 7ffi)"'n'" (o :7vo, o, ", 
: tsTa) (6.6)

U He) ¡¿,o

Note that in Fig. 6.3 all the data are divided into two groups partitioned at

.Re- : 1996. An attempt to isolate the small åe- efect on the friction ratio

revealed the follorving pattern. For Gz- 12x107 , the ratios, although rising slìghtly

with increasing Gr*, show only a very weak dependence on .Re-. The data points

lot Re,o ( 1000 appear somewhat lowe¡ than those for .Re- > 1000. Besides the

experimental uncertainties, this is probably due mainly to fluid properties va¡iations

(e.g., high flow rates bring about iow fluid temperature variations and tend to wash

out the effect of fluid properties, hence nearly giving an expected unit ratio at

lorv Gr-). On the other hand, for Gr^ > 2 x 107, it is apparent that friction

facto¡ ratios increase markedly with increasing Gr-. For a given Gr-, the ratio

is now generally somewhat higher for data with -Re- < 1000. This can probabiy

4 Iî no,^ is used, the experimental data are condated by

1i:I")^ = 1 + 1.8121 x i0-{(rio-lr06)1 ao (c = 8.4%, o^"" = L7.IVo)
l! He)J¿,o
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be attributed to relative buoyancy efects, e.g., for low.Re, a higher Grf Re2 vùre,

as discussed earlier. It should be noted that, in the existing literature, no similar

experimental data are available. A comparison was made (not illustrated) with the

friction ratio of Mo¡cos and Bergies [95] who studied lamina¡ flow in a stainless

tube using ethylene glycol as a working fluid. For a given same Gr-, their friction

ratios were significantly higher than the present results. This was consistent with

the predictions of Nandakumar eI al. 16Ll v¡ho found that circular tubes resulted in

higher friction ratios than semicircular ducts.

6.3.2 Wall Temperature Distribution

The axial distributions of wa11 temperatures are shown in Fig. 6.4 for two difler-

ent heating rates but the approximately same Reynolds number (Re, x 600). Since

the same trends hold at other Be- level, these plots serve as a typical example. At

each axial station, three temperatures are shown corresponding to the three wall

thermocouples (see Fig. 6.1 for the positions). These provide an indication of pe-

ripheral variations in wall tempe¡atures. As illustrated, all úo and ú6 values are nearly

equal. This indicates that in the present study, a symmetric three-dimensional flow

exists about the vertical center plane of the duct. Ilowever, all wall temperatures

at the duct bottom, á", are noticeably lower than fo or Í¡, except for near the en-

trance where free convection efects are negligible. In this early thermal boundary

layer development region, the copper duci distributes heat fa.irly uniformly on the

circumferenlial rvalls of the duct. This is particularly evident for the lower heating

rates in Fig. 6.4a. Thus, the theo¡etical thermal boundary condition f/1 may be

utilized here as a good approximation.

As the thermal boundary layer develops, the heated fluid near the bottom be-

comes lighter and rises up rvhile, by continuity, the coole¡ and heavier core fluid

descends (see the predicted counter-rotating vortices in Chap. 5). As a result, the

buoyancy-induced secondary flow gives rise to the variation of ci¡cumferentia.l rvall
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temperatures. In Fig. 6.4a lot Ra,.:6.05 x 106, an average difference between úo

(or f6) and l" is about 0.3 t rvhile it is about 2.1 t in Fig. 6.4b fot Ra,n = 7.07 x107.

The first disce¡nible reduction of ú" relative to úo (or f6) indicates the onset of the

secondary florv. In Fig. 6.4b, this reduction is observed to occur at a much earlie¡

longitudinal station than in Fig. 6.4a where .Ra- is iower. This indicates earlie¡

onset of the secondary flow with increasing -Rø-. Beyond that, the secondary flow

continues to grow and causes ú" to rema.in relatively lower. It is then followed by

slight fluctuations in the rising ú" due io the strengthening and weakening pattern

(as discussed next) of thermal instability at the bottom surface. In contrast, the

increase oî to or ú is more stabie because of the thermal st¡atification of the top

boundary layer, as predicted and discussed in Chap. 5. Also, these results are con-

sistent with the flow visua.lization and temperature measutements of Osborne and

Incropera [8a] who obse¡ved a weak buoyancy influence on their top plate condition

for parallel plates rvith asymmetric heating.

6.3.3 Local Heat Transfer

6.3.3.1 Nusselt NumberDistribution

Figure 6.5 illustrates typical Nusselt number distributions with the inverse

Graetz number ø- for the same conditions as those in Fig. 6,4a. At each location,

Nusselt numbers for positions ¿ and c as well as a cross-sectional-average value are

presented. For æ" ( 0.001, they all nearly fall between the two fo¡ced convection

limits of Lei and Trupp {99,100] for the .ffl and f/2 conditions. The expected decay

in ,lüø. and its small circumferential variation indicate that the dominant laminar

forced convection florv siiil has negligible free convection efects. As æt increases

beyond about 0.001, temperature gradients at the bottom surface first induce ther-

mal instability, resulting in a lower temperature at the bottom surface (Fig. 6.4a)

and hence a higher y'[¿,," va,lue. lVith the development of the secondary flow, y'Ùø',"

151



¿À

+

o

Aru^ ^

Nuolh

Nuo,o
Re,n - 59'o

Rø,,n -- 6.05 x 106

Prn" = 6,1

¿À
+
o

Â
-ôÀê a¿ê

^ 
^ 

+ 
oo^-d*

s;å"qP
Lei and Trupp
Forced Convection, I/1

Fo¡ced Convectrion,, H2

Figure 6.5: Typical Nusselt Number Distributions

æ. - Xl(DnRePr)

r52



progressively exceeds its forced convection limits and the diference between 1ú2.,o

and 1ù2"," becomes appreciable. Ãt æ' æ 0.01, a minimum for Nu.¡ is obse¡ved.

Subsequently, /{2,¿- continues to increase due to continuing development of the

secondary florv until its first maximum is reached al æ' = 0.018. The maximum

is folìowed by a decreasing trend in all local Nusselt numbers. This is because the

core fluid has been aJready warmed by the secondary flow and the reduction in the

surface temperature by the descending fluid is less pronounced. Accordingly, the

cross-sectional fluid circulation becomes weaker and the Nusselt numbe¡s begin to

decline. As the heating continues, the decline ends, e.g., a,t ø' x 0.028 for the

second minimum of /Í2,¡¡ Beyond the minimum poini, the warm fluid rising

and the cool fluid descending once more strengthen the secondary florv and cause

another increase in the Nusselt number. Further observations suggest thai the fully

developed conditions for the mixed convection flow have been practicaJly achieved

within last 6 stations. Although the contilruing oscillations can still be seen in this

fully developed region especially for Nzo,", the magnitude between a peak and a

valley is now relatively much less. In efiect, the development of the secondary flow

is flrst such that it "overshoots" its steady-state strength, but it is forced to return

since temperature diferences (which drive the buoyancy forces) have been dimin-

ished. There is then an "undershoot" in which temperature diferences are rega,ined

to cause a subsequent co¡rection.

As just described, the foregoing oscillations in Nusselt numbers have been rec-

ognized by many investigators. A recent nunerical study by Mahaney et al. I32]

has been reported that the secondary flow is characterized by a fluctuating intensity

along the longitudinal direction, which is consistent wiih the above obse¡vations.

Since the secondary flow itself attenuates its size and strength and is intensifred by

further heating, the oscillating behavior should be detected in both measurements

and predictions of ho¡izontal laminar mixed convection flows.
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6.3.3.2 Efrect of Reynolds Number

Comparisons of the local cross-sectional-average Nusselt number ¡ø2"*r, for

three diferent .Re- but Rø,. x 7.!7 x 107 are made in Fig. 6.6 using the coordinates

o1. XID¡ and æ'. Theeffect of Reynolds number on Ñu,ø¡n Fig.6.6a appears weak

except for XlDh <- 25. At the first station, XlDh = 1.8, axial heat conduction

within the fluid appreciably influences Ñ"." , giving a lorver Fãl[ value for a

smaller Péclet number (Pe : RePr) and a higher .lù2"¿ value for a larger Pe.

Such characteristics a¡e consistent with those of pure forced convection laminar

flow as documented in great detail by Shah and London [101]. In the presence of

free convection efects, decreasing Reynolds number can be observed from Fig. 6.6a

to shift the onset of the secondary flow upstream (see the start symbol for the

onset locations). Maughan and Incropera {97] have demonstrated a similar pattern

in mixed convection heat transfer measurements for airflow in a horizontal parallel

plate channel. Other experimental results with -Rø- < 7 x 107 ([1t5]) and numerical

predications ([73,116]) suggest that mixed convection flows may be scaled with the

inverse Graetz number, ø'. The present results are thus shown in Fig. 6.6b where

Fu,¿ vs. æ" is seen to be fairly independent ol Re^. Hence, at low or medium

heating rates, ,?e-, though stretching the flow, has practically üttle influence on the

local Nusselt number when æ" is used as a scaling parameter.

The influence of Reynolds number on Fø"¡¡ is further shown in Fig. 6.7 for a

higher Rayleigh number (Ra," = 2.88 x 108). At this much higher heating rate,

the destabiüzation of therma,l boundary layer occurs further upstream. Reducing

Reynoids number not only advances the onset of secondary flow but a.lso decreases

F""¡^ (Fig. 6.7a), i.e., there appears to be a distinct .Re- dependence. In addi-

tion, the present results show considerable scatter rvhen plotted against the inverse

Graetz number (Fig. 6.7b) although experimental uncertainties and property varia-

tions are conside¡ed to contribute partially to this increased scatter. \{ith increasing
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Ra,n, lhe intensity of the secondary flow increases and hence may promote earlier

t¡ansition to turbulent f¡ee convection. Exisiing experimental results of other inves-

tigaiors ([83,88,117]) also display substantial fluctuations with Reynolds number,

particularly when subjected to high heating rates. Another possible reason for the

8e- dependence at high Ra^ may be accounted for by the type of vortex secondary

flow pattern which has been explored in Chap. 5.

6.3.3,3 Effect of Rayleigh Number

A sample illustration of the Rayleigh number influence o" FIJ is provided

in Fig. 6.8 for three difierent Rø^ bú approximately the same .Re-. The zero Ra,n

curve for the I11 condition serves well as a base-Iine reference fo¡ the lowest heating

¡ate in the lamina¡ forced convection region. First, increasing Ra^ can be seen to

have a strong effect on heat transfer enhancement. The fully developed results of

Nu¡a¡ 1", these three .,?ø- exceed respectively a factor o1 2.2, 3.2, and 4.4 over

(Nu¡a,xt)o, and 3.1,4.5, and 6.2 ove¡ (Nu¡a,nz)o, where (ly'z1a,ør)o and (lr'u¡a,rz)o

are the fully developed Nusselt numbers for the laminar forced convection ([99,i00]).

The enhancement is due to the presence of free convection cur¡ents which form

a powerful mechanism {or the fluid to transport momentum and thermal energy.

Secondly, increasing.Ra- is observed to shorten the thermal entrance length 5 and

to move the onset of the seconda¡y flow upstream. Thirilly, Fig. 6.8 shows that

the frequency and magnitude of oscillations |nÑu"¡ (as discussed before) decrease

with reducing Ãø- or weakening of the secondary flow.

5 For design purposes, simila¡ to the case ol pure forced convection, information may be te-
quired on thermal entrance lengths for the mixed convection flow. However, the characteristics of
buoyancy-induced secondary flow make it very diîerent to provide this information with reasonab)y
accuracy, From Fìg, 6,8, the estimate ol the distance rcquited to achíeve a relatively frat pattem
lor ÑÇ,¡ is about 7%, 9%, and 15% of the thermd enttance )ength fot the fo¡ced convection flow
îot Ra* of L76 x 108, 3.4? x I0? , and 5.69 x 106, respectively.
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6.3.4 Onset of the Secondary Flow

The axial distance v¡here the local lúu,¿ value is first to exceed 5% ofthe forced

convection value (.1{ø,,¡¡1)6 was taken to mark the onset of the secondary flow. From

previous observaúions, the onset point was known to advance with reducing Reynolds

number and with increasing Rayleigh number. This suggests thai the critical value

(XlDn)* may be correlated with the parameter of (GrlRe'z)*. Figure 6.9 indeed

shows this to be the case. As illustrated, the majority of the data points for (XlDn)-

are below 5 which correspond to values over 3 for (GrlRe'z)*. These indicate the

eariy onset of the secondary flow for most úest runs in which about g6% of the heated

section 6 was subjected to significant free convection efiects. Such an expected

outcome is due to the use of a relatively large hydraulic diameter (D¡ : 30.4 mm)

and high heat flux levels.

When studying onset of the secondary flow in horizontal rectangular ducts, Ou

et al. [76] cor¡elated their Rayleigh number in te¡ms of G¡aetz number while Gilpin

et al. [81] correlated thei¡ G¡ashof number versus Reynolds number. Ðfforts to

produce parallel correlations for the present experimental data we¡e unsuccessful.

However, as shown in Fig. 6.9, a ieast-square-fit gives the following expression

(6.7)

rvhich deliberately introduces a constant, 1.4, to better flt the majority of the data

and correlates 83%of the data within 10%. Theoreticany, (X lD¡)- should approach

zerc as (Grf Re')- - - and vice versa. CIearIy, equation (6.7) obeys the latter

limit bui approximates the former limit.

An empiricaì correlation obtained from Incropera et al. [118] for ho¡izontal

rectangular ducts is also iliustrated in Fig. 6.9 (using Pr = 5 and .Re = 800).

Their onset points of the secondary flow, best fitted by (Gr)- : 754(Gz)!3, werc

determined f¡om measurements using a 10% enhancement of the Nusselt number.

6 Note that the total heated secújon ìas a Xf D¡ value oÍ about 150

G-^) - 
:1.4+ e.63(#)-" (c = eTo, o^", - 2s%)
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In spite of the different basis, as shown in Fig. 6.9 for (Gr lRe2)* ) 30, the present

results indicate that the thermal boundary layer in the semicircular duct is more

stable than that in a rectangular duct heated f¡om below.

6.3.5 Fully Developed Nusselt Number

Even though values of -ly'zo (see Figs. 6.5 to 6,8) shorved some buoyancy-induced

fluctuations and property va¡iations in the flow direction, fully developed conditions

were established in most test runs after the eighth wall-temperature-measuring sta-

tion. To flatten the influences of the above factors, values for the fully developed

Nusselt number ¡f?rld were determined by computing the length-mean average of

Nu, a,fier the twelfth station. Similarly, other quantities (e.g., Re¡¡, Ra¡¡, Pr¡a,

and t¡4, etc.) rvere obtained.

Figure 6.10 demonstrates effects of both Ra¡a and Re¡¡ on fully developed heai

transfer results. llz¡¿¿ was first normalized by the forced convection (Nu¡a,xt)o

value (from Table 3.2, (Nø¡a,ar)o:4.088). Then, it was multiplied by a viscosity

ratio (as recommended by Kays and Crawford [119]) to take account of property

variations in the cross section. As can be seen, increasing -Ra¡4 enhances heat t¡ans-

fer, with a factor up to 4.9 for high heating rates. On the other hand, within

the experimental scatter, ,?e¡¿ has little influence on heat transfer enhancement for

Ra¡a 1- 5 x 10?, which is in agreement with the previous observation made in

connection with the thermal entrance region (see Fig. 6.6). But for higher ,Rø¿,

the Nusselt ratios gradually increase with increasing .Re¡¿. This trend, as discussed

before, was ¡evealed in Fig. 6.7 from the local Nusselt numbers. Such a 8e¿ de-

pendence indicates that the experimental data might be co¡related by the product

of Re¡¡ Ray¡ which has a theoretical basis [13] and has been used successfully for

circuiar tubes [98].

First, neglecting any Re¡4 dependence, the correlating equafion can be expressed
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as

--!!",*-: 1 * 0.040(¡t¿ v)o.zzss (o - 4.6%, c^", - g.2%) (6.8)
(Nu¡¿,¡¡1)o

where unity is imposed to satisfy the iow limit. By iaking into account property

variation, an alternative co¡relation is given by

,!*, ( '- )o 
tn : 1 * 0.0446(Ra¡a)o2218 (o = 4.0T0, o,."" = 8.8%) (6.9)

(Nu¡a,ur)o\ ¡ru /

As indicated by the values of o and ø-o,, equation (6.9) fits the experimental data

slightly better than equation (6.8). These two correiations are practically acceptable.

Of course, as suggested by Fig. 6.10, still better correlations can be obta.ined by

partitioning the data at Røu = 5 x 107 into two sets. For Ra¡¡ < 5 x 107, the

correlation is given by

,I*, ( r- )o 
tn 

= 1 * 0.0267(Ra¡¡)o,622 (o :3.4T0, o, ", 
: 5.8T0) (6.10)

(Nu¡a,nt)o\ Iru J

This good cor¡elation is illustrated in Fig. 6.1la together with equation (6.9). For

Ra¡a > 5 x 10?, the use of the ReuRau product resuits in an excellent correlation

which is given by:

ñllli t þ-.,otq
ú;ffi\;;)- 

" = 0'2662(ReMRo'M)o'1o52 (o -2.3%, o,"",: a.7%) (6.tt)

Figure 6.11b shows that the use of .Re¡a-Rø¡¡ ìeads to Nusseit ratios being distributed

very uniformly along the fitting curve.

6.3.6 Axial Length-Mean Nusselt Number

For engineering purposes, information is a.lso needed on average Nusseit values

in the thermai entrance region. Figure 6.12 provides computed values for the axial

Iength-mean Nusselt number, lVa¡-, which is defined by

L-
J Nu",¡¡, dX
0Nu¿^:
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As illustrated, the Nut"l Nu¡¿ø ratios range from 0.96 to 1.09. Fo¡ Ra* <7 xL07,

most the ratios are over 1. As Ãa- increases, the ratios are seen to decrease and

most the ratios become slightìy less than 1. This is mainly due to ihe large values

obtained lot Nu¡¿,r¡, as buoyancy efects become increasingly significani. Also, note

that for pure forced convection cases Nusseit numbers monotonically decrease with

increasing the axia"l length (e.g., see Fig. a.9). The corresponding ¡atio of 1Í¿r- to

the fully developed lf¿ value is known to be about 1.2. However, free convection

effects generally cause the Nusselt number to vary nonmonotonically wiih the axial

length. For example, reÍerring to Fig. 6.8 lor Ra* : 3.47 x 107, the axial Nusselt

distribution first exhibits a marked decay for ¿t <- 0.007. The decay is then

followed by significant increases in F%; as the secondary flow has a chance to

be lully developed. Therefore, the shown "valley" region is responsible for the

"unde¡slroot" fot Nu¡,o, i.e., causing the Nu¡, lNu¡a* to be less than 1.

The data points shown iu Fig. 6.12 aiso display some degree of fluctuation for

a given Rø,n. Besides experimental uncertainties, this can be attributed to the

Reynolds efiect as discussed earlier. In any event, the average rati o lo, Nu¿, lNu¡a,*

is approximately equal to 1 and the following cor¡elation describes the data:

Nu¡,"1Ñu¡¿,¿¡: 1.2 - 0.0479(-Ra-)o ozes (o = !.4Y0, o^"':5%) (6.13)

8.4 Comparison Between Measurement and Pre-
diction

By comparing the measured. data wiih the pred.icted results, this section is aimed

at fu¡ther understanding of laminar mixed convection in the horizontal semicircu-

iar duct. It is necessary first to distinguish between the laboratory flow and the

florv described in Chap. 5. The experiments covered the entire processes of the

flow development. .A,t the beginning of the heating, the flow with fuliy developed

hydrodynamics started to deveiop thermally. In the far downstream region, the
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flow was hydrodynamically and therrnally fully developed. However, the simulated

flow, subjected to several idealizations that were explicitly stated in Chap. 5, was

analyzed oniy in the fully developed region. In addition, difie¡ences between the

theoretical thermal boundary condition and the experimental condition should be

discussed before some comparisons are made.

6.4,1 Differences Between the f/1 Condition and the Re-
sistance Wiring Heating Condition

The present predictions utilized the the¡mal boundary condition of axial uniform

heat input with peripheral uniform wall temperature (Í11). For the experiment, this

thermal boundary condition v¡as found (e.g., see Fig. 6.5 ) to be a good approximation

only near the beginning of the heating where buoyancy efects were insignificant.
'When the buoyancy-induced secondary flow was strong, as predicted in CIap. 5, the

warme¡ fluid continued to ascend primarily along the curved wall until it reached the

duct corner. Meanwhile, the cooler core fluid was driven towa¡d the duct bottom.

In spite of these flow patterns, the duct wall was numerically forced to ¡ema.in at

a uniform wall temperature. However, the secondary flow in the experimental duct

simply deteriorated the uniform wall temperature condition, as seen in Fig. 6.4 and

further discussed later. Regardless of the high peripheral thermal conductivity of

the copper duct, substantia.l variations in circumfereltial rvall temperatu¡es were

experimentally apparent due to significant secondary flows.

Besides buoyancy efiects, the following observation demonstrates that there are

difrculties in practically achieving the condition of uniform peripherai wall temper-

ature by heating the semicircular duct with resistance wires. First, consider a piece

of the wire with a width á and a iength 26. The area of outside duct wall that is

directly touched and heated by the rvire is thus 262. Then, at a cross section, a

ficiitious ci¡cle with a radius ó may be drawn by taking the centre of the circle on

the duct wall. If úhe centre is on the flat plate, ha.lf of this fictitious circle is in
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the flow. Thus, the ratio of the heated area (26') to the area (n6z 12) of the circled

c¡oss-st¡eam flow is 4/zr. If the centre is on fhe curved wal1, the ratio is approxi-

mately the same. If the centre is exacúly at the duct corner, less than a quarter of

the fictitious circle is in the flow. However, the heated a¡ea is still 2ó2 and hence the

¡atio is over 8/2. This simply suggests that hot spots (high wall temperatures) may

occur at the two duct corners. Generally, even though the high the¡mal conduc-

tivity of a noncircular duct (including the use of high thermal conductivity cement

for positioning the heating wire, as done in ihis study) tends to distribute heat uni-

formiy, the -t11 condition may be hardly practical to achieve by wrapping resistance

wires a¡ound the noncircular duct wall. In view of this, it is interesting to expect

that, for the semicircular duct whose flat wall is at the bottom, the hotter corne¡

fluid should ascend along the curved wall hence resulting in the reduction ol wall

temperature va¡iations. Tiris indicates that, when buoyancy efrects exist, the I11

condition should have a bette¡ degree of approximation for the semicircular duct

with the flat wa.ll at the bottom than for the same duct but with 180" ¡otation.

6,4.2 Examination of Experimental Flow Patterns

By qualitatively extrapolating the predictions in Chap. 5, it seems probable that,

for the same heating rate, the temperature diference (t¿-t") (which is the measured

temperature near the comer á6 (or f") minus the measu¡ed temperature at the duct

bottom f") is higher for the two-vortex flow pattern than fo¡ the four-vortex flow

pattern. Reasons are as follows. The predicted two-vo¡tex flow (e.g., see Fig. 5.6a)

drives most the cooler core fluid toward the duct bottom, thereby tending to lower

the temperature of the wall of the duct bottom. On the other hand, for the same

G¡ashof number, the predicted four-vo¡tex flow (Fig. 5.7a) moves only about half

of the cooler core fluid toward the duct bottom, hence less significant temperature

¡eduction of the wall of the duct bottom. This suggests that the measured wall

temperature diference (tu - t") be used to examine the experimental flow patterns.
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Hence it was decided that (;6 - ú") at a fixed station be plotúed againsi .Rø-. At low

Ra, , the expectation was for a two-vortex secondary flow with (tu - t.) increasing

rvith increasing Rø,.. \f the experimental flow bifu¡cated into a four-vortex flow

pattern at a c¡itical Rayleigh number (Ra,")* and remained four vortices for further

increases in Ra^, the (úö - ¿") vs. Ra^ plot was expected to show a drop in its slope

neat (Ra^)n.

Figure 6.13 is such a plot which attempts to detect this slope drop caused by

the flow bifurcation. Note that logrc(Ra^) is used in orde¡ to get linear scales. All

(ta-t") values are taken at station 16 for four difrerent.Re- Ievels. From Fig. 6.13,

there appears to be no distinct slope drop. Since the lowest Âø- value is 5.63 x 106

(or 2.09 x 106 for Gr+) which is higher than all estimated lower critical values for

Gr+ (Sec. 5.3.4), ihe slope drop may have occurred at a still lower -Ra-, i.e., a

levei not cove¡ed in the experiments. On the other hand, the siope drop may not

detectable. Clearly, the forme¡ indicaies that the measu¡ed data correspond to the

four-vo¡tex flow pattern while the latter admits to the possibility of a two-vortex

flow pattern for part of the region.

In spite of failu¡e to infer flow patterns, Fig. 6.13 does provide distinct evidence

of wall temperature variations. For a given .Re-, the (to - t.) values increase with

increasing .Rø-. Fo¡ Re," x L400, the temperature difference is seen to become over

9 "C for high heating rates. Besides the effect of hot spots at the duct corners (as

speculated earlier), wall temperature variations are mainly due to the influence of

the secondary flow. Also, from Fig. 6.13, (ú¿ - ú") seems to show a -Re- dependence.

In fact, this is likely an efect of fluid property variations. t'or a smaller .Re-,

the average (ú*) of downstream bulk temperature and upstream bulk temperature

is higher than for a larger .Re-. Thus, at the same heat input, the .Rø- (note,

Rø* - q" Dfg(Bp2Ip.2Ic), ) islatger for a higher f* due to the larger value oÍ Bp2lp,2k.

Therefore, the curve fo¡ a lower -Re* moves to the right, and vice versa. Ðxamining

the experimental data in detail suggests that this is indeed the case. The appearance
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of the .Re- dependence shown in Fig. 6.13 is thus ma.inly a matter of fluid properties

efiects.

6,4.3 Comparison of FYiction Factors

A comparison is made in Fig. 6.14 between the measured friction factors and

the predicted ones. It should be rema¡ked here that two differences be noted. First,

the average pressure drop across the entire heated section (including the thermal

entrance region) was measured rvhiie the f¡iction factor only in the fully developed

region was predicted. Secondly, for the measu¡ed data (Gr- was converted to Gr+),

all fluid properties were evaluated at the average (ú-) of the downstream bulk tem-

perature and upstream bulk temperature. But, for the fully developed nume¡ical

results, fluid properties were evaluated at a temperature which was much higher

than ú-.

Nevertheless, fair agreement can be seen ftom Fig. 6.14 for boih high and low

GrÌ values. For low Gr+, buoyancy effects are insignificant and thus the thermal

entry-region eflect is small: Since the iaboratory flow is hydrodynamically fully

developed before the heating starts, the measured and predicted friction factor ratios

are expected to be comparable. For high Gr+, on the other hand, buoyancy effects

are significant and the thermal entry-region efiect does exist. However, thermal

entrance lengths shorten markedly with increasing Gr+ . Consequently, the measured

pressure drops are mainly contributed to by the fully developed region. This trend

is apparent lrom Fig. 6.14 where difierences between measurement and prediction

reduce as Gr* becomes very large.

Figure 6.14 also shows that numerical cu¡ves lor higher Pr (e.9., Pr > 5) tend

to move closer to the correlated curve. Furthermore, by partitioning the data at

Pr, - 5 into trvo sets, most lower f¡iction factor ratios correspond to higher Prandtl

numbers, which is consistent with the predicted t¡end of the Pr dependence (see

Fig. 5.27). However, the measured ratios are seen to be ove¡all lower than predic-
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tions. Besides the difierences noted above, the unmatched therma"l boundary condi-

tions between measurement and prediction (as discussed earlier) should account for

part of the discrepancy. Fluid properties variatiols may also be parily responsible.

In predictions, constant fluid properties (except for density) are assumed while, in

measurements, fluid properties are all temperature-dependent especially for y,, B

and p. For example, an average friction factor predicted in Chap. 5 is based on a

const¿nt cross-sectional viscosity that corresponds to the bulk mean temperature.

But, in reality, a heating case always decreases the viscosity of the fluid close to

the duct waJl hence resulting in lower fluid-wall shear st¡esses. In othe¡ words, the

numerical friction facto¡s are over-estimated due to the neglect of viscosity varia-

tions. In addii,ion, since the real secondary flow tends to attenuate its cross-sectional

thermal source, the intensity of tlie secondary flow under the laboratory conditions

is believed to be lower than the predicted intensity, thus leading to further higher

predicted results.

Figure 6.15 compares the same friction factor ¡atios but uses the coordinate of

gr+ ¡Prr'8. As suggested in Chap. 5, this indeed ¡educes the Pr effect on the ratios.

Better agreement is seen and norv even the data points tend to be distributed more

uniformly along the fitting curve.

6.4.4 Comparison of Fully Developed Nusselt Numbers

Concerning fully developed heat transfer, Fig. 6.16 shows Nusselt number ratios

versus .Røl¿. (that is based on the inside diameter of the duct) rvhich facilitates several

comparisons. Three comparisons are made in the plot. One is with the numerica^l

two-vortex and four-vortex solutions in Chap. 5 for Pr : 5. Nume¡ical results for

othe¡ Pr values are not ploüted because Fig. 5.28a indicates a weak efect of Pr

when the Rayieigh number is used. As shown in Fig. 6.16, ¡esults obtained from

equation (6.8) (converted f,o Rat¡¡) agree well with the predicted values at Iow Ra'¡¡.

But as Røt¡¡ increases, the predicted fou¡-vortex values exceed the experimental
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correlatior by up to about 1.4 times higher than the measured data at Rat* æ l1s.

Besides the experimental uncertainties, the discrepancy is largely attributed to tlie

diference between the theoreúical condition I/1 and the practical resistance-wiring

heating condition as well as fluid properties variations. For high heating rates, large

variations in circumferential wall temperatu¡es we¡e observed experirnentally. Of

course, they are mainly induced by the secondary flow regardless of the high thermal

conductivity ofthe copper duct. I{owever, using the I11 condition assumes a uniform

peripheral wall temperature and hence cross-sectiona,l. temperature differences (e.g.,

t- - t^) or driving forces for the secondary florv a¡e artifrcially much larger than the

¡eal situation. This is particularly true if the temperature differences near the duct

bottom are conce¡ned. Consequently, over-predictions result.

In view of this, the experiment should be better simulated by the I12 condition.

Instead of imposing a uniform temperature over all duct surfaces, the I/2 condition

allorvs the rvall temperature to vary wiih the secondary flow patterns inside the

duct as well as with the nonuniform curvatures of the duct surfaces. This, in turn,

will ¡educe the unrealistic high temperature diffe¡ences (t. - t^) (e.g., near the

duct bottom) and hence yield an overall lowe¡ secondary flow intensity. As a result,

a closer simulation of the experimental flow should be achieved by using the .F/2

condition.

In Fig. 6.16, another comparison is made with the numerical two-vortex results

of Nandakumar aI aL 161l fo¡ a semicircula¡ duct using the ff1 condition. Note

that under their fully developed conditions the duct seating position ditrers by 180"

from the duct position in this investigation. Figure 6.16 shows excellent agreement

between these two predictions at low Rat¡4. This outcome suggests a weak effect

of duct orientation on heat t¡ansfer enhancement at low Ra'¡,¡. Of course, the duct

orientation has no influence at all in the limiting case of zero buoyant force (.Røln =

0). For Ra'¡¡ > 3 x 106, the differences between these two nume¡ical results and

between each prediction curve and the empirical curve become appreciable. At
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Røt¡¡ x 2 x 107, the predicted Nusselt ratio in {61] is about 11% lower than the

present numerical two-vortex value but is about 17% higher than the correlated

value. Alihough further studies on the duct orientation eflects a¡e required, the

indicated trend of increasing deviations with increasing -Røla indicates that the

semicircula¡ duci with the flat surface on top (duct 1) rnay enhance the secondary

flow mo¡e than the duct with the flat su¡face at the bottom (duct 2). This is

because the cu¡ved surface of duct 1 assists the warme¡ fluid to rise up while the

cu¡ved surface of duct 2 resists the ascending flow.

Comparison is also provided in Fig. 6.16 with úhe empirical correlation of Rus-

tum and Soliman l1i5] for a uniform heated smooth tube (here, (Nu¡a,at)o: 4.36).

Al Rø', = 4.9 x 106, their correlation gives a Nusselt ¡atio which is about 1.4 times

higher than that obtained from equation (6.8). At the same Ra',¡, lhe predicted

Nusselt ratio in [61] for the circuiar tube is about 1.5 times higher than thei¡ semi-

circular duct. In addiiion, an earlier climb in the Nusselt ratio fo¡ circular tube

could be seen from Fig. 6.16 if all these curves were extrapolated back to very Iow

.Røia. This indicates that the secondary flow in the semicircular duct begins to

enhance heat transfer at a relatively iarger Rayleigh number.

6.5 Remarks

Experiments were performed on mixed convection flow and heat transfer in the

the¡mal entrance region of a horizonta^l semicircular duct with the flat surface at the

top. Since only distilled wate¡ was used as the working fluid, the influence of Prandtl

number on f¡iction factors and Nusselt numbers was unclea¡ from the experimental

data. Ðven though the cross-stream viscosity ¡atio was employed to correlate the

data and the influence of viscosity variation rvas discussed qualitatively in certain

instance, no other special efiort rvas made to reveal the efects ofproperties variation.

During each run, all local Reynolds numbers were controlled not to exceed 2100.
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However, thermal instabiliiy rvas not detected so that information on conditions

uuder which ihe mixed convection flow commences to reach the transition region

was not provided from this wo¡k.

Otherwise, the measu¡ed data showed consistent trends with predictions. The

efects of Grashof, Rayleigh, and Reynolds numbers on friction factors, local and

fuliy developed Nusselt numbers, and the onset points of the seconda¡y flow were

generally in agreement with numerical analyses and the existing measured data

for other different ducts. Diferences between the theo¡etica,i 111 condition and

the resistance-wiring heating condition were discussed before detailed comparisons

between measurement and prediction were made. Efort was also spent on examining

the experimental flow patterns by using the measured rvall úemperature difference

(ta - t.) at a particular station.
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Chapter 7

Conclusions and
Recommendations

THIS ,"r"ur"h mainly comprises three parts, namely, analytical work, numerical

analysis, and experimental investigation. Therefore, concluding remarks, together

with recommendations, are given fo¡ these three aspects.

7.L Analytical

The finite Fourier transform method was successfully used to deveiop exact ve-

locity and temperature expressions for hydrodynamically and thermally developed

laminar flow in ci¡cular sector ducts. The work contributes a complete set of prac-

tical results. The ma.in conclusions can be drawn as follows:

1. New information on the maximum velocity and its location was provided. A

series form of /.Re was obtained and the values were calculated for the entire

apex angle range. More compleüe and accurate computations were also made

for fully deveioped incrementa.l pressure drop number K(æ).

2. Four thermal boundary conditions were employed for studying the fully devel-

oped Nusselt numbers. A ¡ovel closed-form ol Nu¡¡1 was found. The 1{øs2

variation within its full apex angle range revea"led (for the first time) a maxi-

mum value al $ x $$o (Fig. a.8). For the Iflo¿ anð. H2o¿ conditions, the use
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of the overa"ll average wall temperature for calculating Nusselt nu¡nbers caused

a discontinuity in .lft¿ at smail {. Hence the use of 1úz' was recommended.

3. Although y'lørr is higher than Nu¡¡2, the difierences betv¡een Na|r"o and

Nuilr"o are smali (within about 6%) for aJl /.

Parallel to the above work, further heat transfer analyses are recommended, for

example, fo¡ the same conditions as the f11"¿ and the H2"¿ but with the curved sur-

face (not the flat surfaces) insulated. It is realized that there exist some applications

for these kinds of nonuniform heating, e.g., in [65] for laminar mixed convection in

a semicircular duct. Therefore, analytical Nusselt numbers fo¡ these two conditions

of circular sector ducts should be also of practical importance.

7.2 Numerical

Without Buoyancy Efrects. In Sec. 4.1, the three-dimensional Navier-

Stokes equations were numerically solved for steady, laminar, fluid flow in the hydro-

dynamic entrance region of circular sector ducts. Regarding this rvork, the following

conclusions can be stated as:

1. The Patankar's SIMPLER algorithrn was modified by noniteratively solving

the pressure and its co¡rection equations. Computation experiments shorved

that this modification provided mo¡e accurate overaJl results and acceierated

convergence hence reducing the computing time.

2. The calculated presure drop data covered the entire apex angle range and were

shorvn to agree well rvith the limited published results.

3. For each circular secto¡ duct, hydrodynamic entrance iengths that were ob-

tained using four definitions we¡e found to be very sensitive to the c¡iterion

used. The use of ihe velocity criterion in this wo¡k is new fo¡ noncircular duct

anaJyses.
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4. The apex angle effects were also carefully examined. Results indicated that ihe

use of duct radius, rather than the hydraulic diameter, gave a better picture

of the apex angie dependence.

In Sec. 4.2, numerical solutions were presented for laminar, forced convection

heat t¡ansfer in the thermal entrance region of circular sector ducts using the Ill
a"nd H2 conditions. The concluding remarks on this study are summarized below:

1. Detailed information on local Nusselt numbers and thermal entrance lengths

was provided. Comparisons were made with othe¡ circular and noncircular

ducts. Under the f/1 condition, the circular sector ducts produce higher heat

transfer coefrcients than a circular tube.

2. Fo¡the I11 condition, decreasing apex angle (increasing the duct corner efrects)

was found to enhance local and {ully developed Nusselt numbers and to shorten

thermal entrance sections. But, for the .il2 condition, maximum local and fully

deveioped Nusselt numbers and the shortest thermal entrance length occur at

the apex angle value of about 65".

3, The f/1 condition is thermally stronger lha¡ H2 hence resulting in higher heat

transfer coefrcients and shorter thermal entrance lengths.

Based on the above work and previous iiterature survey, the author ¡ecommends

furthering the forced convection heat t¡ansfer study for laminar flow in circular secto¡

ducts in the following three aspects. (a) For diferent boundary conditions, similar

analyses can be car¡ied out for isothermal (note, one study done fo¡ 2d = 180")

and nonunifo¡m heating conditions. (b) For properties variations, it will be useful

(e.g., for studying experimental data) to continue this rvork by introducing the

temperature-dependent viscosity ¡atio into the governing equations. Also, it wiII

be of practical interest to obtain heat transfer ¡esults for non-Newtonian (¡r is ihe

function of velocity gradients) fluids such as rubber, greases, paints and biologicai
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fluid. (c) Fo¡ diferent flow conditions, the simultaneous development of the velocity

and temperature profiles should be analyzed. A more complete study may also take

into account boih axiai diffusion of momentum and heat. Obviously, these three

can be combined to encourage various rese¿rch efforts. It may be noted that the

last one requires simultaneousiy solving the elliptic three-dimensional Navier-Stokes

and energy equations.

'With Buoyancy Effects. Fully developed mixed convection in a horizonta.l

semicircular duct using the i/l condition was numerically studied and reported in

Chap. 5. Results for pressure drop and heat úransfer were obtained for Gr+ up to

2 x 108 and Pr values of 0.7, 3, 5, and 20. The main conciusions are follows:

1. The modifred SIMPLER aJgorithm (as stated before) and the under-¡elaxation

techniques (for u+ and ø+) were successfully used to obtain solutions with

restricted convergence criteria. The solution was confi.rmed by comparing

velocity and temperature profrles, friction factor, and Nusselt number with

the corresponding exact values at zero buoyancy force.

2. While dua,l solution ¡esults we¡e obtained, the phenomenon of cross-stream

flow bifurcation was encountered at certa.in Grashol leveis. For the two-vo¡tex

flow, the maximum axiai momentum and coldest fluid are moved down aJong

the symmetry plane. For the four-vortex flow, on the other hand, they are not

only pushed down but a,lso carried away from the symmetry plane.

3. Results showed that increasing Grashof numbe¡ strengthens the secondary

flow, hence pressing down isotherms and axial velocity contours and resulting

in inc¡eases in the heat transfe¡ coefficient and the flow resistance. In addition,

it was observed that significant inc¡eases in friction facto¡ ratios do not occur

until much higher Grashof numbe¡s are reached compared to the heat t¡ansfer

enhancement.
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4. For a given Gr+, reducing P¡andti number decreases the Nusselt number ¡atios

but increases tlie friction factor ratios.

5, From Figs. 5.13, 5.15, 5.23, and 5.25, both the two- and four-vortex secondary

flows were observed to modestly decrease shear st¡esses and heat fluxes along

the top flat wall but to markedly increase them along the curved surface. Also,

the four-vortex solution exhibited a sharp drop in these two quantities near

the duct bottom. From Figs. 5.5a, 5.7a,5.9a, and 5.1la, further observations

on the size of the two lower vortices in the fou¡-vortex flow ¡evealed that

it first enlarges and úhen subsides as the seconda¡y flow is further strength-

ened. Therefore, the difierences between two- and fou¡-vortex results increase

and then diminish wiih increasing the intensity of the secondary flow (see

Fis. 5.26).

6. It rvas found that, when Nusselt number ratios are plotted against the Rayleigh

numbe¡ Ra+, lhe Prandtl number efrects on the ratios become insignificant,

indicating that .Eø+ is a good measure fo¡ mixed convection heat transfer data.

However, friction factor data are better correlated to Gr+ or Gr+ f Pr" , wherc

¿ was deterrrined to be 1.8 for 3 < Pr ( 5.

The above work is worthy of extension and should spark further ¡esearch interest.

Accordiugly, the autho¡ would like to give the following views for guiding future

research.

a) In order to provide more sound evidences (i.e., statistic numbers in terms of

co¡.vergence speed, stability, and accuracy, etc,), special eforts should be made

on furthe¡ confirming the modifled SIMPLER algorithm (which was used in

this research) so that it will benefit future computations,

b) Detailed studies on the bifurcation phenomenon are necesÊary. During this re-

search, attempts were made to provide theoretical grounds for the development
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of the flow bifu¡cation. But, no numerical experiments have been done fo¡ de-

tecting the processes of the vortex pattern transition. It will be very interesting

to develop a theory that can account for why and how the bifurcation takes

place.

c) It is of practical importance to examine numerically the efect of duct orientation.

d) Concerning comparison with the experimental results, more ¡esearch efforts are

needed to simulate the laminar mixed convection in the semicircula¡ duct using

the f12 condition.

e) .A.nalyses in the thermal entrance region ale particularly necessary. During such

anaiyses, total pressure drop data can be obtained which may then be com-

pared with the measured values. It wiil be also interesting to see if "under-

shoots" and "overshoots" in loca,l Nusselt numbers and in the secondary f.ow

intensities rvill be predicted when the laboratory flow conditions are numeri-

cally approximated.

f) The completed and proposed work can be extended to horizontal o¡ even inclined

ci¡cular sector ducts.

7.3 Experimental

Mixed convection was experimentally investigated for laminar water flow in the

thermal entrance region of a horizontal semicircular duct with a unifo¡m heat input

axially. The following conclusions and observations are directed to these experimen-

tal data.

1. Fuliy developed isothermal friction factors agreed within 8% with aualytical

values in the laminar region. The diabatic f¡iction factor ratios increased

with increasing buoyancy efects and reached a factor of over two at high
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2.

heating rates. Good cor¡elations lo Gr^ and Gr, l Prff, rather lhan Rø^,

were provided.

At each station, two temperatures measured symmetrically at the top flat wall

were approximately equal, indicating a symmetric three-dimensional mixed

convection flow. But, wall temperatures at the duct bottom were increasingly

lowe¡ than the top wall temperatures as the heating ¡ate increased.

Expeúmental data showed that nume¡ical anaJyses for pure forced convec-

tion heat transfe¡ furnished exceilent base-line references for mixed convection

results. In a region not f¿r from the beginning of heating, the local aver-

age Nusselt number first follorved and then began to exceed its pure forced

convection curves. In the fully developed region, it became up to about five

times as high as the pure forced convection value when buoyancy effects were

increasingly signifrcant.

The onset of thermal instability was found to advance with increasing Rayleigh

number and decreasing Reynolds number. Thus, the data for (XlD¡)- werc

successfully co¡related to the parametet of Gr f Rez .

Local and fully developed Nusselt numbe¡s showed a certain degree of Reynolds

number dependence. Hence, very good correlations of Nusselt number ratios

were achieved by partitioning the data a!, Rø¡a - 5 x 107 into two sets. I'or

Rø¡a < 5xI07 , the data were best fit against Ra¡¿ ol.ly. For Ra¡¡ > 5 x 10?, the

.Re¡4 dependent data we¡e excellently cor¡elated using the ReuRau product.

The axial length-mean Nusselt numbers were found to be approximately equal

to the fully developed Nusselt numbers. Also, diferences between the ffl
condition and the ¡esistance-wiring heating condition were discussed. A special

effo¡t was spent on examining the experimental flow patterns by detecting the

measured waJI temperature difie¡ence (il - t.) with -Rø-.

4.

o.
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7. The predicted fully developed Nusselt ratios agreed well wiih the measu¡ed

results at low Rayleigh numbers. For high heating rates, the predicted values

are up to 40% higher than úhe measured results.

lVith a view to improving the experimental procedure, the author puts forward

two suggestions. (a) Since the fluid temperature diference between two pressure

tap locations was observed to afect the pressure drop readings, it will be helpful to

ca,librate the pressure transducer fo¡ different temperatures at its two inlets. Results

for a number of these calibrations should provide bette¡ calib¡ation equations. (b)

Instead of taking readings manua.lly, a data acquisition system should be established

to reco¡d temperature readings automatically and simultaneously.

Regarding further experimental investigation, the author gives the following

recommendations.

a) More experiments should be performed for difierent duct orientations.

b) Different working fluids may be used to examine the Prandil number efiect.

c) The above work can be extended to the inclined duct.

d) Flow visualization and/or the measurements of fluid velocity and úemperature

should be conducted to confirm experimentally the phenomenon of flow bifu¡-

cation.
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Appendix A

Series Terms for Mathematical
Solutions

This appendix serves as a supplement fo¡ Sec. 3.3. The following sedes terms or

functions provide a complete representation of solutions fo¡ equation (3.3) associaied

wiih ihe described boundary conditions.

Fo¡ the .I/1 condition:

'11(Y;'r) =

In the limit cases:

For the I11-, condition

(xi - 2)(xi + 6)r'' - 4(xi + t)r4 - (x? - t6)r''+'
x¿(x? - +)(Y! - r6)(Y; + r)

H(x,--r,ù-Tt#g
. 2ra - 216 + Sralnr

H!.ç,' - d îl = ----------
480

(A.1)

(A.2)

(A.3)

s(B-,À",r):
Ë ()" + 6)(2 - À")rþ^ + ((À" + 2)' - þ?")rn - (16 - Bz ¡rx-+z

2 06 - p:")((^"+r)' - pÐ(w
In the limit cases:

(A.5)

s(^^--2,ù='-!#Y (A.6)
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S(B^ + 4,À"--+ (8," - 2),r)

s(p^ + 4, 
^"

For the I12 conditi<.:n:

The arbitrary constant A2 can be determined by evaluating the average peripheral

wall temperature which ¡esuits in

_ 2þ^ra - 2þ^rþ* * (16 - þl)rq*Inr
8ph06 - pÐ(t - p,")(4 - p^)

. ô _\ _ 8rß^ -8îa +Q6- Bl)ralnr-.,t.)_@

e,: -_Ë!J!_!J * ftr6^¡ + ffir6.¡ +

aiirå ø*;.ú- #åå'@, ,^^)

(A e)

(A.10)

(A.11)

(A.12)

(A.13)

(A.15)

(Ä.16)

where

a.,/\ \-ë À"+6
¿ \.\n) - ke"+z)s^r_

P(À")- t À3+9)"+34
3' Q" + 3X)" + 2)3Àå

L(P^,^.):
(p^ - 2)(ph + 7 p* + t5) - 

^?"(p," 
+ 5) - 

^"(4p," 
+ 25) / 

^ 
1 .{ \

\ ¡r,. -r frJ

Other functions in equations (3.i1) and (3.12) are defined by

r(À",r) = å 'ï(i:l;;,(i9ai'
(À" + Z)rP^ - þmr\"+zQ(þ^'À"'r) =

þ,"((^" + 2Y - BÐ(^'" - Pk)e - 
^'-)' 9, ra - 4rP*

* p^(r6 - ph)(^,^ - phç4 - 
^Ð

It is noted that some special apex angles may cause the denominators of equa-

tions (4.14), (4.15), and (A,.16) to be zero. But, Iike the above cases, all of their

limits do exist.
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For the 112o¿ condiúion:

Simiiarly, the arbitrary constant á2o¿ is given by

where .F(À"), P(À"), and L(P^, 
^") 

are defined by the same as those for the .I12

condition. Finally, the dimensionless average temperature over the curved surface,

T¿,2, mà! be shown that

aa
A^d : 

4óõ + 1).F()") + n6zft -P(^")
-r8C'--' iÓ',(ö +t) *t,: L(p^' 

^")

T¿,2: Azo¿- #rr^",

(A.17)

(A.18)



Appendix B

List of the Computer Program
for Mixed Convection Simulations



/ I 1LEI JOB,, ¡, 1=220,I=8,L=90,',,QLEI,,EoIIFY=qLEI
// EIEc FoRT7c].c, sIzE=l200x, P=D, P¡ltH=,lC (88) ,

//FORT.SYSID DD I
C lEE ÂBOVE //-L!lBE ÂBOVE //-LI¡ES ÂNE T¡E JOB COIIRBL CAÐS FOR 188 I{ÁCEIIE OF

ÄTIDÂE! 680 ÂT î!E U¡IVERSITY OF ãÀ'IIOBÂ

F LÂllr¡Án IIIED CorVEClIor *I SEUTCIRSULAR DUCT USIIC 'I-- FLÂÎ llÂLl IS uP) +

>o)

I!PUT

C+ 2. fF ¡SÏII¡{ETRIC, ¡LL DOUBLE IEIEGRÁI,S SIOT'LD DE CIECTED (2 Oß 1) *

-GE¡EBÂîE COORDI'ÂÎES A¡D IIPUT/OTNPUI DÄTÄ

gl'll8 (6 ¡'¡ ),URFl,v=,,URFl'v,,URrlJ=,,llRFV¡,U|8FTE=,,URf 1¡
C¿II CNID(lOfI,TOIJ ¡ R,¡LPf,Ä, DR,DF,CR,PR)

c
C--I¡ITIÀLIZÄ1IO' OF VELOCIÎY AlD IEXPERITUÊE
c

l{=10TI-1
¡=T0IJ-1ü.ü-1
!E=l-1
D0 tO I=1,10TI
D0 10 J=1,10TJ

u (1, J ).0, D0
V (t 

'J) =o, D0

r0¡FonurvIot Fon ç
ION FOR TEI0¡ FoR ItS
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r(l, J) =0. Do
10 îE(I,J)È0.D0
cc--ItFur u, v, T, À!D îE FRoH DÄrÅSSrS ÂED pRIl¡Î our
c

c cÁLL DÂÎÀI!(T0TI¡îoTJ¡tr,t{l{,[¡nII,U,V,ï,18,1,FRE)
c--Trrs Is lEE IÂI 00P

1!Il=200
rIT=O

20 CnUv=FcRUV
CRï=FCRL
CRll=FCBTE

lI?=II1+1
C¡LI PSEUDO (DUP, DVP¡ FÂLSU, FÂLSV,ÎOTI I TOTJ 

' 
RIDR'DF¡T"V,g,* 1S, GR¡ÂLP¡Ä,H,'{ü,N, E[)

cÄLL PRESS (P,DUP¡DVP,FÀLSU, FÀtSV,1OTI,1OîJ,R, Dn, DF¡* f,tftt¡I,[t)
CÀLL UVXTI'ü(DUP,DVP,.APÄP,}fS,1O1I,ÎOTJ,N,DR,DF,P,U,V,T,* TE, Cn, ALPE Ä, YES , ü ¡ ttl{, ¡ , l ,6RUV , CRt{, URFUV )
cÄt L ¡fl{Îu (¡raP,T0TI,10TJ,RTDR,DF,U,V,H,FnE,CFRE¡

* ¡t, t'I{, !, !Í, cRr , u¡F}r )
cÄ.Ll EIEßGY(T01r,101J,n,DR,DF,U,V,H,Tt¡pR¡t{,Ifi ,r,[n,* C¡ÎE¡URFTX)
IF (lI1 .EQ, ([ITI5O)*5O .0R. f,IT .Eq. TEIT) tlBlc¡tt oulpuT(frÎ,T01I,101J,U,V,L,T¡,HS,CÀUV,CRï,CBT!,CFRE,* n¡þt,!,f¡,YEs)
E¡D IF
taRrTE(25, 1O0) [IT,U(10,18),V(10,18),H(10, 18),18(10,18)

rF ( ((cRUV*o,80D0 .cT. FCRUV) .0R. (CRI{*O.gODO .cÎ. FCRS)* .0R. (yEs .Eq. 0) .0R. (cRTE*o.90Do .cT, FCRTE) .OR.

c 
* (D¡BS(CFRE) .GT. 1.D-4)) .Á[D. (!¡1 ,LT. 1[rT)) COlo 20

C--SÁVE RESI'ITS 10 DITÂSETS Ä[D CÂLCULÄÎE IUSSELT TI,IiBER
c

cÂLL DSÄVE(lIIT,lfIT,l0ll,ToTJ,It,ltlt,tf,X¡,U,V,n,ÎE,cR,pR,FRE,¡.LpEÂ)
cÄLL trùSSLT (10Tr, T01J, H, !, t¡, 18, ÀpÁp, R, DR, DF)

1O0 FoRHÂT(t2 ¡ 14,1r,4(D14.7,lt) )
STOP
E¡Dc====ÈÈ=E=È:=-=

C+ "CRID" CE¡ENATES IIE UIIIFOR}I CR¡D COORDIEÄTES (EALF !EÁÀ BOUNDÁRY) *
C* IF ÍÄLPEÂ" IS TOl = O ¿ lAO DEG¡ SOLUTIOI IS FOR Î[E EIIIBE ¡REÀ
C==ÈE=:=:====-=

!uBnouTf¡E cRrD(T0Tr,10TJ ¡ R,Är,pEt, DR,DF, CR,pn)
I¡TEGER TOTI,TOTJ, ¡IJ
REÀL*8 R(10TI),ÂLpEÂ, Dn,DF,Frol,pIl3.141592A535898D0/¡cn,pR

R(T0?I)=1,oDo
R(1)=o.D0
IF (ÄLPtÂ .L1. 0.O1D0 ,0¡. ¡LpEÀ .cI. 3.1D0) C0T0 5

F101=Pr
c010 75 FT0T=PII2.0D0

7 D¡=R(T0Tr)/ (10rr-2. DO)
DF=FT0T/ (î0TJ-2. Do)
R(2)=Dn/2.D0
R(101I-1)=R(101I)-D¡/2.D0
J=10TI-2
D0 10 I=s,J

10 R(r).n(2)+DR*(I_z.Do)
¡rRrTE(6, 5O) ALPEA,Cn,Pn,DR,DF
DO {O I=1,TOTI

40 gRrTE(6,8O) r¡R(I)

îE FRO}I DAÎÂS!ÎS ¡TD PRI'ÎS ÎIEII OUT
nDs 10 TaE ForuüT CMt Ir SUBR0UIÌEE '¡DSÀVEI *

SUBROUTIXE DÂÎlT[(TOIItTOTJI}I,üII¡!,¡!,U,V,g,TE,ZEROW¡FRE)
rnTEcER 10TI ¡ 1oTJ,fi,rfl, !,[tr,I,J,ZERoUV
!!Â!*q u{Tqî !10îJ),v(101I,T01J),Ìt(r01r,¡0TJ),1¡(TorI,10rJ),FRE
CEÀ[ÂCTER CÄRD*80

IF (ZERoUV .Eq. O) C010 30
LEAD(10,9S) CÀRD
gRrrE(6,99) CIRD
DD 10 I=2,¡ll{
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10
¡EÀD(10, +) (u(I 

'J),J=2,ToÎJ)eßrTE(e,100) (u(r,J),J=2,TorJ)
REÂD(11,99) CARD
Y¡.rTE(8,99) CÀRD
D0 20 I=2,H

REÁD (11, *) (V(r,J),J=2,n¡)
IRITE(8,1o0) (v(r,J),J=2,tr[)

SRITE(6,*) ,ZEROUV = ,,ZEROUV

nEÄD(12,99) CÂRD
gRrlE(6,99) C¡RD
D0 40 f=2 ¡ ll

REÀD(12,.) (¡f (I, J),J=2,101J)
LRIIE(6¡200) (!¡(I,J),J=2¡T01J)
ÀEÄD(12, *) FR8
YRrlE(8, *) '*-----UPtn FRE=',FÀE
nElD(13,99) CÄRD
ÌJR11E(6,99) CÂRD
D0 60 I=2,I{

REÀD(13, *) (TE (t,J),J=2,10TJ)
9nrlE(6,100) (1l(r,J),J=2,ToTJ)

F0Rr{ÂT(Á80)
Foru{Äî( (f2,8 (D14.7,1r) ) )
FoRüÀT( (T2,12(FS.7,11) ) )
RElURI
EIID

30

50
89
100
200

8:=:::Es!{=g!gltlE!=It!!:=E!99¡rI-eIlgB_ j_rrgIs='=!Iep9! J*J:L3
suERouTI[E PSEUDo(DlrP,DVP,FÀLSIÌ,FALSV,T0TI,t01J,R,DR,DF,U,V,ï,

* T¡ ¡ Gn, ÁLPEÀ,l{,l,t}t, [ , ![ )
IITECEn T0TI ¡ ToTJ, r, J,H,r,r{{,![
nEÂL+8 DUp(T0tr,r01J),DVp(101r,T0TJ),F¡LSU(101r,T01J),* FÄLSV(10Tr,ToTJ),R(101r)¡DR¡DF,U(Toîr,ToTJ),V(101r,10TJ),

' ï(r01r,ToTJ),18(101I¡10TJ),Cn¡ÄLp8Â

c REÀL*8 SB, CoEFÅ,ÂE,!H, A!,¡S¡LR,tSU{,y
c--cÀLcltlÂÎE lEE PSEUD0VEL0CÍÎï 0F U

D0 10 I=2,H{
lRÈn(I)+0,5D0*DR
D0 10 J=2,Í

AEÈCOEFÀ (1,1,I ¡J ¡ TOlI ITOÎJ,R,DR¡DFIU,V,II)
Àg=CoEFÄ ( 1, 2, I, J, T0TI, r01J I R, Dn ¡ DF,U, V, I)
ÀI=COBFÁ ( 1, 3, I, J, TOTI I TOTJ I R I DR ¡ DF,U, V, I.)
As=c0EFÄ ( 1 ,4, I , J ,10TI,10TJ , ¡,DR,DF,U,v,lt)
Ást =ÀE+Âg+Ä|I+!s+2.D0*Dn*DF/It
CA.LL SOURCE (1I SB,I, J 

'1OT¡ 
¡TOTJ,R,DR'DF,U' V 

'Ttr'* cR,Â!Pta)
I=¡E*U(f +1, J)+¡r,lu(r-1, J) +À[*U(I, J+l )+¡s*U(r, J-1 )
FATSU(I¡ J)=(Y+SB) /ÀSrjlr10 DUP(I, J)=DF*IÎ/ÂSUï

C--CÁ].CI'LÀTE TEE PSEUDÍ]VELOCIÎY OF V
D0 20 I=2,ü

D0 20 J=2,4t
.AE=CoEFA ( 2, 1, I, J, T0TI, roTJ, n, Dn ¡ DF, U, v, ll)
Aï=CoEFÄ ( 2, 2, I, J, T0TI, ToTJ, n, DR, DF,U, V, ll)
Â[=c0EFÁ(2,3,r,J ¡T0rI,10TJ,R,DR,DF,U¡v,lt)
Ä5=C0EFÁ(2,4,I,J,T0TI,ToTJ,R,DR,DF,U,V,Í)
tSU =ÄB+¡L+Â[+¡S+DÌ*DF/n.(I)
CALL SOURCE (2, SB,I, J,TOTI ITOTJ,R,DN, DF'U'V ITA,r CR.ÂI.Pf,Â)

0F À,s FoR u, v r I Íox8¡TtI{ EQ.s

c010 (10,20 ¡ 30), ¡DErl
ttRIl8(8,*) ,LRolc ¡'DEX 0F EqUATlo¡ ¡Û¡{BER,
STOP10 COITINUE
c0¡0 (12¡ 14,18,18), ItDEr2

I'IECER ITDEXI
REA!*8 n(l0TI)
REÂ.L*8 ÄP,II,Y

J) , V(T01r .101J ) ,T(rofr. T0TJ)

¡P(II,YY)=DÌtAr1(0. D0, (1.DO-o,100*DÄBS (U/yr) ) *+5 )
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L2

tlRIlE(6,*) ,sno¡C ÎIDEI 0F U-I,
STOP

FF=DF*R(I+1)* (U(r,J)+U(I+1, J) ) /2. D0
DD=2. DO*R(I+1)/DR*DF
C0EFÄ=DDr'Âp (FF, DD)+Dtt¡Il ( 0. D0, -FF)
c010 40

FFêDF*R(I)* (U(r, J)+U(r-1,J) ) /2. DO
DD=2. DOIR(I)/DR*DF
c0BF.À=DD'ÀP (FF,DD) +D!1ÂI1 (0. D0,FF)
G0T0 40

FF=DR* (v(r+1,J)+v (I,J) ) /2,00
DD=DN/(R(I)+0. 5DO*DR)/DF
IF (J.Eq. ToTJ-1) DD=2. Do*DD
coEFÄ=DDrÁP (FF, DD)+DllÂIl ( 0. D0, -FF)
c0î0 40

FFàDn,r (V (I,J-1)+V(r+1,J-1)) /2. D0
DD=DR/(R(I)+o. 500+DR)/DF
IF (J.BQ.2) DD=2,DO*DD
C0EFÀ=DD+lP (Ff, DD)+DltÀI1 (0, DO, FF)
G010 40

COTlIÍTIE
G0T0 (22r24¡2€,28), r[DEX2

TRITE(6,*) rg¡010 Ì¡DEI 0F V-I,
STOP

IR=R(I)+0.5D0+DR
FF=IRTDF*(u(I,J)+U(I,J+1) )/2.D0
DD=IN*DF/DN
IF (I .Eq. T0rI-1) DD=2.Doi'DD
c0EFÄ=DD*ÄP (FF, DD)+DltÁIl (0. D0¡ -FF)
c010 40

COIITI!T'E
IF (I .CT. 2) GOTO 2E

C0EFÂ=0.DO
c0T0 40

lR=R(I)-0.6DO*DR
FF=!R*DF*(U(r-1,J)+U(I-1,J+1))/2.D0
DD=xR*DF/DR
CoEF.À=DD*ÀP (FF, DD) +Dt{À11 (0. D0, FF)

c0T0 40
FF=DR* (v (Ì,J)+v(I,J+1) ) /2,D0

DD=2. D0*DR/R(I)/DF
coEFÂ=DDrÀp (FF,DD)+DHÁI1 (O. D0, -FF)
G¡TO 40

FF=DRû(V(r,J)+v(I,J-1))/2.D0
DD=2, DO*DR/R(I)/DF
COEFÄ=DD*ÄP (FF, DD)+D}IAI1 (0. DO, FF)
G0T0 40

c0!1¡!uE
c010 (32¡3{¡36,s8), IrDEt2

SRITE(6,.) ,YRO¡G IIDET OF T-t,
STOP

IR=R(I)+DR/2.D0
FFÉIR*DF*U(I,J)
DD=IR+DF/Df,
IF (I .Eq. 10u-1) DD=2.Do+DD
c0EFA=DD*ÄP (FF, DD)+DnÀr1(0. D0¡ -rF)
c0t0 40

CO¡1I¡UE
rF (I .CT. 2) c0T0 36

C0EFI=0.DO
c010 40

IR=R(I)-DR/2, D0
FF=In*DF*U(I-1,J)
DD=IR*DF/DR
C0EFÀ=DD*ÀP (FF,DD) +DllÂ!1 (o. D0, FF)

c010 40
FFrDnÈV(1,J)

DD=DR/8(I) /DF
IF (J.EQ. TOTJ-I) DD=2. DO.DD
C0EF.À=DDrÀP (FF,DD)+DllÁIl (o. 00, -F¡)
c0T0 40

FF=DR*V(I,J-1)
DD=DB/N(I)/DF
IF (J ,Eq. 2) DD=2.Do*DD
c0EFA=DD+Áp (FF, DD)+Dr{ÀXl ( 0. D0¡ FF)

c0!1rÍt E
RETUR'
ETD

C* nsouRcEr colPtnEs rEE soURcE TEnüs FoR U-tED-v üollEÍflr]t EQUÂrr0rS +

ftDBl ¡sB I r,J ¡10TI¡101J,R,DR,DF,U,V¡ Tt ¡ CR,¡tpEÀ)
TOTI.lOTJ

,DN,DF,U(TOTI,TOÎJ),V(ÎOTI,TOTJ),REÄIT8
1O?J),GB.ÂIPEÁ
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c
coÌo (10,20), rrDEx

ÏRITE(6¡*) ,SRO¡C I¡DEI FOß lEE SOURCE TEÈí,
s10P10 RR=R(I)+0.5D0*IlR
TX=DR''DF*RI
sB=-rr*cR*r,srr((J-1. 5D0)*DF-!¡,p¡Â)*(TE(r,J)+18(r+1,J) )/2.D0
sB=sB+v(r+1,J)-v(r,J)-v(I+1,J-1)+V(f ,J-1)
s1=(v(1+1,J)+V(¡ ¡J) -V(r+1,J-1) -V(r,J-1) ) /2. DO
SB=SB-3. D0*DR/RIltSl
s2=(v(I+1,J)+v(I,J)+v(I+1,J-1)+v(I,J-1) )/4.D0
sB=sB+DR+DF,rS2*S2
G010 3020 lX=DR*DF.R(I)
sB=u(r,J+1)-u(I¡J)-U(r-1,J+l)+U(I-1, J)
sB=sE+3. Do*DR/R(r)* (U(r,J+1)+U(r-1,J+f) -U(r, J) -U(t-1¡J) )/2. DO
s1=(U(I,J+l)+U(r-f ,J+1)+U(I,J)+U(r-1,J))/4,D0
sB=sB-DRTDF*v(1, J) *S1
S2=(TE(I,J)+18(I,J+1) ) /2. D0
sB=sB-IXTCR*S2*DC0S( (J-1) rDF-ÄLpãÄ)30 cot¡ÎI¡nE

nEIUR!

c=====EJP-=:====c¡ ÍPRESS" So!V8S PTESSURE EqUÂrroX 0R PBESSURE C0RRECTT0I EQUATIo!
C' ------------------- DIRECI SoLVER --------(8lnD 51oBÁGE)--------

SUAROUTI[E PN,ESS(P,DIJP,DVP,FÂ¡.SU¡FÁISV,îOTI,îOTJ,N,DR,DF¡* H,¡lü,¡,Í[)
MECER T0TI, 1oTJ ¡ t, J, !1, II,üü, ¡n, [R09, lCoL, DC ¡ IER, X
REÄL*8 DUP(101¡¡ToTJ),DVp(T01r,T01J),FÄLSU(lOTr,T0TJ),* FÄLSV (TOÎI,TOTJ), R(TOTI), DN.,DT, P (TOTI,TOTJ )
REÀL*8 AE, ÄI',ÂT,ÁS,IR,T,CR,TE,II'
REÀL*8 À({14,37),X(414),¡L(?866)

c-- IorE T¡Â1 A, X, IL ¡EED BE CEÁtÌcED yEEn TtE 8ES¡ SIZE IS CEÄICED
c-- Â (m{*[[, m*2f1) , t(þl+[B) , IJ.(rfi+[n*(üH+1) ),f,= (J-2)*rî.t+r-1

lR0ï=üH*trn
IC0L=2+HH+1
DC= (1+[C0L) /2

c
C--TIITIÀLTZÀTIO[ OF Â

D0 10 I=1¡ERolt
D0 10 J=l,gCoL

10 A(I,J)c0. Do

c--c¡LcUlÀTE CoEFFICÌE¡Îs ÁLo[c J=2
c

J=2
x=1
IE=n(I)+0.EDO*DR
Ä(x,Dc+1)=DF*IE*DuP(I,J)
Â (x, Dc+tfl{)=DRrDvP (I 

'J)À (x¡ Dc)=- (a (f, Dc+1)+Ä (x,Dc+xH) )
YÈ.DF*18*FÀLSU(I ¡J) -DR*FÂLSV(I ¡ J)
I(x)=-Y
l=l{
XÉ¡ü
IH=R(I)-0.5D0,rDn
Â(x,Dc-l)=DFúXI|*Dt P(I-1,J)
¡ (x,Dc+üH)=DR*DVP (I, J)
À([, Dc)=- (Á G,Dc-1)+À(x,Dc+x}l) )
Y=DF+Ig'F¡tSU ( r-1 ,J ) -Dn*FÄtSV ( l, J)
x (x)=-Y
D0 30 1=3,t{}1

X=I-1
IE=¡(I)+0.5DO*DR
xg=¡(I)-o,5Do*DR
À(n,Dc+l)=DF*rB.DUP(I,J)
À(I¡ Dc-1 )=DF*I¡I.DUP(I-1, J)
Ä(x,Dc+|fl{)=DRTDVP(I, J)
Ä (f,Dc)È-(¡ (¡,Dc+l)+Â(x, Dc-1)+Â (R, DC+¡ll{) )
Y=DF* (¡'iFÂ!SU (]-1, J ) -I¡*F¡¡,SU(I,J) ) -DRTF¡I.SV(I, J)

30 I([)=-Y
C--CÀLCIÌLÁÎE C0BFFICIEETS ¡I,oBc J=3 ÄlD J=101J-2
c

D0 70 J=3,Íl
[È(J_2)+Ht+1
IÉ2
rE.n (l)+0. 5Do*DR
À (f, DC+1)=DF*!E*Dt P(I,J)
Ä (ß ¡ DC+¡{x) =DR*DvP (I, J)
Â (K, DC-¡{H) =DR*DVP (I,J-1)
Â ([,DC)=-(A([ ¡DC+f )+Ä(Í,DC+¡g)+À([,DC-ü) )
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Y=.DF*I.E*FALSU(I, J)+DR*(F¡.LSV(I, J-1) -F¡LSV (I, J) )
r lrì=-v
I=X
Iï=R(I)-o.5Do*DR
K=(J_1)*ü
Ä(x,Dc-1)=DF*II*DlrP(I-1, J)
A (X, Dc+llll) =DR*DVP (I,J)
Á (Í, Dc-l{¡t)=DR*DVP(I, J-1)
Â (K, Dc)=-(Â(R¡Dc-1)+A(t¡Dc+1ff )+Ä(x,Dc-$) )
Y=DF*II*8ÂLSU( l-1 , J) +DR* (FÀLsv (I, J-1)-F.Â¡,Sv(I,J) )
x (ß)=-Y
D0 60 l=3,fi11

x=(J_2)*H +r_1
IE=R(I) +O.5DOi¡DR
Ig=R(I) -o.500*DR
Ä (X,DC+1 )=DF*XE*DUP(I¡ J)
Á (x,Dc-1)ÈDF*XI¡*DUP(¡-1, J)
A (t,DC+Hü)=Dn*DVP(I, J)
Ä (x, Dc-llü) =DR*DVP (r, J-1)
! (x,Dc)=- (Ä (K,Dc+1)+Â(R, Dc-1)+A(K,Dc+x¡t)+Ä(t ¡ Dc-íü) )
Y=DF* (TS*FII,SU (I -T, J) -!T*FÄLSU (I,J) ). +DR* (FÂLSV(r,J-1) -FÂ!SV (r, J) )60 I(x)=-Y70 co¡TI¡ttE

c

8--CÀlclrLÂTE 
CoEFFICTE¡Îs ÂI.oEc J=10rJ-1

J=l
IE=R(t)+0.5DO*DR
x= (t[-1)rt!{+1
Á (X ¡ DC+1) =DFtIE*DttP ( I , J)
Â (x, Dc-Xfi)=DR*DvP (I,J-1)
Â (x,Dc)=- (Â (R,Dc+1)+¡(x,Dc-lllt) )
Y=-DF*IE*FÁLSU (I, J)+DR*FÂLSV (I, J-1)Ylrl=-v
I=H
lI=n (I )-0.5D0rDR
¡=ttH,l¡ü
À (Í, DC -1 ) =DFilg*DrrP (r-1,J)
¡ (I ¡ Dc-¡lll)ÈDR*DVP(I, J-1)
I (1, DC)=- (A(x,Dc-1)+À(x,Dc-}{Il) )
Y=DF*TH*FÄI.SU(I-1,J)+DR*FÀI,SV(I, J-1)
I(x)=-Y
D0 80 I=3,tiH

K= ( ¡I E - 1) *I,0t+I _1
tE=R(I)+O.EDO*DR
lL=R(I)-o.EDo*DR
À(ß,DC+1)=DF*rErDlrP(r, J)
a([, Dc-1) =DF*!T,',DlrP (r-1, J)
A (K, Dc-x¡l)=DR*DVP (I,J-1)
A (x, Dc)=-(Â(Í,Dc+l)+À(Í,Dc-1)+Ä(K, Dc-rûr) )
Y=DF* (IH*FILSU(I-1,J)-IE*FÁLSU(I,J) )+DR.PÁ!SV(I ¡ J-1)80 I(X)=-Y

c
C--SPECIFY Ä VÂLlrE ÂT 0!E PoI¡T, CÁLL "LEQ118¡'I SUESTITUTE BÀCX 10 p

X=ü *[tr
Ä(K,DC)=1.D0
Â([,Dc-f) =o,D0
Â([,DC-Xfi)=0.D0
I(Í)=0,00
c¡!I, L8QT1B(À, rno¡r,r{N,'fi ,nRo¡r,r.1,¡Ros, 0,tL, IER)
D0 95 l=2,ü
D0 95 J=2,E

sE P (I,J)=I( (J-2) *E{+I-1)
RETURJ
E!D

3:=::$yg=:9!E:=Ig=IgyiIg="13:I:L:E=Iy=::II::='i=Lg3 J===:
SUBROUÎ¡NE UVIITI'II(DUP,DVP¡ÁP¡P,I{S¡lOTI,ÎOTJ,R,DRIDF'P'U¡V,ï,. Tf,, cR, ÀLpta, yEs , t{, ¡l{, ¡ , ¡! , cRW , cRtt, lr¡FW )
I¡TE6ER T0TI,ToTJ,I,J,¡{,!,HB,t¡,tES,x0RE,III,SI,SJ,IW
REÅr*a DUp(T01r,¡oTJ),DVp(T0Tr,T01J),Àp.Àp(10rI,ToTJ),* R(IOTI),DN¡DF,P(IOTI,TOTJ),U(TOTI,IOTJ),V(IOTI,TOÎJ).* 9(Ì0TI,ToTJ),TE(T0TI,ToTJ),HS(T0TI,ToTJ)
REÄL*8 CRI ÁI,PEÀ 

' 
CRUV,CRH, URTW

REÁL*8 SB,CoEFÀ,ÂE¡. t¡ ÂÍ,ÂS,Xt, rV, ÂDZ¡y ¡ tlllEc
nEÂL*8 ¡(80),B(60),C(5O),D(50),T(80)

c--solv¡ TEE ll0r{E¡n ü EquÂTIot F08 u

IW=20
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YEs=1
t{0RE=1
!I=010 !I=¡I+1

IF (¡t.LE.5) G010 12
CnUV=CRUV*3.OD012 CotTIfirE

D0 36 J=2,[
À(1)=1.D0
8(1)=o.Do
c(1)=o.Do
D(1)=0.Do
Â(H)=1,D0
B (H)=o. D0
c(x)=0. Do
D(x)=0. D0
D0 20 l=2,XX

XE=R(I)+0.6D0*DR
B (1)ÊCOEFÄ(1¡ 1,I,J, TOlI,TOTJ ¡N¡DR, DF,U,V,II)
c (I)=coEFÀ (1,2,I, J,101I¡ToTJ ¡n¡ DR,DF¡U, v¡ll)
.[n =CoEFÄ (1,3,I ¡ J,101I,10TJ,R, DR,DF,U,V¡H)
ÂS =CoEFA (1,4,I ¡J,T0rI, ToTJ,¡,,Dn,DF,U, V,9)
Á(I)=(B(I)+C(I)+A[+Âs+2. DorDn+DF/XE) /URFuv
YÈ(1. Do-URFW)*À (I) rU(I, J)
CÁL.L SOURCE (1I SB ¡ I'J,ÎOTI 

'lOTJ 'R'DR, 
DF¡U' V,T¡,GR,ÀLPIÂ)

DUP (r,J)=DF*lE/Â(I)
20 D(I)=¡[*U(I,J+1)+¡S*U(r,J-1)+SB+DF*¡E+(P(t,J)-p(t+1¡J))+y

CÂLL TDHÂ (1,H¡À,8 ¡C, DIl)
D0 30 1=2,t{l

IF (DÂBs(U(I,J)-1(l)) ,cî. cRW) YES=o
30 u(I,J)=r(I)35 COTTItrUEc IF (ÂLPEA.G1, 0.01D0 .À[0. tLpEÁ,LT. 3.14D0) 60T0 45

D0 40 r=2 ¡üü40 U(I,ToTJ)=1.125D0.U(1,n)-0.12EDo*u(I,lt!)c45 C0!Îrf,UE
c
C--SoLVE FoR V¡ F-DIRBCÎIoI SHEEP ÀIo[c 18E RAD¡US
c

D0 90 J=2 ¡nI
À(1)=1.D0
B(1)=o.Do
c(1)=0.D0
D(1)=0.D0
Á (r0TI)Ë1,Do
B (T01I)=0.D0
C (T0?I)=0.D0
D (101I)=0.D0
D0 70 I=2,ü

B(I)=COEFÀ(2,1,I,J,TOTT,TOTJ,R,DR,DF,U¡V,g)
C (I ) =COEF.Â ( 2, 2, I, J, TOTI, TOTJ, R, DR, DF, U, V, ìI)
ÁT -COEFÀ(2,3II, J,ÎOTI,TOÎJ ¡¡,DÀ,DF,U,V,ì¡)
AS =CoEFÂ(2,4,I, J,10îI,ToTJ,R, DR,DF,U,V,ll)
Â(I)=(B(I)+c(I)+AÍ+Às+Dn*DFlR(I) )/lrRFlrv
Y=(1.Do-ttRFw) +Â (I) *v(I, J)
CÂLL SOURCB (2I SB,I,J,TOTI ¡TOTJ,R, DR'DF 

'U'V ¡TE,GR,ÁTPBÀ)
DVP(I,J)=DR/.Ä(I)

7o D(r)=Â!.v (r,J+1) +.AS*V(I,J_1) +SB+DB*(p (I, J) _p (r,J+1) )+y
caLL lDt{A(1¡101r,Â,8,C, D, T)
D0 80 I=2,ü

rF (D¡Bs(v(I,J)-1(I)) .cT, cRUv) YEs=o
80 V(I,J)=T(I)9O CO¡TI¡UE

lF (YES ,Eq. 0) C010 96
X0RE=09E YgS=l

IF (HoRE,EQ. LÂ¡D, !I .LE. IW) C0T0 10

c--cÁl-clIlÂlE TEE ÍÂSS SoURCE E
c

YES=1
ÂS=-10OO0.D0
D0 240 IÈ2, Ìt

¡E=R(I)+0.6D0*DR
XL=B(I)-o,EDo*DR
D0 23o J=2,n
Y=DF+ (TTTU(I-1IJ) -IB*U(I, J) )* +Dt. (v (r,J-1)-v (r, J) )
tF (r .EQ, 1r .ÂtD. J .EQ. [) C0r0 225

IF (DABS(Y) .CT. cRü) YEs=o
IF (DABS(Y) .LT. ÁS) c010 226
ÀsÈDÁBs(y)
SIÈI
SJ=J
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228 COIIIIETIE230 Hs (I,J)=Y
?4O ColTrrrrE

SRITE(8,300) [r,CRUV,X0RE¡AS,SI¡SJ,TES
300 FoRltÄT (T2, ,[I (Uv)=, ¡13,, ¡ CRUV='¡D14.6,,¡ xoRE=,,I1,

XÄX íÂSS S0URCE=r,F9,5,'¡1 I=,,12¡, J=¡¡12¡¡, YES=',11)

C..CORn!CI U Á¡D V IF TEE IIÁSS SOURCES ÂNE ¡OT SIIÂII. ENOUCB
c

IF (rES ,trE, 0) C0T0 400
CÀLL PRESS (ÂP.ÂP, DT'P,DVP,U ¡ V,ÎOTI,ÎOîJ,R,DR,DF,* H,Íl{,[,trtr)

c
C-.CORRECT TEE VELOCITY FIELD

D0 320 I=2,üH
D0 320 J=2,8

32o U(I, J)=U(I,J) +DUP (I,J)* (ÀPÀP(I,J) -ÄpÄp(r+1,J) )c IF (ÁrPEÂ .cT. 0,01D0 ..ÀXD. ÄtptÁ ,LT, 3.14D0) C010 s{O
D0 330 I=2,tlll

330 U(I,T01J)=1.125D0*U(I,!) -0.12800ru(I, [¡)c34o c0[lfnltE
D0 sEO I=2,}t
D0 35O J=2,t¡

380 v (¡,J)=V(f, J)+DVP(I,J) r (ÂPÄP (I ¡J) -ÂPÀP(r¡J+l) )400 co[llnuE
RETUR¡

c====.EJ:-=:--=
CI flDI{Â SOLVES LItrEÂR II,GEBR¡ Eq'S (IRIDIÁCOIÀ¡,-IIÂIRIT .[T,GORIT$I)

lDltÀ(ll,[, Â,8,c, D,T)

) =P(I) *1(r+1)+q(r)
-1(r ,cE. ¡r) c0T0 20

solvEs TIE ¡{ol{ErTlr[ EquÂÎIo[ FoR L (F-DrR8CTr0[ SsEEp)

140

145

SUBROTIlItrE I¡HTUII(ÂPÁP,TOÎI,TOTJ,R,DR,DF,U,V¡g¡FRE,CFRE,I lt, üIl, r , Í!, cR¡t, uRFr )
IITECEn 10lI,ToTJ,I, J,ü,n,HI{,f[,YES¡NoRE¡¡I,Iï
RÊÄL*8 ÂpAP (T0Tr,10TJ) , y(Totl 

I T01J) ¡+ R (TOII) ,DR, DF¡ U(IOTI,IOTJ) , V (TOTI,ÎOTJ )
REÄ.IT.8 FRE,CRY,UNFT, CFRE
REÁLI.8 COEFA,Â8, AII¡¡Í¡ÄS,BPII,Y, IITEC
REÂL*8 A(60),8(5o),c(5o),D(50),T(60)
I9=20
tI=O
YES=1
fi0RE=1
II=III+1

IF (trr .LE. 5) G0T0 1¿t5
CR9=CÀIi6.0D0

CO!TIÍUE
D0 160 J=2,f,

Á (1)=1.D0
B(1)=o.00
C(1)=0.00
D (1)=0.D0 '
Â(To1I)=1. D0
B (To1I)=0. D0
c(To1I)=0, D0
D(ro1l)E0, D0
D0 f50 I=2,1t

B (I)=CoEFÁ (3,1,I, J,r0TI,10TJ,R, Dl,¡DF¡U, v¡ta)
C(I)=coEFÀ(3,2,I, J,T01I,101J,n,DR,DF,U,v,ll)
Á[ =COEFÂ (3¡ 3¡I ¡ J,TOII,TOÎJ,R, DR,DF,U¡ V,If)
Âs .coEFÀ(3,4,r, J,toTr,1orJ,n¡Dl',DF¡U,V,¡l)
Y=2 .0DorDR*DF*R( I )
À(I)= (B(I) +c(I)+A¡+ÀS) /UnFr
BP|=Y*FRE+(1. oDo-UnF.l|) *Â (I)*g(l,J)
¡PÂP (r,J)=r/Ä (r)

, H,f,r,J
r (50) ,B (60), c(60),D (50) , r( E0) ,p(50) ,o (60)

/Å(r{)
/Å(ü)
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150 D(r) =Ân*y(I ¡J+l)+¡S*t(t,J-l)+Bpg
CÄLL TD'{Ä (1,TOTI,A, B,C,D,T)
D0 1ES I=2,ü

IF (DÂBS(ll(I,J)-1(I)) .cÎ. CRY) YEs=o
155 Ë(I,J)=T(I)160 Co¡TrtuE

D0 17O r=2¡ü
17o ì¡(I|10TJ)=1,125D0*Il(I,[)-0,125D01¡r(I,¡[)

IF (YES.Eq. O) G010 1S0
X0RE=01S0 YES=1c rF ((HoRE ,EQ. 1) .Á¡D. (!I .Lr. rï)) C010 140

c
c--c0nREcTr0[ 0F lt lfD FnE Br uslxo t{Äss c0¡sERvÄÎIot¡
c

ÀB=1 . 57079632 7D0 - I[ÎEc (101¡,ToTJ ¡I{,R,DR,DF)
CFnE=ÄE/ItrTEc (T0TI, ToTJ ,lP¡P, ¡, DR, DF)
Y=O.ED0
IF (DÁBs(CFR¡/FRE),cÎ, 0,1D0) Y=0.010o
FRI=FRE+CFRE,IY
D0 200 I=2,H
D0 200 J=2,!

2o0 s(I,J)=s(I,J)+ÁPÂP(I,J)*CFRE*Y
D0 21o t=2,H

2LO 9(1,10TJ)=1.125DO'H(r,r)-0.126D0'ra(r,!r)
rP ((tloRE .Eq. 1) .ÂED. (!I .LT. Ilt)) c010 140

rRrTE(8,40O) [r ¡ CRï¡üoRE¡ CFIE,FRE
400 FoRtlll(12,,1I(g)=,,f3¡'¡ CBt=,,014.8¡¡| I{oRB=,,11,

FRE=' ¡F12.6, ', FRE(R0)=', F12.6)

D0UBLE PRECISI0! FUrCTf0t lIÎEC (T0TI, ToTJ ¡ I,R¡DR¡DF)
In180Et. T01I,toTJ, r, J,r{, n
REÄLI8 I(lOTI,TOÎJ),R(¡OTI),DR,DF¡SI'ü

ü=l0fI-1
t=T0TJ-1
lETEG=0,D0
D0 10 l=2,lt

Sltü=O.D0
D0 20 J=2,8
slrx=sltx+I (I,J)

Inl8G=I¡TEc+n( I) r'SltH
InTEG =2 . DOr¡DR*DF* InTBG
ÀElUR!
EED

C* E¡ERCY¡ SOLVES T¡E B¡ERGY EQUÁTIOT FOR TI BT TEE ÍTD}I!¡ (F-SIIEBP) .
SUBROÜTIEE EIBROY (101I ¡ TOÎJ,Ì,¡ DR, DF¡U¡V,T,1!, PR,I{,IIII,I,!8,

* CBIE,URFTE)
IÍÎEGER T01I,ToTJ,¡'l,lît, ¡,![¡I ¡ J,yES,xoRE,ÍI, IT¡
REÀr*8 Ê(101I),DR¡DF,U(101r,T0TJ),V(101I,10TJ),TE(T0Tr,T01J),,| Pn,cÀTt,u¡rTa,ï(101r,ToTJ)
REÂtr8 C0EtÍ, ¡E,Äï,ÀIr,ÄS I XE,I9, BPTE, y, rnTEc, Sl,{

_ REIL*8 Â(50)¡t(50),C(50),D(s0),T(50),prl3.141Ë926535898D0/

YES=1
ü0RE=1
IT¡=20!I=015 !I=lI+1

rF ([r.LE,5) C010 16
CRTE=CnT[+5.0D01e co¡TrflrE

D0 3E J=2 rl
Â (1)-1 . D0
B (1)=0. D0
c (1)=0.D0
D (1)=0.D0
Â(101I)=1. Do
E(T0Tl)=0. D0
C(T0TI)=0. D0
D(101I)=0, D0
D0 20 l=2 ¡tl

I(Ì)=C0ETE(1,I,J,T0TI,T0TJ,n,Dn,DF,U,v,pR)
c(I)=c0ETE(2,I,J,10TI,T0ÎJ,R¡DR,DF,U¡v,Pn)
ÄÍ =C0E1E(3,I,J,T01I,101J,n¡Dn,DF,U,v,pR)
ÄS =COET8(4t ¡,J ¡TOTI,TOTJ¡ B¡DR,DF,U,V¡ PN)
¡ (I)"(B (I)+C(l)+Â[+¡s) /URFTI
Y=(1. D0-LRFT¡) *A(r)
BPf t=Y+Tt(I, J) -2. Do*DR.DFTR(I)/ (pnlpI) *9(r,J)

20 D(I)=ÄE*TE(I, J+l) +ÂSrlE(I,J-1)+Bplt
cÄLL TDIÀ(f ,T0TI,.Ât B,C,D,Ì)

20
10
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D0 30 1=2,H
IF (DÀBs(Tl(I,J)-T(I)) .cT. CRTE) TEs=o

30 Tl(r,J).T(I)35 CO¡TI¡I'E
C--B0ttÍDÁRY C0lDITl0n FoR lEE SYITHETRIC LIDE (DTS/DF=o)

D0 50 I=2,ü
50 TE(I,ToTJ)=1.125D0*T8(I,¡)-0.12500*îs(I,t!)

rF (YES .Eq. 0) CoTo 67
HORE=Oø7 YES=1

rF (HoRE ,Eq, 1 .ÄrrD, !r ,LE. rlE) C0T0 15
ratIIE (6, 100) !I,CRT8,üoRE

100 F0R¡íÂT(T2,,lI(1l)=,,13¡,, cRÌl='tD14,6,,, íoRE=,,12)
REIUn¡
EIID

C* FU¡ICÎIOT ¡COEÎE" CÂLCI'rLÄÎES COEFFICIEÍTS OF Â'S FOR TB-EqUÀIION

DOUBLE ÞNECISTOE FUICTIO[* COETE(IIDEI¡f ¡ J,TOîI,TOTJ,R,DR,DF,U, V,PR)
I¡TECER IEDEX,I, J,101I ¡101J
NE¡L.8 R(TOTI) ¡DB,DF¡U(101I,TOTJ),V(TOTI,TOTJ),P¡
NEÂL*8 TI ¡ YY,FF, DD,IR,IP
ÄP (Il, Yv)=DIAI1(o.D0, (1.Do-o,1Do*DÁBS (lI/yr) ) *rE )

c0l0 (10,20,30,{o), rtDEr
rRIlE(6,*) 'SRO'C ItrDEI OF A-S FOR TE-EQUÀTIOf,,
s10P

TR=R(I)+DR/2.D0
FF=XR*DF*U(I,J)
DD=IR*DF/DR/PN
IF (I .EQ. TOTI-1) DD=2,Do*DD
C0ETI=DD*¡P(FF¡DD)+DltÀ11 (o. D0, -FF)
c0T0 60

c0!1r¡uE
rF (r .cT. 2) c0T0 25

C0ETE=0. D0
G0T0 50

IR=R(I) -DR/2. D0
FF=TR*DF*U(I-1¡J)
DD=In+DF/DR/PR
C0E1!=DD*ÂP(FF¡DD)+DIlAll (0. D0,FF)
c010 60

FF=DR*v(I,J)
DDTDR/ (N(I)*DF*PÌ,)
IF (J .EQ. TOTJ-1) DDc2.DO+DD
C0ETI=DDrÁP (FF ¡DD ) +DllÂ11(o. D0, -FF)
c0T0 50

FFÉDn*v(I ¡J-1)
DD=Dn/ (R(I)+DF*Pn)
IF (J,EQ,2) DD=2.Do,DD
CoEIE=DD*ÀP (FF,DD)+DllÂX1 (0. D0,FF)

c0[Tr[ttE
RETURI
EIID

c45

EO

100
160
200
300

suBR0uTI¡E oUTPUT(!I1,î0TI,T01J,U,V,9,Ît¡gS,CBUV,CRÏ,CRTS,CFRE,
* !t, t{t{, [, [!, YEs )

f ¡tBcER tr1,101t,îoTJ ¡N,r'tn,¡,[Í,yEs, r, J
REÄf, *8 U(T0Tr,r0TJ),V(î0rr,T01J),H(T0TI,10TJ),T¡(101r,ToTJ),* üs(101r,10TJ) , CRIw , Cns ¡ C¡TE , CFRE

9nITE(8,+) ¡'Ê'tÉ-=:=-=È=> REstLIs FRolr ITEn!TI0I ,,nIT
ïrlTE(6¡*) , ---- U VEL0CIIY ----'
D0 10 IÈ2 ¡ ll¡{

LRITE(8,1o0) (u(I,J),J=2¡T0TJ)
YRIÎE(8,*) ' ---- v VEL0CITY ----'
D0 20 I=2,1tgRrlE(6,100) (V(r,J),J=2,[[)
LRIîE(S,*) , ---- ¡tÂSS SottRCE ----,
D0 {5 I=2,H

rRrlE(8,150) (HS(r¡J),J=2,[)
snIlE(6¡*) ¡ ---- ¡r VEL0CIÎY ----,
D0 40 I=2,N

l¡ßIÎE(6,200) (v(I,J), J=2,10TJ)
ïÀr1E(6,*) ' ---- Ì¡ = (î-rï)/(A/x) ----'
D0 50 I=2,1t

SRITE(8¡1o0) (TE(I,J), J=2,ToTJ)
l¡ßrTB(6,300) trl,c¡,uv, cR¡a, cRlr¡CFRE,y8s
F08ü,AT ( (T2,8(Dl4.7, fr) ) )
FoRr{ÂT ( (T2,12(FS.6 | 1r) ) )
FoRHÄT((T2,12(F9.7,1r) ))
FoRltÂT(12¡,É==> nll=',14¡,, cÀUV=' ¡D13.6,, ¡ CB9=, ¡Dls.6,,, cRTr., ¡
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YES (IlÂss sollncE SltÂll.?)=r,12)

,lErI,T011¡T01J,lt,tfi ,t¡,!r,u,vrr¡T¡,cR,pR,FRE,. ÁLPEÀ)
I¡TECER IIIT¡ T[f t,î0TI,T01J,H,t{It¡¡,tr!, ¡¡ J
REÄL'8 U(T01r,10TJ),V(101I¡10TJ),Í(T0Tr,10TJ),T¡(T01I,T0tJ),* FRE¡GR¡PR,ALP¡À

'IEUSSLTÍ CÀI,CIILÂTES IIUSSELT NU BER IURO(81) ÄIID 
'U(DE,¡l)

SUBIOUTIIIE IUSSLT(TOTI t TOTJ,¡{, ¡,ï, TE, ÂPÂP, R, DR, DF)
TETECER TOTI,lOlJ,Ì{,Í,I,J
REÂL*8 ra(T0Tr,101J),18(101I,10TJ),R(T0Tr),ÁpÂp(T01I,ToTJ),* DR,DF¡rEÎEC,IURO,¡¡UDE,Prl3,1415928535898D0/
D0 800 I=2,¡{
D0 500 J=2 ¡!600 aP¡P(I,J)=¡¡(I,J)*TE(r,J)
!URo=-PIl (2. D0,|(PÎ+2,D0) ) /IrrEC (10TI, To?J, ÀPAP,n,DB,DF)
¡UDE=2.DO*PIl(PI+2, D0)*[URo
SRITE(6,r)'lUssELT [0, (¡URo,¡1)=',[URo,,nU(Dl¡11)=,,!tD¡
IIRITE(23, *)'!üSSELT [0. (rußo,81)=,,rURo,'rU(D¡¡81)=',[uDE
NETUND
EID

//G0.FTloFo01 DD Ds¡=qLEL nU¡ DISP=SAR
//c0.FT11Fo01 DD Ds[=QLEI.Rv,DISP=S[n
I lGE.FTt2Fool DD DS¡=qLEI. RÌI¡DlsP=SER
//CO.FT1sFO01 DD DSI=qLEI.RT,DISP=SER
//C0.Frz0F0o1 DD DSI=qLEL tlu, DIsP=oLD
//c0. FI21F0o1 DD DSI=QLEI.sv, DISP=oLD
I lGo,F122Foo! DD DS!=QLEI. gH,DISP=oLD
//G0,FT23F001 DD DS!=QLEI . ïI, DIsP=oLD
//CO.FT2EFOO1 DD DS!=QLEI. SPI DISP=OLD
//c0.sYsMD *
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Appendix C

Estimating Effect
Heat Conduction
Flux

of Axial Duct
on Inner Heat

The analysis considers a piece of the solid duct (whose cross section is shown below)

with an axial length AX, a thichness á, and a perimeter P. If peripheral uniform

conditions and no heat losses through the insulation are assumed, an energy balance

for the duct resuits in

(q:: - q:;')AxP : A"(s-"- q:.1,,) (c.i)

rvlrere qj and q!' arc heat fluxes at the outer and inner surfaces of the duct, respec-

tively; q,; anð, qlj. are heal fluxes into and from the duct atea A", respectiveiy.

q::LXP

q!¿'AXP
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Ifthe iemperature disiribution at L, is assumed to be unifo¡m (e.g., represented

by a peripherally-averaged wall temperature I-), q:J; and qlj" can be related to the

axial wall temperature gradient, as

(c.2)

rvhere &- is ihe thermal conductivity of the duct. Thus, the difierence of the heat

fluxes relative lo qlj can be expressed by

q.r: -1.,(k), and s:J": -k-(k)"

S': - S:;' A"k- t,Al,-, ,ôL, I
s: : tx rn';\t 6' t; - \ ÔX )")

Assume that f- can be approximated by

l*=AXz+BX+C hence þ-reX*A
For the shown locations of stations 3, 4, and 5, the constants A and B are given by

^: hf9 - î-^ +tî) and a : fif+t-^ - tt,,B - t*r) (c.5)

If AX - 100 mm,

tkl,:(þ),=uo^- and rkl"={fu),=,uo^,

215

(c.3)

It is recognized that signifrcant effects of axial heat conduction occur near

the beginning of the heating where the change of axial wall temperature gradi-

ents is most ma¡ked. Therefore, the gradients a¡ound station 4 are examined.

X (mm)

(c.4)

x:0

(c.6)



For the lowest heating rate (experiment 0R20 in A,ppendix E), C:: - 2u.28 W lmz

and thus

A"k_ 0.3431i x 10-3(mr)110(W/m"C) _Tffi=ffi=0013836(n/'c)
For ú,. - 24.57 "C,l.a = 24.90 "C, and I-5 = 25.02 'C, A - _1.05 x 10-5 oC/mm2

and B : 4.35 x 10-3 'C/mm. Then,

A¡(#\ = 2(-1.05 x 10-5)50 * 4.85 x r0-3 = 8.3 ("c/m)

r4Ll - 2l-1.05 x 10-E)150 * 4.85 x ro-s - 1.2 ("c/m)\ôxlo - -\ '.

Using equation (C.3) thus gives the relative diffe¡ence of the heat fluxes:

q! --q!' - 0.01s886(s.3 - t.2) : 0.029 x J%
oll

Similarly, using the data oI experiment 0R84 for the highest heating rate, the heat

flux ratio is about 0.5%.

In summary, the above one-dimensional analysis has demonstrated that, in this

experiment, axial heat conduction through the duct v¡all influences inner heat fluxes

or fluid-wall heat t¡ansfe¡ coefrcients within *3%. The efiects diminish as the

change in axial wall temperature gradients decreases.
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Appendix D

List of the Computer Program
for Experimental Data Reduction



//QlEl JoB,r,,T=15¡I=10,L=1o,,,,QLEr,,!oTrFY=QLEI
// EIEC s¡,ÎFI V , SÌ zE=568K
//C0.FT10F0o1 DD DsD=qLEl . EI PII , Df SP=SER
//G0. F112F001 DD DSI=QLEI. EIPtrUD.Â,DIsP=oLD
//C0.FT13F001 DD DStr=QLEI.EIPDS,DISP=oLD
//sYsU DD *
tJ0B sÁTFrV QLEr,f0EX1

cÂI.t

C* lBIS REIDS ßIPERI}IEITÄL
cr
c.
c.
c

C,r EÂ = ENROR BÁ]-ÂICE N.ATIO (1)
C. QF = EEÂÎ GÄIT BY Î!E FLUTD
C* REll, GRI{P, RlllP = REYIoLDS, CR, RÄ ÍUHBERS BÁSED 0r (1BI+180)/2, 1-D
C¡ RE,CRP,¡ÁP = LOCÂL NEYIOLDS, GR, RÀ II'HBERS (1.D)C¡ RE, CRP,¡ÁP = L0CÂL
C* [U]t,¡ltHn,nã18 = ¡'l

RE,CRP,¡ÁP = L0CÂL nEY!0LDS, cR, RÀ fltHBERS (1-D)
lult,¡Ufi,nãÎE = ¡|EÂ! IUSSELT II]IIBERS (SEE DEFI'IÎI0IS) (1-D)
¡U = LocÀL lU (2-D)

-I¡PUÎ TIE LOCÄTION OP TIERIIOCOUPLES Â[D FLUID PROPERT¡ES

ßEÀD(10,t) (z(I).I=1.12)
REÂD(10, *) (z(t, ,I=13,22)
D0 10 I=280,386,5

10 REÁD(10,*) DB¡(r),Cp(t),VrS(I),XF(I),pR(r),EXPC(r)
c
c--REÀD TEHPEn¡ÍuRE G0RRECTI0I EQUÀTI0Is (Î=Tc(1,I, J)*I+Tc(2,I ¡ J) )
c

D0 20 I=1,23
!=3i IF (I .LE. 2 .0R, I .CÊ,, 22) ú=2
D0 20 J=1,[

20 nEÂD (10, *) TC(1¡I,J),TC(2,r,J)
c

!=1
C--! = IO. OF DÄTÁ REDUCÎIO¡S (IF E=I.I, It SETS OF ETP DÀÎI ÂRE I.À!TED)

D0 100 t=1¡t¡
cÀ:,t DÀTÂI! (z¡ T¡ lC,DEI, Cp, VIS,XF,pR,EIPC,TIÎJ.E,T:¡,* 10u1 ,ltas s , QE, HH!20, Tll )

¡cP)
P, RÄt{P, Zr ZP, BE IcP,vIs,x¡, PR,EXPC,
f,u{, nnfi, ¡t I{18)

üs20, FF, REH, CRüP I B¡xP, PR¡t, TrE, T0U1,
P, T, 1II,T8Z,8E, PRZ,RÁP,TU,!t'X,
¡¡cnP, IRÀP, IIU, Imltl, f,Uü¡,lUüÎS)100 c0ÍÎI[uE

STOP
EIDc=====-=-!-=-=

CI NDÀÎAIII" NEÀDS BIPERIIIEIIÎÂL DÂTÀ, CORIECTED I ÂVERÀCED IEI{PS
c=====:=-=-È-=

SUBBOUIIIE DÄTÂI[(Z¡1,TC,DEf ,CP,VIS,IF,PR,EIPC,¡TTLE,lII,* T0u1, HÂS S , qE, Xü82 0 , Tr{ )
REÁt z(24),T(24,3) ¡Tc(2,2{,3) rDE (388),cp(385),vIs(3s5),xF(s8E) ¡r pR(385),EtpC(385),Trt,T0U1,üASS¡qE,!tüt20¡Îtr(24)
GEÂRÂClER TfILE'80
ITîEGER I,J,Í.!,IT,9¡l4/
BEAD 30, îIî',E

30 ForuüT(Ä80)
c

ITTEGER I, J,I
BEÁr, Z(24) ¡ 1(24¡3),îC(2,24,3),DE¡ (386), Cp(38Ë), VrS (385),ÍF(386),

* PÂ(385),EIPC(385),1r[,ToUT,ltÂSS,qE,]fiE20,Ttr(24),Fp,* TBI,TBO.EN,OF
REÄL REH,CNtp¡ R-Urp, Zp(24),RE(24) ¡ Anp (24) ¡RÂp (24),n lt(24),¡U(24,3),. lgz(24) ,pRZ(24) ¡ 

pRlt, p¡, r1BZ(3) , rRs (3) , rpRZ (3) , rzp (3) , rcRp(s) ,*-, - l!4!(91!rgu(3,3) ¡ r[uü(s),trr,üE (24), [mfrE( 24)
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40

EO

D0 40 I=1¡23
READ, T(r,1),T(I,2),t(r,3)
nEÄD, TI¡¡,10U1,t{ÀSS, QE,t{üE20
TI¡=(î1!-32.O)/1.8; T0U1=(10ur-32.O)/1. e

D0 50 I=1,23
l=3i IF (I .LE. 2 ,08. r .EE, 22) E=2
D0 50 J=l,I

1(I ¡ J)è(1(r,J)+Tc (1,I, J) *T(I,J)+Tc(2,I,J)-3t) /1 .8
c0[1r[uE
1(3,3)=o.6' (1(3,1)+1(3¡ 2) )

D0 A0 I=1,23
IF (I .LE. 2 .OR. I ,CE, 22) TIE¡I DO

Îx( I)= (r(r,1)+1(r,2) )/2. o
ELSE DO

Ît{(I)= (r(I,1)+1(l,2) +(r¡-2)*1(I,3) ) /ïF
E¡D IF

c0[TIttuE
NElUR'
EIID

1=1Et{+273,1E i I=T/1O; IT=T
I1=I*10; IF (lT .08. I1+5) Iî=I1+E
FP"c(IT)+ (c(I1+5)-a(lT) ) 'i 

(T-IT) /5, o
RElUÈN
EID

C¡ IITBCORRfr CORRECÎS TIE BTILX ÎETIP t D[]ES ÂD EAERCY BALÂNCE

su8RoltlI¡E lBC0Rn(1IF,ToUT,Tlt,lltss,QE,TaI,TB0,ER,QF,Cp)
REÂL 1r!,1oUT,fH(24),tÂSS,qE,ÎBt¡Tto,ER¡qF,DTDZr,DÎDZ0,

* xP/110. 0/,Àc/s43, 112'rB-6/,18Ä,Cp(385),Fp,r
I¡TECER I,J

c

. o/5.0)/108.0r1000.o
2) ),t22. lA. O) / 28O.'1OOO. O

,10u1)

8:.:Èås:lgEgM=+f, .r=9gr!=LåEu9LyÄtsE!=::====_==== _===:=*:
suBRoul¡lE r{Âr[(TBI,1B0,Î]t,Ì,llÀSS ¡ qF ¡ ]!t820 , REI{, cHtp , B¡}tp, Z, Zp, AE,r CRP,RÀP,!I'Tf,¡U,1BZ,PRZ,PR.I{,FF,DE[,CP,VIS¡trF,PR,,ETPC¡* IÎBZ,¡RT,IPRZ,IZP¡ICNP,IRÄP¡IIru¡INÜH,N't{S,¡U}ÍTN)
REÄt REt{¡CnHp,RÀüp,Zp(24),nE(24),Cnp(24),RAp(24),¡tH(24),nU(24,3),I lBZ(24' ,pAZ(2{),pn¡t, TBI,TB0,lI(2{) ,1(24, S),IllSS, qF,¡$820,

* z(24) ,FF, rlBZ(3) ¡ rnE (3),rpRZ(S), rzp (3), rcRp (3) ,r¡U(3,3),* rRÁp(3),Inñ(3),nurß(24),!uH18(24)
REÁL Dt /0 . O3O4/, ¡FL 1972 ,29OAE-Û/ ,DEE (38 8 ) , Cp ( 386 ) ,+ Pn(s85) ,Erpc(366),VlS (386),IF(386) ¡ TBH, ArE/599.6853E-3/,+ 11,x2,13,14,u,R¡lz,Àtu,ÄxF,!DE[,FP

c IEÎECER r
1lü=(18I+rB0)/2. o; U=FP(VIS ¡ IBH)
R=llÂss*Dt'1000000. o/ÂFL ; R8H=R/u; ÂDEtrÈFp(DEr,lBg)
11=(u**2) *Fp(tF, tBx) rÀsE
o¡llPÊ(¡DEÍ*.2)*FP(EIPc¡ TBtl) *1000000. or,9. 81*qF*(Dlrr4) /11
PRHÈFP(Pß,TBü)
RAIIP=P¡]I+ GRTP
FFÈüü!20*9. 789U2,o*DE*.ADEI¿ (AFLÛ*2) / (¿1. 8sa*ü!ss**2)

c
.À!uÉqF*D¡/ÂgE
D0 10 I=3,21

TBZ(I)=rBI+(IB0-TBI) *Z(l+1) /4688. o
1z=1Ûz$)
RE(1)=R/FP(vrs,1z)
PRz(I)=FP(PR,TZ) ; ¡XF=FP(xF,Tz)
zP(I)=z(I+1)/1000. 0/DE/R!(r) /PRz(I)
u=(FP (vIs, 1z)**2)*.aEF*Â98
0ÀP(I)=(FP(DE¡,TZ)**2) r1000000. *Fp (EIpc,Tz)rs,81rqF* (Dtr*4) /tl
RÄP(I)IPRZ(I) *CRP(I)
[u(r ¡ 1)ÈÂEU/À¡F/ (T(r ¡r) -ÎEZ(r) )

REÂI FUIICÎTO¡ FP(G,T4I)
REÁI G(385),TE¡{,7
IIITECER I?,I,IT

l=¡IASStFP(CP,1In)
DTDZI=( lTt{(3)-Tt{l
DTDZ0=-(
lBI=1I¡r

2L9



¡U(I,2)=ÂlU/AlF/ (T(I,2) -1Bz (I) )
nu(I ¡ 3)=ÀEU/ÀKF/ (1(r,3) -182(r) )10 ¡lrlr(I)=Àru/ÀxF/ (T¡t(I) -TBz(r) )

c
C--I¡TENPOLÀTED VÁ¡.UES FOB SÎÁIIOIJ O 10 2 ([01 }IEÂSUBED)

D0 20 I=1,3
ITBZ( I)=1Bt+(TB0-TBr)*Z(I) /4e88.0
1z=ITBz(I)
IRE (I)=R/FP(Vl5,1z)
IPRZ(I)=FP(P8,12) ; ÂRF=FP(xF,1z)
Izp (I)=z(r) /1000. o/D!/rRE(r) /rpRz(I)
11=(FP (vIs, Tz) +*2)*ÄxF*ÁïE
ICRP(r)=(FP(DEI,12) **2),]1000000, +Fp(EIPC,TZ) *9. 81*QF. (DE*14)/11
IRIP(I)=IPnZ(I)*IcRp(I)

I¡u(r,1)=.à¡U/¡xF/ (T(2,1) +(1(3,1) -1(2,1) )/so, * (gE, +z(r) ) -rTBz(I) )
IIU(I,2)=Ánu/rIF/(T(2,1) +(T(3,2) -T(2,1) ) /90, * (gE. +z(f) )-ITBZ(r) )
rtü(r ¡ s)=Âru/ÂtF/(T (2,2r+Gß,3> -1(2,2) )/sO. * (35. +Z(r) ) -rrBZ(r) )
l¡tm(I)=ÂtU/ÄÌF/ (1ll(2)+(Ît{(3) -ÎX(2) ) /80. 

", 
(35. +z(I) ) -IlBz(I) )20 CO¡TI¡UE

E-.C¡LqUI,¡TE !I'I{T BÄSED O¡ ÅVER¡GE EEÁÎ TÀ,ÂISFEN COEFFICIEI¡Tc Â[D flrHÎã
c

D0 30 I=1¡3
ruI|Í(¡)=(IltU(l,1)+IlU(I¡2)+2.oiIlu(I,3) )/4,o3o Íut{Tf,(I)=(rnt (I)+!üt (r) ) /2. o

D0 {0 I={,22
nuüE(I)=(nu(r-1¡1)+!u(r-1,2)+2.o*ru(r-1,3) )/4.o40 run¡ (t) =([ux(r-1)+!lr]lt(r) )/2,0

RElUNX
EIID

c=====-=-=Ê==È==Ci "OTITPUT¡ PRINTS ÍIE RESI,I,IS I! I DESIßED FOBI{ÀT

5

10

20

c

40

50

c

¡!E ÍEsUr¡¡Þ ¿d ¡ ¡r!5I¡t!tD !u¡!Ä41

STJBROUTI!E OITTPUÎ (TI TLE , QE, qF, ER,IIXI2 O , FF, REI{ , GRUP , R!I{P, PRH, TI ¡ ,
TouT, TBI,TB0,ttÂSS, Z, Zp,1,î{,182, RE, pnz,n¡p, ¡U, ElrI{,

ITBZ, INE¡ IPRZ, IZP,ICRP, IRÂP, IIruI III'II'rulIE¡ NUHTE)
nEÄL qE, qF I ERrHI{820 ¡FF, Rtt{,c¡}lt,RÂHp,pn}l,TtÍ,10u1,T8I, TB0,t{ÂSS,

zl24\,ZPl24),T(24,3),Îtt(24),TBZ(2{),pRZ(24),RÀp(24),RE(24),
tu(2{¡3) , n }r(24) ¡ lTBZ(3) , rR8(3) , rZp (3) , rcRp (3) ,rRÁp (3) |
I¡U(3,3) , rllrH(3) ¡ Ipnz (3), rT(3,3) , r1ü(3) , ÂVEA,¡VEB,ÂVEC,ÁVElt,
rwE(24),nHTE(24)

REÀL ÂVEE, ÂVEÎI, ÄVEZP,.ÁVERAP, ÄVEPR,¡VERE, ¡VETBX, ÀVEÍ}.I, ÂVETC, ÂVEÎB,
ÂVETÄ.ÂVEZ

CBÂRÄCTER IITLE'80
ÍITBGER I,J
D0 5 I=1,3

IlH(I)=TÍ(2)+(TH(3) -TL(2) )/80. * (35.+z(I) )
IT(r,1)È1(2¡1)+(1(3,1) -1(2,1) )/90, * (35. +Z(f) )
IT (I,2)=T(2,1)+(T (3,2) -1(2,1) ) /80. * (s5. +Z(I) )
rT (r,3)È1(2,2)+(T (3,3) -T(2,2) ) /90.. (36. +Z(r) )

9Rr18(13,10) îITLE
FEîr1tT(/ I / h42,^801)
r¿RIlE (13,20) qE¡ qF¡ En
FoRNÁT(T9, TIIPUI ELECTRIC P0HEn = ,,F6,1,¡ L¡,14X,¡BEÁT RÀTE ,,¡GAIIED BY IIÁÎEN = ,,F8.1I, H¡,14X;,IEÂT BÂI¡ÂECE ERROR = ¡,F5;2,

'1,,)
Y¡IlE(13,30) ürsS+1000,ünE20,FF,FF*nEU
F0RIIÂT(19, ¡l'lÀSS FLoII RÂTE = ' tÊ7,4,' C/S,,aI, 'PBESSURE DRoP , 

¡

'= 'rFA.4¡' Ht{ 820',aI¡,FnICTI0[ FÀCToR = ,,
F8,8¡ 8I, 'FREI{ = ,,F8.{/)

raRuE(ls,40) REr{,cn}lp,ît!,T0nT
F9runl(19, 'REH = ,,P6.1,4I,,cR11+ = ,¡811.6¡41,
147',UPSTRE¡H BttLN îEI{PERÂnnE Ê ,¡F5,2,¡ DEc C,,T90,
¡D0YÍSIngAll BULX lEllPElÄTURg = ¡,F5.2,, DEC C,)

ï8rTE( 13 ¡ 50) PÀr{,RÁxP¡TBt,TB0
F0R}{À1(19, 'PRI{ = ,¡F6.3,4I,,n¡fi+ = ',811.5,4X¡T4?¡,I¡IEÌ BUI¡X IEI{PENAruRE = ',FE,2I' DEC C',TOO¡

'otllLET BUI,I TBIIPERITURT = 
"F6,2¡¡ 

DEC C'l)
rRrlE(13,54)
F0R¡{ÄÎ(19,

220



* /T9,'!0.,'T41,¡ ÁG8,'1114¡'T E T+8'l19,'---,,
----------------.-------, )

HRITE(12,82) lITLE82 F0RXÀ1(12,A26)
98ITE(12,83) qF, En, REti, CRt{p ¡ R¡t{p , FF*RE}i€3 FoRüÄT(T2, , QF=, , F6,1, ,¡ai ,,1I, ,E= ',F4.1, ,'¿ i, ,1X,,nEü=,,F6,1/*__ -_ - 12,,CÂü=,,E11, 8,, ;',1I¡'nAÍ=',E11. 6t, í,,lx,,Fnfl=, ¡Fe,4)D0 A5 I=1,3

rÀIÎE(13,90) 1-1,2(r)/t0,IT(r,1),rT(r,2),r?(I,3),Itü(I),rTBz(r) ¡

'InE(r) ,rp8z(I) , tR.[p (I) , rzp (r),r¡u(I,1) ,I¡u(I,2) ,t¡u(r,3) ,rnu{(I) ,+ nu{B(r),n }tT8(r)gRrrE(12,75) Z(t) / 30,4,r?p(r) ,aî (r,1), r1(r,2), rT(r,3),* rlBZ(1),r[U(I,1),r[U(r,2),I¡U(t|3),ItUr(r),* ¡ruíE(r),rülfIE(r)65 CoflI[tE75 FoRfiÂÎ(F6.2,1r¡F8.6 ¡ 1r,4(F4.1,1X) ¡6(F5,2,lX) )

D0 ao I=3,21
ïnrlE(13,90) r, Z (r+1) /10. ¡T(r,1),î(r,2),1(r,3),Ît{(r),lBZ(r ),* RE(r),pRZ(r), nÂp (r), zp(r),¡u(¡,1) , ru(r,2),!u(r,3), llnt(i),* EUíS (¡+1), IUüTE(I+1)
SRIÎE (12,75) ZG+1) ls), 4,Zp (Í.),r(r, 1), T(r¡ 2) ¡ T(r,3),

lBz(I) ,rU(I,1) ,pU(I,2),nu(r,3) , ¡l'{(I),[tJ}tE(r+1) , Íurrr (r+1)ao conTtDltE90 FoRttÄT(Te,12¡T1S,F5. 1,118,4(F6. 2, 1I),F6. 2,T56,FA.1 ¡T84,F4. 2,
- * T69,810,3,Îal,F7.6 ¡ 191¡6 (F5.2,2X) /)
c
ç--cÀlclrl.ÂTE ÂvERÀcE VÁLUES oVER S1ÂTI0¡S 16 T0 20c

ÁvEÂ=tvEB=ÀvEC=ÁVE{=O. o
IVE¡=ÁVETE=0.0
D0 96 I=15,20

AVEÂ=ÀVEÄ+[U(I,1)
ÂvEB=ÁVEB+[U(I ¡2)
¡vEC=ÀvEc+nU( I,3)
ÀvBH=ÂVEt{+!uH(I)
.âVEE=ÂVEB+fUflA (I+f)

95 ÂVET¡=ÅVET¡+¡I mt (I+1)
ÁVEAÊÂVEA/€. 0i ÂVEB=.[VEB/6.0
ÂvEc=ÂvEc/6. oi ÂvEu=ÄvEH/a,o
!vE¡=ÂvEB/€. Oi ¡VETã=¡VEIE/8. O

c
ÄlEZ=!VETÁ.AVETB=IVETC=ÀVEnt=0. O

ßË"åå*i3ï5l2õovEr^=ÁvEn¡p=ÄvEzp=0. 
0

ÀVEZ=AVEZ+Z(I+1) /10. 0i ¡VETÂ=AVEIÀ+?(I, 1)
ÂVETB=¡VEÎ8+Ì (l, 2 ) ; ÂVETC=ÄVETC+T ( I,3)
AVET¡I=ÂVETH+Tü(I) ¡ AVEIBx=¡VET8I+TBZ(I)
IVERE=ÂVE$+RE (I ) ; ÅVEpR=ÀvEp¡.+pRZ(I)
ÁVERAP=ÀVERÁP+¡¡P(¡) I ÂVEZP=ÂVEZÞ+Zp (f )86 Cot¡Îr¡t E

AuEz=^vEZl6, o i ÀvETÅ=ÂVEÎÂ/6.o
ÄVEIBéÀVETB/6. O; AVETC=AVEIC/€. O
ÂVETH=ÄVETX/6.o; ÁVETBX=IVEÌBX / 6 , o
ÄVERE=ÂVER8/A.Oi ÁVBPR=ÁVEPR/6. 0
À VERÂP=ÂVERÄP/6 . 0; ÂVEZP=ÂVEZP/S.O

TRIÎE(13 | 100)
ïRIÎE(13¡ 110) ÄVEZ ¡ ÄVBTÁ, ÂV818, ÂVETC, ¡VETM,ÀVETBR, ÂVER! ¡ ÄVEPR Ir ÁvEnÀp¡¡vEzp,avEÄ; ÂvEB,¡vEc,Âùtr{, ÂvÉs,ÀvEiEgnlTE(12,100)
t¡RITE(12,76) ÂVEZI3.1, ÁVEZp, ÁVE1.Â, AVE18, AV8IC, ÁVEIBI.* ÂVEÁ, ÂVEB ¡ ÀVEC I ÀVE¡I 

' 
ÁVEE' AVEÎE100 FoBIIÂT (19, , ÄVERÀCE VÂLltES T¡nOUCS STÄfIonS 1E T0 20!¡)110 F0RüÂt(11s,F5. 1¡T19,4(F6. 2,1!),F6. 2,156,F6.1,T64,F4.2¡* 169,E10.3,181 ¡F7.5,T91,6(F5,2,2X)/1â,

c '":::::::::::::::::-:::-:::-- ------------l;r
NETURI
EED

IETTNY
EXPERIIIEIÎ On81 --- DEC. 23, 1e87 È====:=:

Iï:Tt" lï:t8 :18:88 .-- rExP IIPUT FoR ErP oR81

107.75 108.40 1ô3.0O114.20 112. A5 10È.86118.70 11S.30 10a.20
123.30 122.10 111.30
126.80 126.66 114.30130,t0 128,40 119.30
133.10 131.05 118.30138.S5 134,3ã f23.901{O,66 138.95 t2?,10
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Appendix E

List of the Experimental Data

The following experimental data were coliected at the Heat Transfer Laboratory of

Mechanical Engineering Department at the University of Manitoba. The flat surface

of the horizontal semicircula¡ duct was at the top (0R: zero rotation). Stations 0

to 2 give interpolated values and the measu¡ed data are listed from station 3. The

symbols used in the tables are defined as follow:

A, B, C = A and B: symmetrically at the top surface; C: at bottom

PR, RA+, RE : local Prandtl, Rayleigh (Âø), and Reynolds numbers (.Re)

FREM, GRM+,= f Re, Gr, Pr, .Ra, and .Re, respectively,

PRM, RAM+, based on the average of upstream bulk temperature

REM and downstream bulk temperature

T, H = indicating average Nusselt numbe¡s based on average wall

temperature (T) and average heat t¡ansfer coeficient (H)

T+H : average of the above two Nusselt numbe¡s

TB : bulk tempe¡ature

Z, Z+ - axial length, Z+: Xl(DhRePr)



HEÀ1 RÀl.E 6ÀINED B} IIIIEN r ì2€.9 h HÊå: BÀLÀIICE ERROI! = 3.791
Pn¿ssun! Dnop . n.1299 t,)1 t12c FnrcfroN FÀc10n r !.0?633-: ?RE!¿ , tt,3?7t

UPSTNEÀH BULTI 'TEMPERÀîURE ' 23.'1 DEG C DOIINS'TREÀI¿ BU!i:1E9PERÀ1UR: : 26,'1 ÐEG C
¡NLET AUIII 1II.IFERAIUNE : 23,?1 DEG C OIIIIE'T luLii'TEHPERÀîUR' = 26,1Tr D¿G C

¡nPU? ELECTRIC FOçEn = 131,0 ç
' r ì.159rr 6/s

REr4 = l0r.: GnHa = c.95353E 06
PRll = 6, 111

1r0!¡ cs c ÀvEp' icl c ____- ÀVERÀG¿ _____

';"";"i--t;-.i:--t;-.;¿--r1-.r1--,;-.;i-r;-.;;---'ì;;.;--;.3;--o;;;;;-;:--;-;;;;:--':;'r;--;;:;;--;;.¿;--,;.;;--;;:;;'-;;.;;
1 1,4 21.12 24,12 24,3þ 21,lt 23,1? 39t.1 6,32 o.€.tlE O? O.OOO20 tì.?8 18.0,1 1A.63 ì3.?6 tÊ,27 i4.272 2,4 21,3ê 2a,3a 24,31 2t,15 23,13 3e9.1 5.32 0,5{rE ûr O.OOO33 tÉ.e3 17.11 17.{S \1,21 17,21 1i,213 4.5 2a.4A 21,41 21,1A 2a,a6 23,t1 3€9.6 É.32 û,5,rlE Ul O.OOO73 tr.52 I,i.33 11,6.1 t1,51 1{,6? ta.6'1 \4.5 21,79 21,1a 21,69 2t,13 23.AO 190.1 6.3ì O,51lE 0? O,OO2O? t0,33 1t.2t 12,03 tt.50 11,5r ri.525 23.5 2a,92 2:,9i 21,15 2,1,35 23.A6 390,6 6.3Ð 0,5{5E O? O,OO.31r tO.t1 9,99 11.63 tO.?9 lO.€5 10,S26 43.t 24,16 2a,ti 21,9! 25.06 2!,.9.1 391,6 6.23 0.513E O? O,OO6OA 9,OO ê,9? tl.Cl 9,90 rO.OO ,,951 ts.5 25,36 25,2i 25,22 25,27 21,1a 397,2 6.26 0.554É 07 O.O¡OO9 6,65 9,55 9.96 9,50 9:53 4,523 roa,5 25.95 25,51 25,4a 25,30 24.3? 39t,1 a.2! 0.559Ê O? O.Ot{1r 3,7r 6,?6 9,50 9.ì1 9.t2 a,r19 r35,5 25.30 25,A2 2a,!! 25,62 21,A9 396,3, E,2u ú.555E O? 0.Ot3r3 6.19 3.06 tr.37 9.46 9.?5 9,61r0 r65.? 25.39 25,A1 23,67 25,71 24,66 397.€ €,1€ O.57oE Ot O.O22l2 3.69 3.35 tO,6a 9.6ì S.?O 9.6511 2A5,2 26,A2 2a,A5 2a.Ê3 2a.i3 24,A9 aOO.O 5.t1 0.57?E A1 A.O,ila 9.43 9.21 11,36 10.26 10.35 tC.tt\2 214.2 2e,1i 26,39 2a.11 2Ê,33 2E-,12 a02.t É.1! 0,535E O? 0.0328é A,11 1,2i tú.¿3 3.96 5,OS €.9S1a 219.2 2É,51 2€,59 26,1a 2a,15 2a.23 a03.7 6.û3 c,5s1¿ O: O,O3É90 a,A2 6,21 ìr,,OC a:i¿ à,ài á,Zt1{ 305.2 26,61 26,€1 26.56 26.6A 23.4a ¡05.1 6.05 ú.596E Or ú,O,toga 1,92 ì,9É S.Sú S.i? e.er i.S:r5 333.3 2É.99 26.9a 26,6¿ 26,82 23.63 {0€.9 6.Ot O.6CZE Oj C,04{73 ?,35 7,93 ìtr.15 É,9? g.i¡ g.Og16 363.3 27.0Ê 21,Oa 28,1a 2€.9ì 25.3!. 103,6 €.OC O.6o7E 0t C.O¿373 A.32 e,53 rt.r? 9,60 ô.Sò i.?Ori 3al,t 27.rt 2i,1', 26.a! 2Ê,9È 2a,91 ¿09,? 5.93 0.6itE Ot O.05r{6 ¿.¿9 ê.9: tr.r5 ìC.OO tú.?-i 1¡,rì1E 40!\.3 2ì.22 27,2', 21.Ai 27.ìì 26.01 1t0,3 t,9É !.5i58 O? O.05{13 5.9.r 9.00 t1.O(l 9.33 9.99 5,9319 12at,a 2ì,a2 27,1\ 21.11 2ì,2+ 2e,1t, 111.9 :,91 ú.619Ê 0ì 0.05639 9.AÉ E.4tr rr,C6 9.15 9.90 è.Su2t 443.3 2i,55 21.1) 21,31 2t,4e 26,2a al3.t 5.92 0.623E ûa 0.05959 A,\1 ì,2ê 1O,11 6.?5 S.9l 5.8121 4É3,3 2t,62 27.60 21,25 21.13 28,31 111.2 5.91 0.621E Or O.06230 e,56 6,12 t2.10 1o.Oa 10.3r r0.23

ÀvPnÀGF VALUES TilFOUGli 91À11(J'¡S 1i :. 2Ll791.6 2),22 27,2i 26,9a 27,O? 23.9a ,t10.2 9.9,r O,6t3E Or 0,052Ér A,Ð A,3a ìC.9r 9,{9 9.5É 9.56

HEÀT NÀ18 GÀJNED BY IIÀ1¿R = ?{5.€ BÀLÀIICE ERROR r I,?81
PRESSURE DiOF = 0.0931 V¡t H20 FRICIION FÀC,IoR È 0.021ê3€ FREU = 8,?6¿2

UPSTÃEAì.{ 8ULX T 23.9I DÊG C DOÈNS'TREÀ'I BULIi 'TÊ PERÀîURE = 29.21 DzG CINLEI ÀUI,'i îEUPERÀ1URâ . 23,92 O'G C OUîLET DULK ,rE PENÀTüNE = ?9.23 DEG C

rNruT ELECIRrC FO!¡ÊR = 250.0 Ë
u¡ss F¡,o RÀrE = rl.0t90 c/s
REH = 401.{ Cn!+ . 0.20546E 07
PRt¿ = 5.4?4 RÀ¡,' - 0.120638 03

a 15.5

,rlFUT ELECTRTC PO ER r 613.3 ll
¡rÀss FLoN RÀ1E = 10.1100 G/5

REù = 405.9 GRH+ = 0.69015E 07
PAta = 5,212 RÀü1 = 0.363t2E 03

HEÀî RA'TE CATNSD At HÀ'TER = 593.6 BÀLÀNCE E¡FOÃ . 3.30:
ÞRESSURE DROÞ = 0.08a1 r¡-V H20 FnrclroN pÀc10R = 0.024635 FREM = 9.9t93

UÞSIREÀU BUL'i ÍEüPERÀTURE ' 2¿.2¡ DEG C DOWNSIREÀ¡' bULñ'TEMPERAIURE = 38.32 OEG CINLÞ' BULIi IEMPERÀ'TURE - 21,26 DT,G C OUTLEî BULii IEMFERÀ'TURE = 33.31 OE6 C

RE ÞF NUSSEL'T NUXIEí :-
c ----- ¡vERÀcE -----

1+ll

,i;-.;- 
- 
¿-.ti" ¿";¿;;-;; 

--;.;;;;;'- -;,:;;--,;-.¿;- -;;'.;;',a'.;;-- 
,;-.si-',;'.;)o348.ì 6.23 0.257E 08 0,00023 t9.90 19.?{ 21.05 20,{1 20.13 20,423¡8.4 5.23 0.258E 08 0.0001A 18.31 18.15 tA.99 18,60 18.6t 1A.6t349.t 5.2t 0.2598 08 0.000a3 t4.77 14.5t t{.69 1,t.69 14.59 1{.6915r.5 6.17 0.26¡E 08 0.00235 t1.86 12.?0 t¡t.05 12.96 t3.04 t3,oo354.0 6.t2 0.2688 08 0.00337 11.20 10.99 13,A5 12.32 t2.43 l2.aO359.0 6.02 0.27?e 08 0.00692 t0.88 11.05 14,i2 12.34 12,51 12,44366,8 5,83 0.2918 08 0.0tl5t t0.96 11.5? 14.79 12.?8 13.03 t2.903?t.o 5.75 0,30{È 08 0.0t6tt ti,1a 11.31 13.92 12.43 12,a7 .12.50

33r.0 9.5S 0,3t7E 03 0.020?3 tt,2{ t1,55 16.{9 ì3.¡¡? 13,9a 13.?1383.1 g.S3 0.311E 0A 0.02531 12,25 12.64 16.96 ì¡!,36 14.71 ta.S{¡93.2 5.33 0,350¿ 03 0.03150 12.21 12.44 16.{7 l{,10 14.40 ì{.25{08.6 5.23 0.3698 08 0.03772 11.12 11.16 14.29 12.52 12.11 12.624r6.3 5.12 0.3A3t 08 0.0a2{{ )1.62 12,02 15.75 13.50 t3.t9 rl.6¿
123,1 S,O2 0.:t968 08 0.0{720 1t.39 .43 11.12 12.8ê 13.06 :2.S6
130.9 1.92 0,4098 08 0.05159 tt,65 11.51 t6,56 t3.63 1t.O? 13.A5438,9 a.32 0,423E 0g 0.05652 10,75 10.?3 I4.90 t2.t8 12.A2 12,65f{{.4 4.75 0,133¿ 08 0.05976 t0,63 11.07 11.68 12,17 12.76 .t2,a2
{50.0 4.63 0,44?E 08 0.0630ì t0.62 10.93 11.17 12,41 12,75 .t2.6A
a55.5 4.6r 0,452E 08 0.0662A 11.3€ 11.66 15.6{ 13,26 13.5A 13.42460.7 {.56 0.,t62E 03 0.069{7 10.58 10.09 1{.¡! 1?,0! 12.3Ê 12,19455.9 1,50 0,472e, AA O,07261 tt.95 ti.27 ì6,{l 13.59 t{.01 13.80

1t6.7 4,12 0.437E 03 0,06 2 I0.93 t1,00 15,1a 12.72 t3.06 12,89



0R1 NOr. ìÉ. ì937 ----,---=.
¡NPr.rr ELrclRra PorEn = 9??.(ì RÀ1E GÀINED B) 9rÀ1En, 92?.,1 !ÄLÀ CE ERROn = 5.tr5.4
MÀSS FLo nÀ1¿ - 9,0130 G/S PRESSURa onoP . u,1112 r|'t H2c FRICTIoN FÀC10n r 0.0.i115¡ FRE¡l = 15..{503

REH = 399.r_ GÐl+ = 0.1462aE 0¿ UFSTRÉÀH BUlh ,rEspERÀîURÊ = 23,A2 D"G C DOËrlSlREÀri ¡UL': TEMPERÀIUnE = {e,52 DÈG C
PRH - {,698 RÀ''I. = 0,6€?0{¿ 03 :NLE: BUL'i ?EHPERÀIIJR' = 23.36 DÊG C O!1L'T = 43.¿9 DEG C

¡iUSSEl'I NUHSÊF
c ----- ÀVERÀGE -----T lj 

"1tl
0.00001 22,61 22.3A 21,65 23.53 21,51 21,aa0,00025 r9,?3 19.53 20,A2 20,22 2A,23 2A,23c,000á2 ra,2o 17.95 15.a0 16.{3 t3.¿1 ts,{l
0,00093 rá,69 r1.{1 11.56 r{.55 l{.56 t1,56
0,04261 12,31 12.7? t5.51 t3.36 1¿.02 tl,9{
0,00.135 r2,r0 rr.9? 16.38 ì3.36 t¿.t9 t¡,03
0.00773 rr,a5 12,a2 16,16 r3.31 1i.20 t1,02
0,0r29,r 11.41 12,25 16.23 13.33 t1.t{ 13,99
0.0r3r3 rr,a5 12.rr r5.52 r3.52 13.75 t3,6,t
4.02335 12,23 12,5i r6.39 1,i,ar 15.10 15.10
0.02353 13.05 13.¡:1 r6,r3 15.29 15.63 15.,t3
!.035?g 13.05 13.23 r¿,55 15.41 15.67 15.61
0.0{301 12. r1 r2.30 1ê,2Ê 13,94 t¡.23 t,1.090.0{3t3 12.57 13.0É r6,ra 15,02 !9.a6 t5.250.0533: 12.23 12.22 tE,5e 11,0? !{.a0 t,t.2aa,a5è96 12.26 12,26 1A,6a r{,Ao r5,{5 tt.ì!0.0644a i1.49 rr.35 1?.15 r3.?r ra,29 14.0Ò0,0ÉÊrr 11,7a 12,51 l€.0r t{..t3 ì5,07 r1.??
0.0'7rac ¡r.9c r2,39 1€,05 ì1.53 15,10 1t.82(r.0?55r r2.6i r3.:a 1€.25 r5.lc ì5,5: 19.33
0.47924 11.É( rr.2? 16.63 i3.51 14.03 13,79
0.03299 13.53 12,t1 19,7i 15.55 16.3r r6.01

0,0696€ r1.95 12.r5 rt.7t rt.36 11.92 11.61

TIONClrÀBCÀVER-iC)
i9:------ -------- -. -. --. - -- -------l::---
0 0.0 2r.26 27.31 26,99 27,14 23,A6 3A?.7 É,3A A,192a
ì r.5 27,3{ 2i,49 21.64 27,75 23,9t, 30?.3 É,29 0.39rÈ
2 2,3 2e,23 23.29 26.1C ZA,1A 23,99 303.2 6.2A 0.3958
3 5.5 29,40 29,¿9 2t,45 29,15 2a,15 309.3 6.2É 0.399¿
r r5.5 30.92 14,71 29,61 30,24 21,€7 313.0 6. t? O.lltE
5 25.5 3r.55 3r.55 29.90 3A,1e 2a,2A 3ì6,S 6.09 0,t23E
6 4a,a 32,17 32,4 3A,92 11,eA 28,29 32{.€ 5.92 0.1¿3E1 15,4 3a.2A 34.03 32.51 31,36 21,83 336.2 5.?ì 0.135E
6 r05.: 35.84 35.70 3¿.32 35.01 29,40 317.1 5.51 0,522E
9 r35.5 3?,r9 3r.03 35.ìì 36,ii 30,93 359.5 5.3r 0,551Er0 r55.2 13.31 3A,15 36,12 31,a9 32,51 3?1,a 5.12 0,599E| 205.2 {0.a0 40.3r 36.?0 39.53 3¿,5í 36ì,3 ,1.33 0,6{9Et2 245.2 12.93 12,83 {r.35 12.11 16,74 10a.5 1.63 0,?02Et1 275.2 11.26 tt,Aa 42.t1 a2,29 3A,32 1te,e a,1ê A,142ar4 305.2 15.93 15,99 ¡¡.39 ,a5.19 39.9C a29,6 4,31 A,7A1a15 333,3 1t,r3 1i,13 14,34 46.39 41.3r ,¡¿2.3 {,20 0.826E1€ 363,3 19.3-c 19.1Ê 11,21 1A,35 12.9' 455.2 4,0? 0.369¿1r 333,3 50,29 a9.9Ì .16,rC 19.1C 41,AC 483.t 3.99 0.693E13 403,3 5r,?3 5r,00 ,19,r{ 50.13 45.05 172.5 3.9¡ 0.927819 123,3 5r,91 5r,7a' 5ú.r3 50.96 46.r0 43r.r 3.3,i 0.95?!20 443.3 53.46 53.70 5r.5? 52.E3 47.r5 490.9 3.?5 0.933E2r {61.3 53,62 51.r1 5r.3ì 52.39 49,20 499.9 3.66 0.102E

ÀVERÀGÊ VÀLUÊS îHROÚGH S'TÀ'TION! ì5îct 2O:
39r.6 50.62 50.53 46.59 49.55 {{.1¿ 46?.r 3.9€ 0.911E

¡NFUT ET.ECTR:C POIER È 1313.3 tl
,1ÀSS ¡Lotr RÀ',rE = 1,93?O C/S

nÈÈ = 399.6 GFX+ = 0.2A3lAE 0a
PRrl - ¿,035 R¡r¡} r 0.11567E 09

I2¿0.' I{ HEÀT !ÀLANCE ERROR r 5,57:
FRIClIO¡l FÀCIOR = 0.046253 FREÌ4 = 16,¡356

UÞSIREÀTI BULX - 24.O' ÐEG C DOIINSTREÀI¿ IULIi TEI{FERÀTURE: 6I.56 :]EG C

]NLE' ÊULIi î¿I.IÞERÀ'TÚR¿ = 24.I1 DEC C OUILET 8ULI{ IEI'PÊRÀTURE = 6ì.52 DEC C

22.51
19.32
r7.59
13.86

11 .31
16.39

r6.3r
11,52

ì5.{3
t5.34
r4,63

15,56
r6.19

16,12

19.3 9 19.30
1?.95 1?.58
lt.a6 rt.33
ì5.95 13.3 9

14.3 5 r3.57
r 6.65 11.r4

rs.90 rt,63
13. A5 15,5?
19,19 15,72

19. 5C 15. A6
16.01 t 5.00
18.56 r1.66
17.6? 1t.00
13.?l r1.37
13.95 r {.31
l !.29 r5.60

2A,2A 19,91

18.43 14.6 3

212.4 6.25 0.532e 03 0.00001 21.51 21,31 23
212.7 5,21 ú.535:03 0.00029 ì3.35 rA.6{ 19
473,4 6,23 0.536E 0g 0.000{3 17.31 17.13 1?
271,7 Ê,19 0.5t5E 08 0.00106 13.96 r3.7? 1.3
279.3 6.0? 0.5?0È 0A 0.00300 r2,r0 12.49 ì5
245.2 5.91 0.S95È 0A 0,00{95 rr,67 11..{5 r5
295.t 5.12 0.6a5E 03 0,00446 rr,6{ 11.33 1a
310.5 a.{2 0.721E 0A 0.0i476 rr,95 r2.{r r6
326,ø a,t2 0.g0tE 03 0.02074 r2.09 r2.{5 r6
312,e a,8l 0,8?6E 08 C.02535 r2,65 13.ì0 rS
359,4 ¿.53 0,95?E 08 0.03296 13.0a 13.49 13
342.1 1.29 0,r0?¿ 09 !.Oa1r6 13.0€ 13.30 19
{05.7 ¿.02 0.r19E 09 0.0a943 12.02 12,46 16.
,é23.6 3.33 0.r23E 09 0.05573 r3.08 r3.6s 19,,tar,9 3.55 0.r3'7E 09 0.062r2 12.45 r2.41 16,
a59,9 3.Ê0 0,146E 09 0.05A1r ì2.19 r2.04 18,
478.5 3.35 0.156E 09 0.07a{9 1t.65 rr.53 17,¡¡90,3 3.2? 0.162E 09 0.0?a73 11.9{ r2.73 13,
502.7 3,r3 0.169Þ 09 0.08299 .91 12.39 13,
5r5.0 3,09 0.r?5E 09 0,04?38 r2,69 13.52 l!,
527.6 7.Ot 0.r32E 09 0.09r89 1r,?0 11.37 17,
5{0.9 2,92 0. tA3E 09 0,096{5 t3,92 12,45 2A,

195.1 3,23 0. r6SE 09 0-03060

c À!ER- (C)
NO. ÀGE

0 0,0 2e,90 ?8,9a 25.¡9 26,7A 24,.1r r.5 29,70 29.16 29.12 29,57 21,23? 2.5 30,26 ¡0.33 30,06 10.t7 2,1.3r
I E.5 1r.92 i2.0i 3.,9e 3 ,9A 21,55
a iE.5 33,35 33.56 3r.?9 32,16 25,31
5 25.5 3a.91 35,t1 32,5.1 33.60 26.ì{
É 45.5 36.53 35.39 34.00 3a,23 21,117 ?5.5 33.65 38.34 36.13 3?.33 30,t33 r05.5 10.90 14,65 38,12 39.?5 32,53
9 139.5 {2.33 12,64 35,9A {r.35 3¿.9?

t0 ì65.2 {1.96 4{.7r t2.60 13,12 37,291r 205.2 43.10 47.S6 a5.58 4€.Ar 40,{3't2 244.2 31.94 5ì.6r é9.55 5ú,65 43,66r3 2?5,? 53.59 53.23 5r.rr 52,21 16,01r1 ¡05,2 56.09 56. 53.90 55.00 48.4615 313,3 å3,?r 58,81 55.97 57.37 50.?l
ì6 353,3 6ì,45 61,54 53.61 60.05 53.10
11 343.3 62,42 62.32 59,€8 61.22 51,70
13 403.3 6{,42 6{,r0 61.{0 62.33 56.29
15 423.3 65.50 65.03 62,39 64.08 5?.39
20 143.3 6?.71 67.95 65,02 66,1¿ a9,1A
2t 463,3 61,91 63.73 65.33 6?.0! 6r.03
ÀVEFAGE VÀLUES 'THROUGH S'TÀ,IIONS I5 ,l0 20:

391.6 63.44 63.?9 60.63 €r.99 55.36

--;,.;;
13.09
15. {a
13,00
1 3.9 5
13,63
1{,50
1{,9t
16.66
14,62
r5.?9
r 3.96
15,42

14. 1A
11,20
14.30
ts.02

1{, ì9

6,26 A,ê1?E
6,24 0,643'-
6,22 0,641È
6.r? 0.6598
6.00 0.699È
5.43 0.? t1t,
5.56 0.4208
5. r6 0.9a 78

4.17 0,r3{E
3.3 3 0,r53ê
3.53 0. r 7{e
3.ll 0. r89e
3, 16 0.20 5¿
¡.00 0. 21!E
2,43 0,234¿
2,7 4 4,211e
2,65 4,260¿
2,46 0,21tF,
2,41 0,2A18

poqER = 1599.1 H HEÀT ÂÀTE GÀ¡NED at $ÀT¿R = i¿8?.5 B^LÀNCE êÂRoR = 6.99i
MÀSS FLOI RAIE. ?.1020 G/S PnESSURE DROP = 0.20A3 t1r1 H20 FR¡Cî¡ON FÀCñR * 0.117205 FRE,r = {6.9342

REM = 
'00.4 

ôRX+ - 0.'6506È 08 ¡JPSTREÀH 8ULK îEMPERÀîURE ' 24.00 DEG C DOIINSIFÈÀI BULI( ÎEMPERÀTURE = ?¡,2{ ÞEG C
Þi}.I = 3.609 RAM+ - O.]6?36E 09 INLE'T BULX TEMPERÀ'TURE . 24.I0 DEG C OÜîLE1 BULX'TEMPERÀIURE ! ?{.I9 DEG C

0.0000r 19.95 r9.35 22,37 21,07
0.00032 17.50 r?.39 13.77 18,08
0.0005{ 16.ì2 r6.0t 15,90 rÉ.4?
0,00119 13.0s r2.9{ 13.00 r3.00
0.00336 11.77 12.t6 15.29 r3.?9
0,00554 11.51 11.3a 15.3{ 13.{6
0.00992 11.82 12.11 17,53 ì{.2a
0.0r656 12.13 12.59 16.1A 1{,?r
0.02336 12.30 r2.67 1?.r0 l{.s¿
0.03026 12.9a 13.{5 21,03 t6.23
0.0¡?11 \2,2t t2.41 17,76 ra.5?
0.04645 12.63 I2.91 19.5t t5.a3
0.05592 rl.{6 tt,92 16,61 11,74
0.06305 12.62 13,01 t9.52 r5.{?
0.070t7 1t.96 11.90 f7.55 r(.2r
a,47121 It,22 tt,12 13.00 13.?A
0.08{?2 11.35 11.22 17.A4 11.83
0.08953 r1.44 12.30 13,?r 1{.51
0.09,t37 11.59 12.16 r3.99 i4.61
o,09921 t2.32 13.06 i9.52 15.38
0.10{22 1r,43 r1.22 1?,?3 13.64
0.r09ìr 11.24 12.11 2r.52 16.553.5 2.39 0.296E 09



HEÀ'i ñÀT¿ Gå¡NEÐ !' IJAîER i 125.C B¡LANCE ERNOR . 
'.I3'"pRESSURE DROÞ = 0,1¿33 ¡lJr !{2O FnlCîlorr FÀCron = 0.026?59 FRErl ' r2,973E

UPSINEÀ'J BULtr : 23,47 ÐEC . 26.0¡ DEG C
]N!g,l EÙLN 'TE}IFERÀ'TURE = 2].3? DEC . 26.0,1 DEG C

IIiPU? ELEC'TR¡C FOWEF T I33.: ç
: t4.1100 G¡'S

R!14 - {9i.3 cR,,1" C.93624E 06
FRx = 6.130 RÀ14.. C.575r4E 0?

c ----- ÀvERÀGE -----

t7.ar 14.ì9 ì9,20 ì3.60 ì3.62 13.61
r5.42 16.20 r6.0r r6.0r r6.01 16.0r
t0,72 10.3c rr.55 ìr.ì¡ r1.t6 r1.r5
9,{5 9.15 r1.10 !0.2ì 10.28 14.2t
a,6¿ a.a6 10.2! 9.45 9.5r 9,1A
€,32 5,r6 9.53 9,1r 9.13 5.12
8.42 6,aA 9.26 8,35 3.37 3.A6
7.99 7,è6 1r.31 9,33 9.é3 9,t€
8,3? 6,99 10.8? 9,?9 9.39 9.3a
t,7a 9,ta 12,1 4,13 1¡.66 r0,€0
3.¿r '7,32 10.06 g,El 3.9? ê,39

1.16 1,19 9.59 A,{0 3.51 ¿..t?
.1.69 1.64 ì0..33 6.32 9.03 e.92

3.73 4.33 r0.?9 9.70 9.40 5,?5
5.38 a.36 1i,53 r!.13 1A,32 10.25
6,6t ?.65 rL,31 9.10 9.25 9,ì3
a.tr 8.93 r2,60 ro.38 1C.?1 10.55

å.¿3 4.3: rû,99 9.50 9.6Ê 9.59

,a0216
.00a 93

,o1a69

.02661

.02939

.033i6

.03423
,03950
,04169

,o4a2a

INPUT ELEC'TR¡C FO'ER - 251,3 !
¡4ÀSS Fto¡r iÀrE . 13.39?0 G/S

REY = 196.6 GR!.11 = 0.193648 07
PRH = 5.!32 RÀ r = 0. ì 1332s 03

HEÂ1 NÀ1¿ GÀ:ÙED EY WÀ1ER = 25],0 EÀI¡ÀNCE ERROR ' ].50i
PRESSURE DROF.0.l?65 r.'4 H2O FRÍCTION FACTOR. 0,026137 FR¿x - 13.00¡2

UPSîREAI4 sULTi'TE}IPERÀIURE = 23.72 DÊG C DOIINS'TRÈÀ¡I ÈUlX IEI.IFEiÀTURE = 28.06 DEG C. 23.73 DEG C OUîLE1 BUL¡i îEMPERÀîUNE = 28.05 DEG C

c ----- ÀVERÀGE -----

Á72.3 6.12 0.r05È 03 0.0000r 22.1ê 22.65 21.5Õ 21.1A 23.r0 23.10
172.5 6.i2 0.105E 03 0,000r7 r9.92 19.30 2ú,30 20.08 20.0t 20,03
472.6 6.32 0.r058 03 0,00023 r3.31 r€.22 r3,56 16.42 r4,42 16.42
172.9 6.32 0.106E 03 û.0006r 11.42 11.74 ì{,?6 r¿.7€ 1r.76 11,7ê
4?3.9 6.30 0.106E 03 0,001?ì rr.13 1Ì.33 12.5ì rr.92 rr,9,l rr.93
11r,6 6,29 0.1078 0¿ 0,0023! r0.17 10.ì6 1r.99 r1.09 rr.r5 r1.r2
476.9 6,26 0.rO8E 03 0.00502 9.50 9.e9 rr,6? t0.56 10.67 r0,52
{79.9 6,2r 0.1r0E 0A 0.00833 9,36 10.05 rr.5? r0.53 10.61 10.5?
442.9 6,17 0.r1ìE 03 0.0rr65 9.?1 9.9{ rì.38 r0.56 10.61 10.53
446.r 6.r3 0.ìt3E 03 0.0r¡9? 9.43 9.45 r3,¿3 rr.36 11.63 11.50
449.? 5.03 0,t15E 0A 0.0r426 ì0,19 ì0.{3 12,12 11.39 r1.5? 11.45
493,a 6,02 0.ì178 0A 0.022?ì r0.99 t0.a2 11,31 12,t0 t2,61 12,52
497,3 5.9? 0,r19E 03 0.02?t6 10,3é 9,59 12,11 11,O7 rì.22 ìì.r5
50r,r É.92 0,r2r¿ 08 0.0305r 10.06 10,06 12.30 r1.07 11.ì3 ìr.r2
50{.¿ 5.33 0. r23E 08 0.03386 9.40 !.a4 12.13 10,61 10.?3 i0.69
507.6 5.34 0.r25E 0A 0,03700 9,78 9,72 11.03 11,15 11.39 1r.27
5t0.5 5.30 0.r2?s 0a 0.04035 9.33 r0.16 13.?3 rr.60 1r.90 11.?5
5t2.4 5.73 0.t2AE 0a 0.04253 10.02 r0.23 13.3? lr.5{ rr.?6 rr,65
5r4.4 5.75 0.r29¿ 0A 0.04432 10.0{ r0.30 13.22 rr.50 rr,?0 rr.60
516.3 5.?3 0.130E 08 0.0{',705 t0.33 ì0.53 t3.63 tr.!3 12,16 t2,07
5r3.3 5.?r 0.131E 08 0.0492t 10.01 9.15 13.03 r1.04 tr,3r rr,r3
520,2 5,69 0.132E 08 0,05153 r I.09 10.93 r5.66 13.02 I3,¿5 r3.23

s13.2 5.?? 0.r2AE 03 0,04352 r0.r0 r0.02 r3,31 r1.4? I1,70 1t.59

-,i-.¿,--r1-.;1
24,78 23,7 4
2{.49 23. ?5
25.20 23,7I
25.61 23,47
25.3 5 23.9 6
26,12 2t.15
26,41 2t.12

24,41 27.96
2?,AA 25.25
21.34 23,ê2

24.i1 26.21
?8.50 25.54
24,66 2a,AA
24,81 21,08
29,06 27,26
29,25 21,a5
29,36 21,63
29,69 21,41
29.59 24,00
ts ,r0 20:

'l¡OI , CV

0 0.0 2t.6É 21.65 24.62

2 2,5 2t.49 2a.90 2¿.43
-2 5.5 25.ì9 25.24 25.20
4 t5.S 29.14 24.12 23.51
a 25.4 25,96 26,O2 25,11
6 t5,a 26,35 24.27 24,91
7 75,5 26,65 26,50 26,24
3 r05.5 26,4Á 26,40 26.53
9 r35.5 27.rt 2ì,05 2ê.53

1o r65.2 27,30 27.25 24.49
11 245.2 2ì .51 21 .S+ 21.O1
12 215,2 2A.00 28.16 21,6é
ti 275,2 28,33 ?8,31 21,t5
t4 145,2 28,75 28,14 20.24
r5 333,3 23.92 23.94 28.39
r6 353,3 29. r3 29.12 24,54
t7 333,3 29.33 29.24 28.Al

19 423,3 29,41 29,60 29,15
2C 413,3 29.A3 30.03 29.{0
2t 163.3 29,41 29,86 29,30
ÀVERÀGÈ VÀIUÞS'THROUGH SîÀ. ONS

39r.6 29.39 29.41 24.49

======È==È EXpERtHENI 0R9 --- NoV, 20! 1937 ==========

HEÀ'T RÀîE CÀINED EY UÀîÃR . 63I.' SÀLÀNCE ERNOi È 2.64X
DRoÞ=0.1903wHzo

UPSîREÀH BULX î¿IIÞERTîUFE = 2'.63 OEC C DOINS'TREÀM BULK'TEMPERÀ'TURE. 35.27 DEG C
= 2¡-65 ÐEô

441.6 6.34 0,264E 0A 0.0000ì 24.\A 22,95 21,43
4{2.0 6.33 0.26¿E 0A 0.00013 20. r5 20.00 2ì,05
412.2 6.33 0.265E 0A 0.00029 t3.52 r3.3? i9,05
{43.0 5.31 0.266E 0a 0.00065 t1.9r r{.?5 r{,a3
{a5.5 6.28 0.269E 03 0.001a2 12,19 12,11 11,21
a{8.0 6.2{ 0,273E 0a 0,00t00 tr.39 rr.ì{ 13,95
t53.1 6.16 0.2a18 03 0.00536 I0.35 11.07 13.72!¡61.1 6.0{ 0.293E 03 0,00392 11.02 11.59 14.36
469,1 4,92 0.305E 08 0.01243 I1.t5 11.37 1{.10
417,5 5,61 0.3:7E 08 0.01605 11.37 t1.66 r6,68
a41.1 s.12 0.329E 03 0.O1951 12.t5 12.81 t1-29
{9{.? 5.59 0.344E 03 0.02439 12.55 12.9,t 17.80
504,2 5,11 0.360E 06 0.02920 11.a0 11.59 1{.?7
513.3 5.38 0.3?3E 06 0,03281 tt,95 12,27 16,21
42t,1 s.2a 0.366E 0A 0.03641 ì1.69 11.73 ì5.00
529.3 5.t9 0,393E 0A 0.0393{ ìì.79 rr.67 15.67
53?,a g,1r 0,409E 0a 0.0{353 10,99 i0.34 15.29
412,7 5.OS 0.41?E 0A 0.04600 1r.05 il.5r r5.59
54a.ì 4.93 0.{25E 0A 0.04AaA 11.09 11.5r r5,44
553,5 4.t4 0.133E 0A 0.05097 r1.6! r2.04 t6.03
559. r 4.33 0,¿a1E 0A 0.053{? 10.96 r0.49 r4,89
564.3 4.32 0.¿508 03 0.0559? 12.75 12.41 1?.24

2 5.45 23.65
2É.24 23,64
26,5t 23,11
27.43 23.74
2e.0 r 24,03
24.19 24,24
29.O4 21,17
29.66 25,42
30.4 3 26.26
30.4 3 27.00
31.3r 27.?{
32.21 24,13
33.13 29.12
3{. r9 30.46
35,r4 31.20
3s,6s 31.90
16,69 32,64
17 .01 33, t4
3 7.5? 33.63
3?.89 34.13
x4.71 34,62
38.6 ? 3S. 12

31,27 33,31

îIOH CM C

0 0.0 25.93 23.91 25.11'| 1.5 26.29 2ß.31 26.14
2 2.5 26.55 26.51 26.11
3 5.5 2?.31 27,35 27,33
a 15.5 2A.34 2A,25 27,72
5 25.5 23.39 23.99 23.0Á
6 15. 5 29.61
1 14. S 3û.21
I r05.5 30.95 30,86 29.97
9 135.5 31,59 31,{A 30.13

10 165.2 31.92 3r.80 30.75
11 204,2 32.41 32.t5 rr.65
12 215.2 11.21 31,20 r3.23
13 2?5.2 3{.?_q 3r.63 ll-6s
14 306.2 35.53 35.61 3{.65
15 333.3 35.28 36.32 35.00
l6 363.3 3?.33 37.39 36.0i
ì? 333.3 37.30 37.6ì 36.4¡¡
13 {03,3 33.26 33. t0 36.96
t9 {23.3 33.52 18.39 37,32
20 4{1.3 39.30 39,5r 38.0?
2r 463.3 39,r3 39.38 38.0€
ÀVERÀGE VÀIUES 1HÂOUGH S'TAÎ¡ONS

39r.6 ¡7,9r 3?,89 36.63



INPUT ELECîRIC PO'¡È8 è IOÉ9.7 {
r r 1.69Á0 c/s

REfi = A9€,? GR¡l. - (l.l,ll2tE 03
PRF = 1,9¡2 nÀ¡r' - (].€9736E 0a

riEÀ1 RAlê cÀINED EY rlÀîEP r 1019.ì ( HEÀt tÄiJÀfiCE ERRon : (,35..
PRESSIJRE DROP = 0.ì273 r.rv H?C FR¡CîION FÀCTOR = 0,0265?É FREI¡: 13.201?

UFSIR!À¡1 BULii'TEIIÞERÀîURE. 23.6J DEG BULIi IEHPERITUR!: ¿¿.53 DêG C
ÌNL'T EUL}i îÊ'1PERÀÌÛNE . 23.6í D¿G BUL}: IEHFÈR¿?UR' =,{1,5I DEê C

(c)

-::-:: - --
23,11
21,13
2f.89
24.31

2s,61

28,31
29.67
30.99
32.74
3t.56

37,23
33.43
39,3r

4r.59

t4.31
4a,26

2Al

27 ,61
24,11
29,13
3C,21

31.?B
33.01

36.2 5
35.0i

49. r5
49.32

îION CH C

0 0.0 27,13
t 1.5 21.17
2 2.1 24.14
3 5.S 29.4 0
a ì5.5 30.90 3A,71 29.67
t 24.5 31.62 3r,?i 29,A7
6 15.4 12.14 32,58 30.921 15.5 3a.42 3¡.7? 32.16
6 105.5 35.23 35.1ì 33.59
9 r35,5 36.¡3 34,20 34,13

10 165.2 37.r9 37.00 35.1r
1r 204.2 33,93 33.?9 3ì.r6
12 214.2 11.11 4r.02 39.46
1l 275.? 42.15 11,93 4A,22
ì1 305.2 43.60 43.53 1ì.9:
ì5 333.3 1¿.?9
r6 363.3 4€.7C
!r 333.3 1t.¿2 11.Oi 1t,16
t3 {03.3 1e.26 43,03 a5,9919 ,423.! {3.3i ,13,{Ê r6,73
20 143.3 sri.16 50,{i 43.00
21 463,3 5û.r1 50.5[ a6.30
ÀVERÀGE VÀ¡¡UES THROUGH S1À1¡ONS

391,É l7,6t ,¿ ?.5 9 45.5(

INFUT ELEC'TRIC POTER = I456.2 tr
HÀSS FLOÈ RÀîE . r0.1960 G/S

FE!.r = 497.6 cRyì.0.2€5?6E 03
FnM = 4.365

0Rl1 --- NOv. 21. 1937 ----...=.=
HEÀÎ RÀ'TÊ GA]NED BY IÀTER = 1382.5 ç HEÀî IÀLANCE ERRoR = 5.06:

PRESSUÀÈ DROF - 0. ì77r r¡r{ H20 FnICT¡ON FÀCrOn = 0,0{5?9? FREl.t - 22.78?4

UpslREÀl.l BUll{ îEMPERÀîURE ! 23.41 DEG C DOwNSTREÀV sul.ri TEHpERÀ1(JRE È 55.42 oEG (
:NLEI BUL¡i 'rÈMPEFÀ?URE - 23,46 DEG c oUTLÈT lUI¡x ÎEMPERÀTURE = 55.39 DEG (

0.535E 03
0.533E 03

0.620E 06

0.435È 0a
0.904E 0€
a.913E OA

0. r35¿ 09

0. r52E 09
0. r5aE 09

0.15ìE 09

0.0000r 23.e9 23.69 26.0ì 2,i.81 21,A9 2{.A6a.ooa22 24,48 20.51 2ì.?9 21.r? 2t,19 2r.t30.00035 18.94 i6.?t Ì9.59 19.2? 19,23 19.220.00030 r5.r3 1¿.96 15.05 ì5.05 15.05 15.05
o.00221 13.05 13.A5 16,94 1{.37 t9.10 14.99
0,003?4 12.5r r2.32 1?,0r 1{.35 l¿.?l 1,1.53n,00669 12,42 12,AA r6,r9 r1.93 15.43 t5.t30.01r13 r2.63 13.30 i?.Al t5.02 t5.40 t5.21ú.0r56ì r2,41 r3.25 11.26 t¿,e5 15.14 15.000.!20rÉ r3,¡2 13,92 ?t.10 t6.55 1î.35 16,960.0247{ r3,34 r1.3€ 19.70 r6.15 16.91 16.55
0.03093 r3.46 14,24 ¿A,aa 16,69 17.30 t?,00
0.03'?!€ r3.03 r3.4i r6.36 15.36 15.A0 t5.59
0.0416t 13.73 r,r.33 20.9{ r5.Ar l?,,{9 t?. t50.04660 13.S7 r3.61 r3,60 15.70 15.09 t5.900.05r07 13.51 t3.23 20.53 16.21 16,96 16.590.05537 12,46 12,26 19.03 15.00 t5.72 t5.360.05903 r2.96 13,66 20.12 tê,O2 16,12 t6,310.0623r r2.ar r3,39 20.39 15.95 tÉ.?4 16.350,06554 r3.53 rí.t9 20.90 ì6.?3 I7.4? 17.13
0.06a73 12,60 12,22 r€.?9 ta.95 t5.60 15.2?
0.0?194 I{.t5 t3.2a 21.r0 r6.t0 I7.é7 1?.09

0.06043 1?,99 13,22 t9,97 r5.62 r6.s{ r6_ ¡¿

HEA'T R¡TE GÀINED BY ÞA'TER - I?I2.{ I{ IIEÀ'T EÀI,ÀNCE ERROR = 5.]1IJ
tR¿ssuRE DROp = 0,2159 ¡$ n20 FRTCTTON FÀC10R = 0.0É8736 FREH = 3¿.3?6{

UPSîRÈÀl.l BULI{'TÂMPERÀ'TURE = 23.83 DEG C DOIINS'IREÀI' EULK IEI{FERÀTURE r 67.3I DEG CINLEI BUIK ÎE}IPERÀTURE = 23,90 ÞÈG C OU'TLE'T BULX'TEI,IPEfiÀ'TURE . 67.27 
'EG 

C

----- ÀVERÀGE -----
IH

20.71 24,15 20.11
13.4 r 18,82 13. A2
14. 71 ì4.?3 1{,?3
15.00 15.28 15.1a
l{.11 i1.72 r{.52
l{. a7 t 5.36 1t. 1l
ls.sl t6.03 15.77
15,1? 15,87 15,61
11,25 1A,24 11,]a
16.17 17.00 16. ?4
17 .09 17,42 11,46
15.54 15.01 r5.?7
17.50 r3.24 r ?.49
r5.{0 r6,92 16.66
16.07 16.95 16.51
15.t0 r6.29 15.6{
16.17 1?,31 t6,92
t6.33 l?.23 15.73
r?.16 r6.16 17.76
r5.34 r 6.12 r5,?3
r7.60 18. a8 ì3,0¿

r6.16 17.02 16.5!

,1-.,a- 
- 

ra-. ã;- 
- 

ra-. ¿ 3
20. t9 t9,t1 21,42
18. 52 1€.30 19.23
1¡.3 3 14.62 14.?3
ì2.9? i 3.42 r ?.3?
r2.16 12.16 r?,16
12.5 r 12. ?6 18.08
12,43 13,4 6 18,89
13, r4 r3,5? 18.39
13,64 11,35 22,41
13,75 14,25 20, O1
1t,01 11.44 21,42
13.02 r3.¡9 18.?7
1r.2t 14.e6 22,02
l:t.9,{ 13.99 19.8?
13. r! r 3.00 ?0.60
r2.59 i 2.38 20.09
13.0{ 13. A4 2r.30
r 2.97 13.61 21- 1S
r 3.8? 14. A? 2r,96
12,12 t2,11 19,67
15.1{ 13. A5 22.a6

t 3,06 13.36 20.43

122,4 6,29 0.725E 0A 0.00001
327.1 É.21 0.?31E 03 0-C0C21
324.t 6,26 0.?35E 03 0.00041
32É.2 6,22 0.?4?E 08 0.00039
331.2 6.0? 0.?86E 08 0.00252
3{0.6 5.92 0.82?E 08 0.00{16
354.5 5,6? 0.907E 08 0.007{4
376.0 5,32 0.103E 09 0.012a1
393.0 4,99 0.r15E 09 0.0t7{7
121.3 1,61 0.r28E 09 0.02265
{{{.1 {.4i 0.r{1E 09 0.02777
476.6 {.04 0,r60E 09 0,03{?2
509,¿ 1.79 0,179E 09 0.0{1??
53¿,4 3.59 0.19{E 09 0.04710
5€r,a 3.¡0 0.2r0E 09 0.052¡3
tat.1 1.26 0.225E 09 0.0S?4å
6r0.0 3.t1 0.?40E 03 0.05290
62?.¡ 3.0r 0.2508 09 0.0666A
615.5 2.91 0.26tE 09 0.0?05r
663.8 2.€3 0,2128 A9 0,O?121
682,4 2,15 0.2A¿E 09 0,0?782
102,3 2,66 0.296E 09 0,081{5

635.6 2.93 0.255e 09 0.06827

1¡ON CH C ÀVER- (C)
N0.

0 0,0 30.05 30.10 29.{? 29,11 23,91ì r,5 31.r0 3t.la 30.?0 30,92 2a.o12 2,5 31,83 31.92 31.51 3r.?r 21.133 5.5 3{,0r 3{.15 34.03 34,08 ?{.41{ ì5.5 36,?9 34,92 33,52 34,81 25.3as 25,5 37.13 31,92 34,52 36,17 26,265 45.5 3!.{0 39.16 35.92 3?,61 28.117 75.5 {1.?3 4i.31 33.31 39,93 30.893 r05.5 44.2? 43.93 41,2{ 12,61 33,669 135.5 46.55 46.08 ,t2.55 ¡t¡¡.46 36.4{t0 165.2 {9. r9 48.81 a6.05 ¡¡?.54 39,18'tt 205.2 s2.6, 52,35 19,26 50.83 42.86't2 215.2 5?.O1 56,6a 53.3t 55.32 46.5813 275,2 58.8? 58.45 55.50 57.08 {9.3614 305.2 61.?8 6r.?5 58.9t 60.3a 52.13r5 333.3 6t.89 65.04 51.t3 63,07 a1,13ì6 361.1 68.10 68.23 6{.t5 6ê,11 51,5117 333.3 69,55 6€.95 65.60 6?.{3 59.36ì3 403.3 ?1.42 10,92 61,17 ê9,32 61,21)9 421,3 12.49 t1.95 69.0A ?0.5? 63.0620 443,3 14,28 75.s1 ?t,6t ?3.50 54,91
21 463,1 15,11 1A,25 72.62 ?4,23 66,76
ÀVERÀGE VÀLUES'THROVGH STAÎ¡ONS 15 TO 20:

391.6 70.30 ?0,Jr 66.51 6A,16 E0-11

22?



BUL}I lEHPERÀîIJRÊ = 25,33 DÈG C

= 2:.6 3 D:C C

Àr'En- (c) c ----- ÀvEnÀGE '--'-___l::________________ _--,----:,--_--t-----r::-
21,11 23,91 542.6 ß.29 0.573E 07 0.00000 21.41 21,17 23,ÉA 22.53 22,59 22,54
2!,SA 23.91 542.1 ¿.29 0.5?3E 07 0.000r3 ì!.99 JS.22 20,44 24,22 24,21 20,23
24.34 23,95 542.1 6.29 A.S1tÈ 07 4.00022 13.39 r3.07 r9.3r r3,€E r3.90 14.39
2!.61 23,95 542.9 8.29 0.5?{E C7 0.000{9 )6.22 15,32 r5.?6 r5,76 14,76 15,76
21,99 2a.AA 531.,i 6.23 0.5?5E 07 0.00r39 ì1.03 r0.3i rr.36 rr,37 rr.39 r1.33
25,1a 21.C1 533.9 6.2r A,5118 A1 A,OA229 9,7r 9,1? 1A,11 r0.13 1C.r? 10.r5

53s.0 6.26
25.51 21.21 586.6 6,21 0.553E 07 0.005?3 3.05 3.99 9.32 3,39 3.92 3.90
25.61 21.3ê aBE,3 6,22 0.53?E 07 0.00943 a.29 A,t9 A.95 a,53 3.60 3.t9
25,?3 ?1,1Ê 589.9 6,20 0.59fE 0t 0.01215 1,A7 7,13 I0.59 6,95 9,21) 9,09
25,82 21,6u 59r,5 6,18 0.595E 0? 0.01435 3,31 A.67 r0.03 9,2C 9,21 9,23
2t.eÉ 21,71 593,4 6,r6 0,60r8 0? 0.O13,ió 9,35 9,r2 i1,52 1t).22 r0.31 ìú.2e
2É.t2 24.91 59É,0 É,13 A,6068 A1 e,A2?AÉ 8,96 ?,7e 10,7é 9.39 9.57 9.a3
2É.2a 25.09 59?.? 6.rr 0,6r0E A1 A,A2:11 S,90 4,52 1ú,33 9,45 LS2 9,19
26.37 25.11 S99.É 6, r0 0,6r,rE 0? 0.02743 e,22 8,26 1A,12 9.32 9,1e 9.1C
26.13 25.23 60ì.0 €.04 0.6r3E 07 0.030C2 6.5É A,7r rr,15 9.73 9,39 9,ê1
26.5C 25.4C 602.r É.06 0.6228 A1 4.41213 4,7.1 9,39 1t.?2 1t),22 rC,39 1û,3ì
2É.34 24.19 603.ê 6.05 0,525E 07 0.0315( 9.ì9 9.3ì r2,2i 10.50 r0,?: rO,6i
26,61 25,41 605,0 5.03 0,623E 0r ¡1.03635 9.30 9,34 rr,13 r0.r- r0.23 r0,19
26,1i ?5,6a 60a,1 6,O2 0,63rE 0r C,ú13!6 10.03 9.0? ìi,70 r0.52 rO.6t rC,93
26,€3 25.73 60?.3 6.01 0.63{E 0? 0,0399? 9.0i 3.r4 1r.14 9.79 9.9É 9,€5
24,i7 2a,at 609.¿ â.99 0.636E 0? 0.01r?0 9.35 10.1? ì3.31 ì1.6r rÌ.9i rr.?É
15 10 20r
26,62 2t.52 60{.3 6.0¿ 0,62ÉÊ.01 0,47529 9.ì3 8.99 11.55 r0.l{ 10.3! 1C,22

À;;;;c;-::---

24.11 21.66
2ì.35 2ì.3{'t9.42 t9,32
r!,55 ti,55

9.92 9.39

lì.?2 r 1.63
r r.03 1r.02

9.39 9.41
9,13 9,64
9,48 9,a3

12,3e 12.19

1¡ ON C'c C

0 0.0 2.:.15 24.Ã1 21.11
r 1.5 2¿.5r 23,51 2,1.46
2 2,5 24.51 2¿,51 21.53
3 5.5 2.:.65 2a,69 21.67

6 13.5 25,39 25.31 23.23
1 75.S 23,61 23.49 25.45
a 145.s 24,12 25.13 25.62
9 135.5 25,5r 24.93 25.54

r0 155.2 25.95 24.90 24.1?
1i 244.2 24.96 26,00 24,15
12 215.2 26,14 26,3ì 25.91't3 274.2 28,31 26.1€ 2ê.13
11 745,2 24,83 26.53 26,22
15 333,i 26.59 26.51 2É.29
re 363.3 ?6.€9 24.64 26.36
1i 383.3 26.12 26.69 26.4C
13 103.3 26.',77 24.J1 26.5i
19 123.3 28.1a 2a,AA 26,6A
2A 443.3 26,91 21,1A 26,11
21 r63,3 26,91 2ê,91 26,62
¡VERÀGE VÀúUES'THROUGH S1ÀT¡O'IS

3Sr.6 26.?: 2e,1i 28,49

POT'ER . ?€0,4 N I{EÀT RAIE GÀINED BY WÀ'TER - 2{2.5 BÀLANCE ERROR: 6.35i
MÀSS Fllor RÀrE = 16,9360 G/S PRESSURT DRoP = 0.2421 tEt 1120 FRrC'rrON FÀCTOR - 0,0250?3 FRE¡4 = Ì5.1066

FE¡! = 602.4 GRù+ = 0.145998 07 UÞSîREAI¿ BUIR 1¿MÞERÀÍùRE = 23.85 oEG C ÞO*NSIREÀ¡I - 27,2A DEC C
FRM = 6.033 RAÈi = O.ìI23IE 06 INLEî BULI{ îÈI4ÞERAîÙRE = 23.3É DEG C OUlLEl AULN TEHPERÀTURE . 21.2'] DEC C

c -----
--'a-.,,¿--;;-.¿;

22,03 21.33
19,95 19.51

r1.55 rc.6rr0.67 9. A6'to,24 9.52
10. r 1 9.3Ê
11.96 10,13
11.95 rú,68

r2.?0 r0.35ì3.20 r r.53
r2.29 r0,95
11.55 10.29

r0.99 9.5610,53 9.3?
r r,39 r 0.01
| 1.09 9.51
t,¿,55 ì2.01

57!. r 6,30 o. r03E 03 o.oooo0 u:4,--ri-,;i
579,2 6,30 0. r03E 08 0,00011 20,71 20,60
579.3 6,30 0,r03E 03 0,00023 19,1ì r9,03
57S.6 6.30 0.r038 03 0.00050 r5.62 r5.{3
530.5 5.29 0.r03E 03 0.00r40 rr.30 rr.20
s3r.5 6.2? 0.10¡E 03 0.00230 rc.2¡ ì0.0?
563.1 6.25 0.10{E 03 0.00¿r0 9.rì 9.2A
644,4 6.22 0,106E 06 0,0066r 8.55 9.26
539,3 6.18 0,10?¿ 03 0,00953 8.66 ô.82
592,3 é. r5 0, r03Ê 03 0.0i22a 3.?? 6.35
595.3 6.rr 0,rl0E 0â 0,0r19i 9.t9 9.31
s99,4 6.07 0.r E 0A 0,0r456 r0.r0 10.39
603,5 6.02 0.rr3E 0A 0.02220 9.?3 9.23
606.6 5.99 0.rr5E 03 0.02{93 10.10 10.39
609.8 5.99 0.r16E 08 0.02765 9.?9 9.96
612,e 5,92 0.11?E 08 0.03023 4,42 9,13
616.0 5.8€ 0.1198 03 0.03297 3,60 8,6r
6r3.2 5.36 0.120E 03 0.03{79 3,¡3 4.55
620.,t 5.3{ 0.ì2rE 03 0.03662 3.35 4,52
622.1 5.42 0.r228 03 0.033{5 3.97 4,97

5?€.1 S.73 0.t23E 03 0.0{210 10,24 10.20

21.46
23.47
23.47
23.90

21.41
2t,1t
24,41
21.63

25.61
25.ô6
26,0è

26.50
26,65
26.40
26.91
27,09
21 ,23

20.,
26,11

,i-.¿;
21.81
2{.9r
25.20
25.7 0
25.91
26,24
26,53
26,74

26.93
27 .05

21.61
21,92
24,24
24,51

23.9{
24.91
29.19
28.90

1r0N cM

0 a.o 21.12 21.12 24.ê4
r r.5 21.4¿ 21,45 24.14
2 2.5 2!,93 2a,91 21.49
3 5.5 25. ì3 25.20 25.24
4 ì5.5 25.?6 25.11 25.63
s 24.5 26.41 26.05 25.19
6 15.5 26.40 26,38 26,04
7 15,á 26,77 26,5t 26,38
3 r05.5 26.95 2ê,31 26,62
9 r35.5 2?.r€ 21.12 26.53

r0 r65.2 27.16 21.11 26.15

12 215.2 2r.11 21.42 27,23
13 214,2 2t,Aa 21,AA 21.39
r4 305.2 26.r3 2ø,14 21.12
15 333,1 2e,42 24.49 26.02
r6 363,3 23,41 23,4{ 24.30
r7 333,3 29,05 29,00 24.43
ra t03.3 29,20 29,15 24.14
r9 {23.3 29.r4 29.14 24.14
20 t13.3 29.43 29.51 24.49
21 463.3 29.19 29,20 2A,61
ÀVERÀGE VÀLUES ÎHROUGH S1À'T¡ONS

r9r,6 29.02 29,O1 24,42

UPS'TREÀH BULì{ îEHPERÀîURE . 23.46 DEG C DO'J]ISTREÀI.I BULX 'TEI\'PERAIURE = 33.75 D¿G C
¡NLE'T ¡ULX îEHFERÀTURE . 23.43 DE6 C OUTLET AULR IESPERÀîURE = 33.?{ DEG C

1¡ON CU C ÀVER- {C) C ----- ÀVERÀCE -----
NO, ÀGt

0 0.0 26,1? 26,19 26,O0 26.09 23,33 539,6 6.30 0.2?68 08 0.00000 23,14 23,t4 25,60 24,44 24,49 21,51
i r,5 26,53 26.5? 26.12 26.14 21,91 5¿0.0 6.30 0.2?6E 0A 0.000r5 20,69 20,{1 21,64 2t,O0 2r.10 21.09
2 2,5 26.74 26,43 2ê.10 26.15 23.91 5{0.3 6.29 0.2?78 0A 0.0002¿ r9,02 r8,?{ 19,56 r9.21 19,22 19,21
3 5.5 27.5{ 27.60 27.51 27.51 21.99 5¿r.0 6.24 0.273E 0A 0.00053 r5,lr r5,0{ f5,1? 15.1? r5,1? 15.17
{ 15.5 24.5{ 24,14 21.89 24.20 21.20 5¿3.6 6.25 0.23r8 03 0.00150 t?,5r r2,64 r4,?r r3.57 13.65 13.61
5 25.5 ?9.11 29.11 24.21 24.10 21.11 546.3 6.22 0.23{E 03 0.00247 rr.51 rr,4A r4,07 r2.66 12,19 12,7¿
6 15,S 29.15 23,65 2A,11 29,23 21,A1 55r.6 6.15 0.29râ 03 0.004{l rr.02 i1.24 t3.77 i2.¡r r2.45 12.38
? 75.5 30.38 30,20 29,2A 29,1A 25.16 559.3 6.05 0.302E 03 0.00733 rr.00 tr.4ì i¡¡.ì9 i2.52 12,70 12.61
I 105.5 30.95 30.49 29.94 30.13 26.10 563.? 5.95 0.3r2E 03 0.0ì027 rr.11 rr.23 i¡¡.06 i2.¡? 12.63 12.55
9 135.5 3r.5i 31.39 30.02 30.7a 25.73 576.9 5.A5 0.323E 03 0.0132t r1.23 i1,56 i6.39 i3.{C r3.90 13.68

10 15S.2 31.?3 31.51 30.50 3t.0A 27.35 534.5 5.77 0.333E 03 0,0r6ì2 12,32 12.65 i?.r3 r4,{{ r,t.€1 11.63
ì1 205.2 32.48 32.41 31.23 3t.A3 23.13 5!4.7 5,66 0.3178 03 0.02005 12,55 12,15 11,12 t4,76 1E.19 l¡.96
12 2{5.? 33.59 33.64 32.49 33.05 29.01 605.3 5.55 0.36rE 03 0.02399 tì.79 rr.66 t5.5{ 13,36 r¡.63 13.50
r3 275.2 34.15 34.01 33.02 33.55 29.67 613.4 5,{3 0.3?rE 03 0,02695 ìì.96 r2.35 15.93 r3,80 1{.0? 13.93
t{ 305.2 34.95 3{.94 33.97 34.a6 30.30 52t.A 5,¿0 0,332E 03 0,02992 11.49 rì.52 r4.56 r?,86 13,a4 12,95
i5 333.3 35.44 35.43 l{.03 3{,?{ 30.39 629.A 5,32 0,3918 03 0,032?r 11.75 rr.65 17.02 13,86 t4.36 1{.11
l6 363.3 36.31 36.32 35.00 35.66 31.S2 É34,? 5,21 0.,toaE 03 0,035?0 11.1{ 11.12 14,34 12,94 13,23 l1,Oì
t? 333.3 36.66 36.¿3 15.32 35,94 3r,9{ €1{.5 5.r9 0.{r2E 03 o,O3??O 1r.30 rr.?{ 15.?9 13.3r r3.65 13.{8
r3 ¿03.3 3?.02 76.92 35.11 36.3{ 32,36 6{9.4 5.14 0.4r8E 08 0,039?2 rr.¿2 1r.68 15,89 13.36 13.?2 13.55
19 127.3 31,22 3?,05 t6.06 76,64 32,14 655.r 5.09 0.¡25Ë 08 0,Oa17t 11.93 r2.{7 16,22 13,91 t1,22 t1,OA
20 a{3.3 33,00 74.21 36,16 37.,{3 33.20 660,6 5.04 0,432E 08 0.0{377 I r.07 r0,62 11,92 12,56 12,AA 12,72
2r 163.3 3?,90 34.06 36.70 77,34 13.6? 666.r {.99 0.439E 08 0.0458i r2.{2 r1.95 11,21 11,29 1¿.?3 11.sì
ÀvERÀGe VÀLUES IIIROUGH SìÀllONS l5 10 20r

391.6 36,?A 36.1t 35.14 16.12 32.12 646,a 4.11 0.¡14E 0A O.01S55 11,14 r1_55 r5,A6 1r.ll



24,91 25, Si
2?.11 21.9ê
2a.36 2a, At)

1?,ì1 12,45
1?.19 12.3,:
12,2t i2,14

ì 3.63 la.rr
r3.55 r3.9r
12.34 r3.09

r3,09 r3. r3

12,2a 12,82
14 ,14 12,7 2
12,Bl 13.5t
r2, r? r r,5€
r3,al ì3.0?

000 5a

00462

02197
02634
02912
0330 9
0,162e

6.29 ú.,t 59E 05

6.23 o. ¡ 61E 03

6.20 0, ¡7{E 03
6. r+ 0.445E 06

5.69 0.564E 03
5.55 ar.599E 03

4.22 t).6171, AA

a.6! !.a14E 03

frorì c,.r c ÀvER- lc)
NO,

0 4,0 21.14 27.15 21.11 2i.26 23.92
1 1,5 24.02 2A.AA 27.41 21.91 23.94
2 2.5 24.14 24.52 24,32 24.14 21.42
3 4.5 29.11 ?9.43 25.71 29.17 21.11
{ r5.5 3r.26 3i.42 30.07 30.60 2,i.5ì
5 25.5 31,93 32.05 30,21 31.1r 2{.39
6 {5,5 33,01 32,92 31,23 32,10 25,65
7 75,5 31.r1 33,19 32,1? 33.01 26.79
3 105,5 35,2A 35.0t 31,66 34.12 2t,93
9 135.5 36,23 35,96 33,?é 31.93 29.0?

10 164,2 36,72 36,50 l¿,3? 15,71 3A,2D
11 204,2 7e.26 33.06 3É,3r 1i.21 31,12
12 2{5.2 {0,09 39.93 33.,1r 19.22 33,25
11 274,? 10.95 1C,66 33,91 39.37 3a.39
11 105.2 12.22 12.24 1C.51 4r.37 35.53
19 333.3 13.22 {3.26 11.05 12.1i 36.64
r€ 363.3 ¡5.03 t4.01 12.19 13.92 37.1+
r-- 333.3 45.63 15,29 43.24 4i.:7 33.1!.
r3 403.3 45.40 .{5,09 4,i.06 45.15 39,2É
r9 t2.3.3 45.?9 !ê,aa 41,eÊ {5.63 aC,0:
2C t43.3 4?.93 43.20 45.65 46,86 {0.7€
21 4êì.3 47,14 {3.i9 r:.35 4ê,92 !i,51
ÀVEPÀGÊ vALUÊg ÌHnoUGr S1À1l0aS 5 10 2úl

3Sr.é {5.33 15.11 13.t9 4.r.63 36,å2 r {.4¡ 0.332E 0¿ 0.0{26ì 12.1i 12,62 r3.26 14,4: 15,39 15,r2

-- NOV. 25. 1997 è===r===:r

INFUT ELEC'TRIC ÞOâEN = I5?8.9 II
= 1i.1350 G/S

nÊ,.j = 600,3 GRÈ+ r 0.26203E 0å
Pn,.: = ¿,537 RÀl{r = 0.11339E 09

29,5ê 24,42
30.2r 21.03
32,t4 2r.25
32.44 21.44
33.?0 25.43
31.63 26.61
3 6.36 26.36
33.31 30. r5

40.93 33,6t
43.03 36.03
46.03 33.33

4 9.45 a1.92
50,63 {3.56
52.93 a 5.35
53.69 { 6,51
51,42 Á7,70
55.6{ {A,A€
57,63 50,06
58,00 51 .2{
15 T0 201
5a.2M.02

c

o 0.0 23.8? 24.9C 24.{5
1 1,4 29.12 29,i1 29,42
2 2,5 30.30 30.36 30,09
3 5.5 32.06 32.15 32, r0
4 r5,5 33.99 33.61 31,91
s 25.5 31,A9 35.0¡ 32,43
6 {5,5 36,?6 36,08 33,49
1 1a.a 77,46 3?,A7 35.rr
3 105.5 39,52 19,2Ê 11,23
I 13S.5 40,93 ¿0.62 3,:.6r

1A 164.2 12.21 42.01 39.3ì
\1 205.2 41.51 11.24 11.13
12 215.2 11,33 4t.r1 4¿.3a
11 275,2 48,13 .{8,33 45.91
r4 305.2 50.6? 44,64 44,21
15 33¡.3 52.17 52.25 {9.05
r6 363.3 54.51 5a.65 5r.3?
r? 333.3 55.35 5{.39 52.25
r3 403.3 56.57 56.11 53.24
19 123,3 47,25 56,11 54,2A
20 443.3 St.ì4 59.39 56.10
2r {63.3 59.r3 59.?5 56,56
ÀVERÀGE VÀI¡SES'TùROUGH S'TA1¡ONS

39r.6 55.83 5s,68 52,12



c ÀvER- ici
Ì!:-------------------------------19:---
0 0.0 31.40 3r.aa 30.69 3r.0É 23.9'7
ì r.5 32.67 32,13 32.16 32.,{l 2.¡.ìì
2 2,5 33,41 33,é1 33.r7 31,71 21,21
3 5,5 36.16 36,21 36,22 3Ê,22 21,52,1 r5.5 3e.67 36,21 35.25 36,A1 23,5i
a 25,4 1þ,29 a4,11 36,26 3A,3, 26,5r
6 4a,S 12,O2 a1.69 37.59 39,12 2A,a6
7 74,5 11.Ê9 ¡4.r2 40.37 +2.39 3r.60
3 r0å.5 ¿7.35 r6.95 ¡3.61 15.39 31.6a
9 r35.5 {9.30 .r9.25 .ra.96 11,21 3t,éì

r0 r65.2 52.70 52.33 13.9t 50,?? a0,63
ìr 205.2 56.39 55.98 52,0r aa,li 41,12
12 215.2 6\.32 60.73 5?.r9 59,r2 t6,?113 215.2 53.11 62.65 55.û! 60,95 51,6ì
ì4 305,2 66.36 66.35 62.3{ 6{.60 5{.Ar
15 333.3 69,73 59.95 55. ì6 67.5r 57.63
1€ 363.3 ?3,20 1!,11 6A,4: ?0.A6 60.7?
r? 333.3 ?¡,61 71,9ì 69,91 12.11 82.1r
ra 403.3 t5.?0 ?6. r ?i.t6 11.0e 6r,7.
r9 423.3 ??.9É 7ì.1e ,.3.6a t3.6C 6e,79
2A 113.3 41,20 3r,4å 76.5? ?3.95 66.31
2ì 463.3 3r.29 42.32 1?.61 1t,i? 7Õ,A1
ÀvERÀGr VÀLUES THRoUGH S1¡1rOfiS r5 rO 20:

39r.6 75.53 ?5.31 ?0.9r ?3.19 63.59

=,,r=ÈÈ=== EXFERrr.rENî. 0n20 --, ¡{OV. 2?, t93? ==========

HEÀÎ RÀîE GÀINED BY I,IÀîER = 127.9 H HEÀî 
'À!ÀHCE 

ERRON - 7.32I
PRESSURE DROP - 0.3063 rA: n20 FRTCTTON FÀC10n = 0.02r500 FREX = t5.1202

U'STREåH DUI,}i - 21.42 DEC C DOSI¡S'TREÀI4 DULX îEMPENÀîURÈ = 25.54 DEG C
¡IILÊI BIJI,ii TASFERÀ1UR¿ - 21.0? DEC C OUILE'I = 25.53 DEG C



HEÀ? RÀrE CÀlrÌED EY çÀTEn = 66€.3 BÀLÀNCE ERROR - 3,46:
PnESSURÊ DnOP = A.?.13? UH H2A FRrC',lrOI FÀC',rOP = 0.0224i6 FRE¡j - 15,e21€

'rE¿PERÀ,rURE = 2¿.0C DEG C ¡Ci{NSTRÊA/ EULti IEXPEnATUn! - 32.53 DEc c
= 2{.CI DEG C OLITLEI ¡ULti 1Ê|{F¿RA'IUÃE - 32.52 DEe a

0R23 --_ NOV. 23' 194? ==========

INPUÎ ELEC'TRIC PO{ER : 113?.6 RÀ'TE CÀINED BT HÀ'TER = ]I3.¿.? BÀI,ÀNCE ERROR - 1.05':
HÀSs FLoe RÀ1E = 11,216a G/S PRESSIJRE DROF = 0.2535 r.lH H2o FRICTIOÀ FÀclon - 0.0247{9 aRE¡4 = 1?,371?

REII = ?01.9 GNX} = 0,136938 OA UPSIREÀ¡: BULH 'T¿SFERÀTURE = 23,93 DSG C DOçNS'IREÀ}i 8U!!i'TEIF¿RA.IUR' = ]9.69 DEC C
PRI' = 5.20¿ RÀM+ = O.?I250Ê OA INL!1 lulii IEIIPERÀTUÊÈ = 23,96 DEG C OU,ILE? BUL}i 'TEMFERÀ'IURE = 39.63 DEG C

I =='!È=È:ÈÈ EXÞERrI¿¿NT 0R21 --- NOv. 2t, 1967 ===iÈ=È==È

INpUI ELECTRIC POHER - ì6?a.A RÀîE GÀ¡NED BY l{ÀîER = 1604,2 Þ HEÀ1 BÀLÀNCE ERROR = {.22â
r1Àss FLor{ RÀTE ' 15,7960 G/S PRSSSURE DROP * O,2231 trt t12O aRtCl¡ON FÀC.IOR = 0.0255{0 FREH = r7.39r9

R¿H' ,00.6 CRJ'I+. 0.2528?E 08 UPS'TREÀM 8UI¡K 'TEMPERÀTUNE = 23.99 DEG C DOHNS'TREÀI4 BULK IEMPERAîURE - {4.35 DEG C
PRH. 4.693 R¿H+.0.118818 09 INLÞ'T . 21.02 DEG C OU,rLE,r BULK'TEI{PERÀ'TURE . 44.33 DEG C

c ÀvEn- (c) c ----- ÀVERÀGE -----
ÀGE

a a,a 2ê,1? 26.11 25.94 26,05 21.4\ 64C.9 6.24 O.2AaE 03 0.0000C 2ê,35 26,14 24.25 2i.22 21.26 2,1.21
ì r.5 2€.19 26,51 2e,10 26.45 21.44 61i.3 6,21 0.244E 03 0.000r2 22,58 22.lA 23.52 22.99 23.0r 23.00
2 2,4 26,76 26,74 26.69 26.73 21.46 €{r.5 5.2? 0.245¿ 03 0.00C2C 20,55 24,11 21.49 24.11 24.11 24.71
3 5,5 27.5{ 27.51 21,54 21.54 21,\1 612,3 6,26 0,?A6E 03 ¡r.00045 r€,r3 r6.0r r6.r0 r5.ì0 r6.ì0 16.10
¿ r5.5 23.65 28.31 2e.06 28.32 21.29 É15.4 6,23 0.243È 03 0.00i27 t2.1t 13.1t 11.?r r3.?6 13.32 ri.79
a 25.5 29.17 29,24 26.34 28.40 21.44 611.1 É,?1 4.2918 03 0.00209 rr.?9 rr.53 1¿.r3 r2.3C 12.52 12.46
6 {5.5 29.A6 29.7a 2ê,AA 29.34 21,61 653.ì €.15 0.297E 03 0.003?3 11.0r rr.23 13,69 12,21 12,10 12,31
7 1a,a 3A,11 3r.2A 29,3!, 29.A3 25.39 €51.5 6.05 0.307E 05 0.006r9 10.91 rr.16 13.99 12.43 12.59 12.5!
6 r0a.5 30.99 3A.1i 29,9ì 30.41 25,93 610,1 a,98 0.3r6E 03 0.00367 r0,99 ìr.33 r3.66 1?.30 la,12 t?,36
9 135.5 3r.3r 31,24 29,ÊA 3Ô,49 2ê,11 6?3,9 5.39 ú.325E 03 0.0ìrr5 r1.?5 1ì.53 16,t3 13.3? r3,?6 13,55

r0 165.? 3!.53 31.4r 30.27 30.37 2?,0r 637.3 5.81 0.335E 03 0.0Ì36r 12,tA t2,at 15,A9 11,26 1a,42 11,41
1, 205,2 32,19 32.0? 3rr.95 11,41 2,4.1r ê9t.5 5,?? C,3{6E 06 0.0r69? r2,33 ì2.6€ 1t,t2 11,44 ra,31 1t.61
12 244,2 33.2t 33.21 32.23 32.75 24,16 1AE.i 5,63 0.353E 03 0.02021 1r,{é r1,40 ra,56 12,8r r2,99 i2.90
1!, 2,.4,2 33,â) 33.r¿ 32.1É 32,95 25.41 116.2 4,56 0,J63E 06 0.02??4 r1,A9 12.31 16,31 13,90 1t,22 la.Ae
14 305.2 3¡.3r 11.34 33.24 33.11 29.54 ì21.4 4.19 0,1718 Aê A,O2a2i r1,50 11.53 r4,45 r2,9? r3,rE ì3.03
rt 333,3 3å.7r 3Ê.11 7i.32 3¡.02 3C.06 132.1 4,13 o,tA6E 03 0.02759 r1.?6 1r.6',t r6,74 r3,40 rt.25 r.r.02
15 363,_1 35.5ã 34.61 14.21 3r.91 3û,6t ?11.r 9.36 C.l96E 03 0.030i0 1C,96 lO,S5 ì5,r1 r2.63 r1.03 ì2.3É
rì 343.i 35.39 34.12 3l.SA 35.1¿ 3C,91 11r.4 cJ.31 C,1022 03 C.(,31?3 il.0A 1ì,ar ì5,4? li.0? 11.35 13.r9
r3 {03,3 36.23 36.06 3{.aÉ 35.4r 3r,33 153,O 5,21 0,{098 0E 0.033ÁÉ r1.ì2 rr.¿6 15.,{¿ 13.05 13,37 ì3.21
19 123.': 38.32 3ê.lE 39.06 35.6r 3:,69 J59,1 a,22 û,{)6E 03 0.0351{ ì1.76 l2.r{ ìÉ,01 r3,7r 11.01 r.1,35
2! ,{13.i 3?.07 3?,3Û 35,3? 3é,5r 32,06 ?61.5 5.13 0,,122E 06 0.0!66{ 10.A5 10.33 1a,1? 12.22 12.51 12,31
21 453.3 36.9! 37.O9 34,11 34,3; 32,a2 114.2 5,13 0,,{23E 06 0.03A5{ r2.09 11.63 rÉ.34 r3.?5 1.t.11 r3.93
¡VERÀGE VÀLIES THnOUGq StÀrlCNS l5 1. 2Cl

39i.6 35,9? 35.9i 3r.63 34.29 31,12 149,t 8,,29 ú,40ae AA O,A3219 11.26 11,33 r5.55 r3.0€ rl.{2 rl,2a

,lroN cl4 c ÀvEn- (c) À B c ----- ÀVERÀGE -----
ÀGE

a a,a 21,51 27,47 2i,2? 27,t2 2i.16 590.3 6.29 0.{32E 0a 0.00000 26.33 2€.13 2A.49 21,33 27,31 2t,35
1 1.5 23.l6 24.2i 2S.OA 24.14 21.41 a9¡r,9 6.28 0.43aE 0A 0.00ôll 22,65 22.38 ?3.68 2¡.06 23.10 23,49
2 2,5 24.62 24,64 24.19 24,51 24.41 591.1 6.27 0.435E 0€ C.0002? 20,63 2A,31 21,22 20,45 20,36 20.35
3 5.5 29.91 30.03 29.96 29.94 24.11 59?.1 6.26 0.43?E 08 0.00049 r6.28 r6.04 16.r6 r6,r6 r6.ì6 r6,r6
¿ r5.5 3r.55 31.3C 30.3S 3!.49 2{.46 597.3 €.20 0.t9',)E 0A 0.00133 r3.34 r3.33 16.06 ì1.?2 t1.42 11.11
a 25,5 3¿,2i 32.39 3t.53 31.45 2,i.31 50i.9 5. r5 0.506E 0A C,0022? 12,êS 12,13 16,3É 11,20 r{.{5 1i.32
6 45.5 13.r3 3¡.0,i 3r.26 32,2t) 25,1ð 611.1 6.05 ú.5258 03 0.00405 12,23 12,16 r6.23 11.02 11.29 11.15
7 13,S 34,22 33.91 32.32 33.19 2ê,49 626,3 4.89 0.!S5E 0a 0.0067{ t2,15 12,56 r5.1r 11.02 1{.26 14.r{
8 r05.5 35.19 36.00 33.57 31.33 21.50 640.r 5.75 0,56aE 0A 0.00913 12,1A 12,1A 15,42 13,10 13,88 r3,?9
9 r35,5 3É.0ì 35.',79 t3.5r 3¿.6,q 2¿.50 65i.5 5.62 fr,Ér?E 03 0,01213 i2,46 12.è9 i3.63 1:,r0 15,68 r5,39

r0 r65,2 3€.15 36.22 3i.1? 35.35 29,50 6Ê1.3 9,50 0,6ÁrE 03 0,Cr462 t3,6r r3.83 13,96 19,91 r6,t5 r6,r¿
1t 245,2 31.14 3,-.€4 39.3i 36.?6 3C.41 €3É.9 5.33 0,642È 03 fr,0i615 r3,A0 r3.67 13.72 r5,71 r6.r3 t5,9?
12 215.2 39.3e 39.23 17.66 33.50 3:.ìe ?06.9 9.16 C.12!Ê Oe 4.42211 r2,AÊ r3.05 r6,9ì !1.6ê r,1.94 ì{,ar
13 275,2 10,13 39.35 33,06 39,O¿ 33,t9 ?21.0 5.05 0.75rE 03 0.02{39 r3.3r 13.A7 r3.99 l5.a{ 15.29 r6,07
14 305.2 a1.32 4r.3r 39.5? 40.4{ 3a,19 ?3t.6 1.93 0.730E 03 0.02769 12.93 12,96 17,13 Ia.79 15.04 1a.a9
15 333.3 a2,04 42.14 39,15 40.9r 35.13 ?49,8 4.62 0,A03E 03 0,0303{ r3,33 13.2r t9,94 15.93 16.60 16.?7
16 363.3 43.?3 43.33 4r,36 12,51 76,ta ?ê6.6 4,74 0,839E 03 0.033r9 t2.09 11.9{ r7.59 r1.28 14.30 r{.5{
1? ¡43,3 Aô.2r 43.91 {ì,45 ¿2.96 36,4r 116,6 1,É2 0.860E 08 0.03511 12.31 12,85 r€.13 rr.89 15.39 r5.1{
13 403.3 r{.90 41.63 {2,52 {3.65 37.43 ?46.¿ ¿.56 0,831a 08 0.03698 12,31 12.79 rS.r{ r{.4{ Jg.l5 r5.r0
r9 423,3 Á5.13 ¿1.46 42,91 4{.00 3€.r5 796.3 4.50 0.9028 03 0.03835 t2,99 11,62 rS.96 15.63 16.13 15.33
20 {{3.3 ,t6.33 46.62 13.93 a5.23 3A.32 A06,5 {.44 0.92{E 03 0.0107{ r2.r6 11,71 I7.6A 1{.25 r4.3t 1{.53
21 463.3 {6.r5 46,59 44.23 a5.30 39.,t9 A1?.0 {.33 0.946E 03 0.01262 ì3.63 12,34 19.23 r5.69 15.25 15.t7
ÀVERÀ6E VAI,UES THROUGH SîÀTIONS 15 'TO 2OI

391,6 at,40 44,33 42.0? 43.22 31,09 ?80.¿ a.6r 0,369E 03 0.035A7 12.55 12.6A 1A.42 11,91 15,42 15,24

26,13 26,11 27.63 27.É8 21,65
22,63 23,93 23.3t 21.16 23,34
20,49 21,r4 2r.09 21.0! 2r.09
16.20 r6,34 r6.34 16.t4 r6.3{
14.3a 1?,43 i5.53 15.76 i5.67
13,02 1?,72 i5.r0 15.14 r5.27
13.t2 1?,49 r{.90 15.24 r5.0?
t3.60 t7.9? r5.32 r5.66 15.{9
't3,10 17,12 t5.r3 )5.{4 15.31
1{,2¡ 2r.99 17.06 1?.96 17.5r
ra.a2 20.00 r6.39 1?.3r r?.10
r¡,¿0 2r.09 t7.22 17,42 11.52
r4.r2 14.92 r6.05 16.{3 16.21
1¡,95 2r.34 17.31 1?.9? t1,46
1{,13 r9.7¡t 16.46 i6.92 r6.69
i{,09 22.30 t7,34 14,24 11,19
12.83 r9.31 15.5r r6. r3 r5.82
14,12 20,11 16,56 t1.26 16,91
11.02 20,69 r6.50 r?.21 r6.66
15.22 21,6e r7.5? 18.20 17.66
12.44 19,15 15.71 16.40 r6.05
1A,02 22.t9 1?.S2 1A-3¡ r7-93

s{0.5 6.28 0.684E 08 0.00000 26
54t.4 4.26 0.60?Þ 08 0.00015 22
s12.O ê.26 0.689s 08 0.0002a 20
54{.0 6.2¡ 0.695¿ 08 0.00053 16
550.5 6. r5 0.?r6E 08 0.00t51 13
s57.2 6.07 0.737¿ 08 0.00248 r3
571.r 5.90 0.740È 0€ 0.0044t 12
590.5 5.69 0.8{38 08 0.00?39 13
510.1 5.50 0,9068 08 0.01035 t3
630.9 5.30 0,9?¡E 08 0.0r333 r3
65r.5 5.rl 0,10{E 09 0.0r6¡1 tt
679,0 {,37 0,r12t 09 0.02040 t{
?03,9 1.63 0.r218 09 0.02456 r3
730,0 4.{9 0,1288 0! 0.02?6¡ 1r¡
?52,t 1.31 0,r35¿ 0' 0.030?3 l4
711,1 1,21 0.t12a 09 0.0336{ t4
796,a 4.03 0.150E 0' 0.036?6 r3
a1ì.r 4.00 0.155E 09 0.03666 13
a¿6,3 3,32 0,r6oE 09 0.0a095 13
342.1 3.84 0,165E 09 0.0a303 1{
858,2 3,16 0.170E 09 0.0{520 13
a?3.? 3.69 0.1tSE 09 0.0a712 1{

29.07
30.00
30,6 3
32.54

35.50

14.24

{3.{6
4 5.91
{ 6.93
{6,96
50.t2
s2.41

5{,01
5,{.33
56.90
5?.09

c ÀvE¡- (c)

24.66 24.46 21.42
29,64 29.42 2¿,10
30.33 30.43 21, r5
72.17 32.17 ?1,31
32.11 33.34 21,42
32.46 34. ì6 25,3{
33.97 35.29 26,33
15.r0 16.s7 27.9¿
37.05 33.13 29.19
3?.02 33.75 3r.05
39.13 40.34 32,59
10.81 12,?2 31.66
43.S6 4{.At 36.7{
11,31 15.11 74.29
46.3? ¿ ?.6? 39. A5
47.06 ,¡4,?ì ¡1.10
49.{9 5r.i2 {2.46
50.07 5r.6r ¡3.90
5r.r0 52,66 44.93
5r.ac 51,21 45.9?
51. ¡r a 55.09 4?.01
53.?6 55.24 {3.0¿

1 r.5

a i 5.5
5 25.5
6 {5.5

a 105,5
9 135.5

r0 r65.2
't t 205.2
12 2¿5,2
17 275,2
r{ 305,2

16 :t6¡,3
17 333.3
r€ 4 0¡.3
i9 { 23.3
20 4¡ 3.3
21 1É7,7

50.50 5 2.0? 44.391.6 53.?1



¡NPÙi Et:C1R¡C ÞoÈEn. 139.r H

rrÀss FLo! nÀT¿ = ?3.2r1c G/s

R¿Èi = 405,6 cRr,l+ - 0.9ì512! 05
PR¡r - 6.1?9 RAH. - C.5660,1E 0ì

EOH,{S1n¿À}! BUL}i TEJrpEnÀTUnE = 25.3ì DEG C
oUTLET BULä îEr¡pERÀlURE = 25.39 DÊG C

UPS,IREÀ'{ BULIi . 23.93 DEG C

II¡LEî BULT 1EÌ¿FERÀÎURE . 23.96 DEG C

24.6i 28,51
26,24 26,24
2ì,r{ 2r.13
11. a4 r3.a¡
ì2,03 12.00

9.6? 9.50

9.r? 9,09
9.6 3 9.56
9.90 9.Al

9,55 9.53

]e.24 32.61
10,4 6 23.5ì
21.13 26.22
2i ,12 21.\2
r{,20 ì5.33

9.6r 9.ì5
rr. r6 9.33

r0.85 5,32

r0.59 9.03
r0.3€ 9.02

r 0.64 9.63

12,66 1t).22

30.1í
27 ,51
25.93
22,1)2

9.36
4.16
3.?9

9.24
ê,42
Lì1

86

516E
516E
5t1E
5{ 3E
5{ 9E
552E
55sE

56 3E

57 5E
I7a¿

53rE

535E
58?E

0.

0,

HEÀ1 RÀ'T! GÀINEE AY çÄTER - 255.3 ¡ÀLÀNCE ERROR = 1.5];
DROp = 0.3r99 l"i.r H20 FRTCIrON FÀC'IOR. 0.017726 FRÐ¿. r{.193,r

uPslREÀ!{ sulri îEHpÈRÀ1URÈ = 23.9a OEC C OOçNSîREÀ¡I , 25.6{ DEG (
INLE'T BULI{ IEHPERÀîURÉ = 23.91 OEC C OUî.LEî BU!I: 'TEMFERÀIURE = 25.61 DEC C

À;;;;;;--::::

27.66 21 .62
23.42 23.41
21 ,14 21,71
17.25 17.25
13.06 13.03

1r,03 ì ì.05

r0,35 r0.33

r ì.58 r r,50

r r.15 rr.06
t0.50 r0.¿4
r0.99 10. a3
11. ?9 1r,53
11.?1 1r.53
r 1.52 11.{l
rì,9a 11.85

12.23 12.01

l i ,4¿ 11.32

c ----- ÀvERÀ68 -----

;;;.;--;:;;--;:;;;;';;'-;:;;;;õ---i;:;;--i;;,3--';;;õ--i;:;;--;;:;;--'¡. ;;
730.5 €.29 0.289E 08 0.000rr 23,61 23,t1 24,62 23,96 21,91 23,91
730.9 5.29 0.290E 08 0.000r8 2r.50 2r.0r 21,93 21,at 21,a9 21.59
711,1 6,28 0.2908 08 0.00039 16,A1 16,42 16,64 16.64 16.65 16.6r
711,1 5,25 0.293E 0A 0.00rr1 r3.23 r3,59 r5,23 1,t.26 11,a2 11,29
131,1 6,23 0.296E 0S 0.00t83 r2,ra r2,0r 1a.50 13.r? 13,29 13,23
142,1 6,14 0..10rÊ 0A 0.00326 rr.¡0 rr,60 13.9t 12.53 12,11 12,65
?51,1 6.10 0.309E 0A 0.005{2 rt,0{ rr.56 13.9? r2.49 r2.64 12.56
?59.8 6.02 0.3laE 0a 0,00?53 r1,0{ 1r.29 r3,76 r2.¡3 12,a6 12,40
768.5 5.95 0.327E 0A 0,00975 r1.23 rr.57 r5.9? r3.30 r3.69 13.49
117,6 a.A1 0.335E 0A 0,0 9r 12.06 r2.30 r6.39 r3.9? ra.2g 1a.13
?88.7 5,78 0.346E 0A 0,0r{A1 12.46 t2,61 t7.06 ra,{6 ra.8o 1a.63
199,2 4.10 0.357E 03 0.0r77r r1.76 1r.€r r5.03 r3,i7 r3.38 13.28
807.3 5.64 0.365E 03 0.0r990 1f.62 12.0{ t5.70 r3,!¡9 r3.77 13.63
815.6 5.57 0.3?4E 03 0.02208 1t.32 11.35 r{.36 r2.67 12,A5 12,16
823,1 5,52 0.332ê 03 0.02{1¡ rr.58 1ì.49 r6.55 13.59 1,1.04 13,82
832.0 5.,{6 0.39r8 03 0.02633 rr.5a 1i.40 r6.58 13.56 t{.02 13.?9
a3?.9 5.4ì 0.3968 08 0.02779 r1.50 11.89 16.16 13.5? 13.93 13.',75
343.4 S.37 0.¿02E 08 0.02926 .3? 11.80 16.06 13.4€ 13.¿? 13.6{
349.4 s.3r 0.4088 O8 0.030?3 11,16 r2,22 15.95 r3.69 13.9? r3.A3
3Ss.A s.29 0.¡i5¿ 06 0.03220 10.67 r0..r? 11,41 12,32 12,6? 12,17
452.0 5.25 0.¿21Þ 0g ô.O336? t2.06 t1.12 16.9? 11.93

,rroN cM c À!ER- (C)
NO. ÀGE

0 0,0 25,96 26.00 25,43 24,91 23,92
1 1.5 26.3{ 26,79 26,25 26,31 23,91
2 2,5 26,60 26,66 26,51 2ê,5' 23,96
3 5,5 27.37 27,16 27,tt 21,41 2a,01
4 15,5 ?4.45 24,34 21,49 28.t4 24.11
5 25.5 29.00 29.O5 28.21 2A,63 24.33
6 1S,S 29,61 29.51 2A.7t 29,16 21.66
1 1a,a 30.27 30.04 29.ì9 29,61 25.14
I 105.5 30.75 30.63 29.7{ 30.2r 25.63
9 I35.5 31.14 31.00 29.65 30,76 26,12

10 165.2 31.?8 31.19 30.04 t0,6¿ 26.€0't1 204,2 31,71 31.7t 30.55 a1,15 27,26't2 245,2 32,ÉA 3?.?4 3ì.53 32.11 27,9A't1 215,2 33,22 33.05 31.97 32,A5 2A,39
14 305.2 33.33 33,A2 72,1A 33.30 28.88
r5 333.3 3{.t7 31.21 32.?2 31,46 2r,31
ì6 363,3 3{.67 34.?3 33,20 31,95 29,ø2
ì7 3A3.3 35,0t 3¿.A5 33.6r J1,21 30,|a
t3 403.3 35,33 35,2r 33,95 34.62 30.a7
ì9 {23.3 35.51 35,37 3{.30 34.9? 30.80
20 4{3.1 36.25 36.45 3{.95 35.65 3t,12
2) 463.3 36,0? 74,21 31,73 35.a{ 31.45
ÀVEiÀGE VÀLUES IHROUGH S,rA'TIONS 15 TO 20:

3tr.6 35.i7 35.14 33.79 31.{7 30.23

'rroN cr.

i9:-------------,-----------------i9:
a o,a 21.15 2!.14 21.68 21.12
r ì.5 2a.3? 21,49 2t.42 21,84
2 2.5 21.95 21.97 2r.92 21,91
l 5.5 2s. r9
4 1a,a 24,76 24.72 25,6A 25,67
s 25.4 25.99 24.A2 2a.t3 2a.Ai
6 45,5 26,29 24,21 24,99 2a,11
1 15.5 26.60 26,44 26.?4 24,38
a r05.5 26.76 28,74 26.14 26,61
9 ì35.9 26,99 26,35 24.12 2É.49't0 155.2 21.04 21.02 26.63 2É.43

11 2Aa.2 21.20 27,21 2â.16 26.98
12 215,2 21,41 21.11 21,11 27,3A
11 215,2 27,11 27,69 27,22 27,46't4 305,2 21.96 27,9ê 21,42 2t,71
r5 333.3 2A.r{ 28.O9 21.54 21,83't6 761,3 24.22 24.16 21.51 21,88
r7 331.3 24.23 28.26 21.12 24,O0
r3 403.3 26.41 2A,36 21,8A 28,17
1! 4 2r.1 24.39
2A 111.3 24.12 24.49 28.22 28.a1
2t 463.3 24,69 28,65 2A.09 23.33
ÀVERÄGÈ VÀLUES î¡]FOUGH STATJONS 1É 10

39r.6 24.16 24.76 21.41 2A.O9

;;.;3--;;.;;
21,é2 23.19
¿2,21 21.13
11,25 11 ,24
r3,60 13.0 ?
12.95 r1.97
1r.49 rr.02
11.45 10.63
r r.04 10.30

i2.2r r0,95
12,9? 11,12

r2.5{ 10,97
r1.6{ 10.34

r3.75 11,47
r3.{6 r 1.45
r 3.08 r r.31
r3.46 rr.7E
r2.25 ì 0.43
1¿.23 11.91

13. 10 11.20

//È.5 É.2e o.1oeE o. o . o o o o ã 

- - - 
I I . i i 

- - 
I i . , o

23.95 116,6 6,29 0. r09E 0€ 0.00010 23,29 22,1a
23,96 716,1 6,29 0.109E 06 0.0001? 2t,a3 2A,91
21,95 171,O 6,2A 0.r09E 0B 0.0003? r?,51 r6,9S
21.03 718,t 6,2A 0.109Ê 0A 0,00r0¡ 12,35 t2,6A
21.09 779,1 6,21 0.1r0E 03 0.00r72 ìr.22 r1.03
21.21 73r,r 6.25 0.110E 0A 0.00307 ì0.2r 10.31
21.34 181.2 6,22 0.111E 03 0.00509 !,5a 1C,2a
24,55 ?3?.1 6,r9 0,1r2E 08 0.00?12 t.63 9.7C
2!,12 790.5 6.r7 0.rr3E 0e 0,00914 9.3! 9.53
?1.89 193,6 6,11 0.ìr5È 06 0.0rr1- 

'.83 
9.9?

24,12 797.3 6,10 0.lr€E 06 0.0r3A6 r0.20 r0.J9
25.35 402.1 6,0? ti,rrAE 03 0.0r657 9.5r 9.00
25.82 305.4 6,04 0,r19E 03 0.0r36r 9.69 9.32
25.14 403.? 6.01 0.t20¿ 03 0.02065 9.35 9.33
?5.35 Arr.3 5.99 0.12rE 03 0.02255 9.10 9.49
26.o3 aì5.r 5.96 0.r228 03 0.02460 9,10 9,91
26.11 a17.{ 5.94 0. r238 06 0.02596 9,92 t,99
2Á,26 a19.6 5.92 0. r2¿E 03 0.02733 9.86 r0,06
2É.31 821.9 5.91 0. r2{E 03 0.02369 r0.5r r0.31
26,Á9 821,2 a,A9 0. r25E 0A 0.03006 9.{9 3.A2
26.60 426,4 5,61 0.126E 0A 0.03r{2 r0.17 I0.32

26,t9 3ì3.3 5.93 0.123E 0A 0.02653 9.80 9,78

0R2? --- oEC. I | 198? ='=========

Po{ER. 706.3 e fiÊÀr Rå'rE 6ÀINED By HÀ1En = 63t.1 $ 8EÄ1 EÀLÀNCE êRRoi = 3.63å
HÀSS Fr,O{ RÀrE - 21,3920 G/S PRESSURE DROÞ = 0.307t H¡t H20 FR¡CIrON rÀC,roF , 0.01920A FRãr' = t5.2959

n¿N = 796.3 GR¡1+. 0.61937E 07 UPSîREÀy EUlt{ lEllPERÀ'rURE ' 23.91 DEG C rþ9rNSTnEÀM BULX îEMPERÀîURE = 31.55 DEG C
ÞRU = 5.?I9 RÀII+ = 0.35424E OA INI,E,I EULfi IEVÞERÀ'TUFÈ . 23.9? DEG C OU,ILE'T BUIK'TEMP¿NÀ'TURE ! 3I.5{ DEG C



c avER- (c) c ----- ÀvERÀcg -----
À6E

o r,o 21,ar 21.41 21,21 21,33 23,97 6A5.6 6,29 0.,:93E 03 0.00000 2A.1A 21,82 3C.10 2e.99 29.0,ì 25.0i
ì r.t 23.03 24.13 21.92 ?3.0i 2,t.01 6A6.2 6.2A 0.5008 03 0.0001r 23,t6 23,É7 2i,92 21.36 24,31 21,36
2 2.5 28,43 28.54 28,42 26,a9 21.O4 6A6,1 6.21 0.50ra 03 0.00019 21.7a 21,46 22.2A 21.91 21,91 2\,9A
3 5.5 29.36 29.94 29,90 29.90 21,13 5A3.r 5.26 0.503ê 03 0.00012 11,A3 1a,17 16.90 16.90 r6.9C 16.90
'i r5.5 31.4r 3r.r9 30,2¿ XC,71 21,43 692,A 6,21 A,1\28 03 0.00rr6 11.91 1a,42 r6.77 15.37 1!.{3 15.{35 25.5 32.r3 32.24 34,52 31,38 21,12 e97.6 6.1.1 0.520E 0e 0.00t95 !3.06 t2.39 16.31 1a.65 11,A9 11,176 ,15.5 33.07 32.92 71,24 32,10 25,32 1l)i,1 6.01 0.533E 03 0.00116 12.5Ê t2,AA t6.a5 ra.36 14.61 14.{A? ?5.5 31.05 73.71 3?,18 33.4a 2ê,22 722.4 5.93 0.5€5E 03 0.0053! 12.35 t2.9t 1a,29 14,21 1¡.¡? 11.15a r05.s 3.1.9¡ 3a.72 33.3r 31,41 21.11 737.5 5.3C 0.552E 03 0.00ãrZ 12.33 t2.?3 15,62 13,92 t4.0t 14,009 ì35.5 35.69 39.{{ 3i.ì{ 3{.33 2S,0r 75r.1 s.66 0.6rAE 03 0.0t0{t t2.53 13.0ì 13,33 16,23 15,81 15,52

r0 ì65.? 35.99 35,45 34.02 34.97 23,39 765.r 5.57 A,6a4E 0A A,At21S t3.60 13.A6 1A.32 15.8S 16,28 16,08
11 245.2 31.14 36,99 3€.03 36.03 30,09 744.1 4.12 0,680E 03 0.0r536 t3.55 13.93 t9,23 r6.05 16,âr 16,28
12 215,2 3A,13 33.61 3€.92 57.30 3ì,26 305.á 5.27 C,?r8E 0A 0.0r90C r2.e9 13,01 17.0r rt,?ì 1ô.99 t4,85
13 214.-¿ 39,3a 39,09 3t,2a 38,21 32,11 320.6 5.16 0,?47E 06 0.0213É Ì3.35 13,41 t4.33 r9.79 16.2? 16,aA14 305.2 40,43 40,1r 3¿.5€ 39.19 33.0? 335.3 5.06 A,113E OA A,A231ê 12,99 13,0: 17,11 14,A9 tg.2r t5,051t 333,3 ar.05 41.r1 33.53 39.€3 33,9r 319.3 t.96 C,797È 0A A,C26A2 13.3{ 13.23 20.39 ì6.0S 15.31 t5.{61e 343,'r 42.13 12.56 1C.12 11.30 3¡,30 36t.9 a.36 0.A25E 03 0.023¿S .t2,tg 12.26 1?,A9 1,i,53 t5.ti t4.3617 3e3,3 !2,82 12,t9 r¡J.51! 4!,61 3t,40 3?5.5 i.79 C,A{3E 0A ú.01003 12,19 13,21 t8,6C r5,3C 15,3C ì5.5513 {01,3 ¿3.52 43,24 11.45 12.2A 15,94 A86,1 1,12 C,362E 03 0.03t7r 12,61 13.tÉ 1A,11 ta.Z1 15.32 t5.5519 423.3 11.72 43.35 ár.{3 12.14 74.49 €9î,É i,65 C.A32E 03 C.0333É 13,26 t{.0ì 19.5É l€,0? 16.60 r€.35
20 ,{{3.3 ,:4.€9 45.ìr 42.{3 ¡:3.73 3?.r9 9O5,2 1,59 0.901E 03 0.01199 12.26 \1,At 13.05 1a,46 1a,a6 11,t6
21 463.3 {1.53 41.93 12.a1 {3,56 37.76 9rÊ,¿ r.53 0.920E 03 0,03660 13.90 ì3.22 20,11 16,29 t6.93 16.É3
ÀVERACE VÀLUES'THPOUGH SîÀîIOIìS ]9'TO 2(I

39r.6 43.07 a!.00 40,69 åì,36 35.65 3A0._1 t.76 0.€52E 06 ú,0301? 12.AC 12,95 13.36 19.30 ì5.33 15.59

¡NPU'T ELEC'TRIC PO'¡ER = ì22i.? RÀ18 GÀINE' BY ÞAÎER = ì!72.,ì { HÊÀ' EÀLÀNCE ERNOR È 1.23è¡
rlASS lLOf RÀîE = 2A,A63A G/S PnESSÜR¿ ÐROF . 0.2€?3 Hn Hzr) Fnrc'rroli FÀCîOR = 0,020¿lA FRErq . 16.3a50

REr = ?99.1 CnM. = 0,r31?6E 08 UÞSTREÈÌ! . 23.S{ DEG C DOTNSTRE^|' BùLr lEspERÀlURE = 37.96 DEC C
PRf = ..3IJ NÀT¿' = O,?O?93E 06 ]NLET BUL}i 'TEI¿PERÀÎUR¿ = 23.96 DEG C OIJ'I¡,È' BIJLH TEHÞERÀTURE = 3?.95 DEC C

¡NIUî ELEC,rR]C POHER = 1750.5 RAîE CAIIIED BY 
'{À1ER 

. J666.3 !i HEÀî BÀLÄNCE ERROR È 4.311
M^SS FLO{ RÀ'rE . 1a.562! G/S PRESSURÊ DioP . A,2702 W4 H20 FRICI:ON FÀCæR . 0.C22333 FREtl = 17.A393

REH - 799.2 GRM¡ - 0.2405]E 03 UPSîREÀH BUL'I IEHÞêNÀ1UñE = 23.97 DEC BUL{ 'TEUPENÀ1URg = {5.51 DE6 C
PR}¡: 4.66' RÀI'I+ . O.I17OOE 09 INLEI EULX'TÈXPERÀIUNE = 21,00 OEG C OU'TLEI 8ULK IEMPERÀTURE È 1S..I9 DEG C

froN cr, c ÀvER- {c, À E c ----- ÀvERÀcE -----IIO, AGE

0 0.0 23.93 29,O4 24.62 24.42 2t,OA 634.4 6.28 !.7r0s 0A 0.00000 21,AA 21.51 30,02 23,83 28,A1 28.øaì r.a 29.90 23.9A 29,6a 29,AA 21.A7 635,8 ê,27 0,7r3E 08 0.00012 23.30 23,,t9 21.AJ 21,22 21.21 21.232 2,4 3A,53 30,52 30.3ì 3A,a1 24.12 636,5 6,2É O,?r5¿ 08 0.0002r 21,62 21.31 22,19 21,A2 21.33 21.82
3 5,5 32,a3 32,4î 32,4A 32,5A 21.2a €33.5 6.2¿ 0,?20È 08 0.000a5 tÉ,96 16,61 16,6i t5,3t ì6.3ì t€.3t
4 r5,5 31,1{ 31.09 32.56 33.Ár ?4.7r 615.2 6.1? 0.?39E 0A 0.00123 1a,23 11.71 1?.65 15,92 16.0? t6.00_. 25,5 35.3? 35.5r 32.S3 31,r3 ?a.r? 652.2 6.t0 C,?sAE 03 0.002tr t3,57 13.3S 1A.0? 15,44 15.?? t5.606 {5.5 36,6{ 3€.39 33.97 35.2{ 26.09 666.4 5,95 0.?97E 0A 0.003?7 13,06 ì3.¿0 1?.5r 15.03 t5.3? ta.237 15.5 31,49 37.50 35.04 18.34 27.16 641,3 5,14 0.855E 03 0.0062a ì3.20 13.71 r3.07 t5.42 t5.?6 15,59
3 105.5 39.r3 33.66 36.75 37.39 23.a4 ?07,r 5,53 0.9r3E 08 0.003A0 t3.26 13.63 ì7.3( t5.t6 t5.1t 15,26
9 t3a.a 4c,22 39,A1 36,69 3€,35 t0.2r 723.0 5.ai 0,973E 08 0.01132 13.61 11,22 21.t3 ì€.30 11,51 11,1710 165.2 4r.01 40.?? ¡8,.t? 39.66 31,5? 750.ì 5.23 0.r0{È 09 0,0r38a 11,1a 11,82 19.91 ì6.3r- 11,21 11,A711 204.2 1?.AA 12.14 19,42 4r,23 33.4r 773.0 5.02 o.ttlE 09 0,0172€ 1{.¡5 t4.95 21.15 17.35 11,91 17,É112 213,2 15,43 41.42 12.17 43.69 35.24 30t.4 4.Ai 0.r198 09 0.02073 13.A0 t¿.10 t3.?0 15.98 t6,32 ì6,t5r3 275.2 {6.06 45.67 12,92 4¡.39 36,62 330.9 4.65 !.125E 09 0,0234{ 1{.25 l{.37 2t.35 1?.3t 1?,96 t7,53r4 305.2 47.6? 11.61 11.94 46.3r 3?.99 35¡.0 4.52 0.t32E 09 0,02607 13.37 t3.95 t9.20 16.13 16.55 16.34r5 333.3 44.55 ,¡4.75 45.21 45.96 39.24 37,1.2 4.{O 0.1¡38 09 0.02453 ì4.2? t{,13 22.57 17.43 t4,33 1?.9116 353.3 50.33 50,9{ 4?.33 4!.r3 {0,65 393.0 1.27 0.145E 09 0.03t17 t3.12 12.93 I9.36 15.75 t6.45 16.t0

tt 333.3 51.26 50.95 4?.96 19.53 41.57 914.6 {.19 0,1498 09 0.0329{ 13,16 t1,21 20.36 t€.74 r7.42 t?.0S
18 403.3 52.2? 51,87 48.82 aA,4a t2,19 929.9 1.1r 0,r51E 09 0.0t4?1 r3.6û r{,16 21.00 15,71 r7.41 t?.0819 423,3 52.72 32,17 Á9.52 50.98 43,40 941.9 {.0¿ 0.1538 09 0.01649 I,i.25 15,t5 21,12 11,53 1a.2ì 17.S7
20 4{3.3 54.37 5{,66 50.93 52,14 14,32 960.4 3.97 0.163e 09 0.01S27 13,20 12,A2 19.93 15,74 t6.47 1€.ll
2r 463.3 5{.10 5{.61 5ì.3r 52,44 t5,24 9?6.4 3.90 0.167E 09 0.0{00? t4,9¿ t{,10 2.t,Bt t1,42 18.!6 1?.79
ÀVERÀGE VÀ!UEs THROUôH S'TÀ'TIONs I5 TO 20:

39r.6 51.69 5r.55 {A.3r ¿9.97 4r.95 920.3 4,r6 0.t51E 09 0.03363 13.70 13.9t 20.99 16,€5 t7.a0 1?.02

c ----- ÀvEiÀGt -----

32.0{ 30.61 30.€? 30.64
27.44 27.O4 27.14 21.09
24,49 25,0A 2 5.09 25.09
20.53 20.5 3 20,51 20,51
13.t? 12,85 r2.A6 ì2.86
11.55 11.13 11.t5 ìr.l¡t
10-50 9.?9
9,?0 9.4 3 9.a6 9.{5
s,9{ 6. ?5 6.?s A,75

10,21 6.64 9.0 ì A,93
9. ?8 9.01 9.06 9,0{

10.52 9.41 9.sS 9. ¿9
10.79 9.t7 9.39 9.2€r0.45 9.a9 9,57 9.53
11.31 9.56 9.79 9.63
10.39 9. I3 9,27 9,2Ar0.40 9.r0 9.2{ 9.r?
10.49 9.0a 9.2 r 9.r3
9.91 9.02 9.09 9.06

10.90 9,6{ 9. ?8 9.71
9.79 4,62 A.?1 B.1o

10.15 9.22 9.35 9.24

INPUT ELECIR¡C ÞO!¡ER = 134,? RÀ'TE 6ÀINED EY IIÀîEÂ = I?8,5 ç I{EÀT BALÀNCE ERROR. 7.0]:
üÀss FLoH RÀ1å = 25,ê520 GlS ÞRESSURE DROP r 0.3710 r4.r H2o FRÌCî¡ON ¡ÀCIOR = 0.016150 FREM - 1{.3950

REg = 491.3 Gilr+ = 0.92273E 06 ÜPSIFEÀM - 2{.09 DEG C DoçNS,¡Re^g BUIR IE|{PERÀ1URE. 25.30 DEC C
ÞRX = 6.17ì RÀ¡I+ È 0.569{OE 07 ¡NI¿î ¡ULN îEMPEFAÎURE . 2{.]O DEG C OU'¡IET BULI{ IEMPERÀîUFE = 25.2' DE6 C

50 29.tI
51 26. t0
82 24,35
16 20,29
50 12.61
90 r 0.60
08 9.26
64 9,80
62 8.50
aa 7,76
21 5,12
69 8.4 6
19 ?.5r
69 8.69
26 4,29
16 8.la
90 8.28
86 6.01
13 6.38
00 a.31
21 7.22
2ì 4.30

419.2 6.21 0.551E 0? 0.00000
413.2 6.26 0.5EIE 07 0.00009
419.1 É.26 0.551ê 0? 0.00015
419.1 6.26 0.551¿ 07 0.00033
3?9.9 6.26 0.552È 0? 0.00093
300.5 6.25 0,553È 0? 0.00152
60t.5 6.25 0,55ae 0? 0.002?2
663.0 5.2t 0,5578 0? 0.00a5!
86{.5 6.22 0,5598 0? 0.00630
a86,2 6,21 0,56rE 07 0.00810
aø1,1 6,20 0.56a8 0? 0.009A8
669.3 6, r3 0.567Ê. 01 0,A122?
891.9 6.1? 0.570E 07 0.0r46?
893.S 6.15 0.571E 07 o.0r6t6
895.t 6.rÁ 0.575E 0t 0.01826
396.6 6.13 0.5788 0? 0.01995
494.2 6.t2 0.5308 07 0.0?175
399.2 €.rr 0.532a 01 0,02295
900.3 6.10 0.583È 0? 0.024t5
901.6 6.09 0.585E 0? 0.02s35
902.s 6.09 0.587E 0? 0.02655
903.6 6.04 0.533E 07 0-027rS

'rroN cH c ÀvER- (c)
NO. AGE
- 

¿- 
- - - 

¿-.õ- 
-,;-.;¿- - 

r;-.;¿- 
-,;-.;1- -,;-.;a- -,¿-.;;

1 \,5 24,54 24,41 24,4ê 21.43 21,10
2 2,É 24,53 21,54 21,42 21,43 21,10
3 5.5 24.62 24.64 24,63 24,63 21,11
4 15,5 24,99 21,93 2a,95 21,97 21.11
a 24,5 25,t4 25,17 25,09 24,12 21,16
6 45,5 24,39 25,31 25,23 24,34 21,21
? 15,5 24.53 25.14 ?5,39 24,a2 21,29
8 r05.s 2s,6r 2É.62 2s,56 25,59 21,31
9 r3s.s 2s,40 25,42 24,t9 25.65 21,11

t0 r65.2 25,41 26.79 25,6t 24,70 21,42
1t 205,2 25,45 25.44 25.6a 25,75 24,62
12 2t5,2 25.94 26.15 25,7t 24,89 24,12
13 2?5,2 26.03 2ê.03 25,82 24,92 24,4A
11 305.2 26.t7 26,16 25.82 24,99 21,4È
15 333.3 26.26 26,26 25,98 26,12 21,94
16 363.3 26.38 26.3r 26.05 26,20 25,O2
11 343.3 26,13 26,11 26,49 26,26 25,øA
r8 403.3 26.41 26,10 26,24 26,31 25,13
19 423,3 2É,36 26,a6 26,16 25,2A 2s,1A
20 413,3 26,52 26,11 26,32 26,17 25,23
2t {63.3 26.56 26,51 26,30 26,11 25,2A
ÀVERÀGE VÀLUES THROUGH S'TÀTIONS I5 TO 20:

39r.6 26.¿0 26,12 26.13 26,21 25,10 899.7 6.tt 0.532E 07 0.023{5 8.23 A,06 10.3r 9.09 9.23 9.r5
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0R3,t --- DEi. i. l9ê? =rÈ==rr==-

INP¡-rT ELECTRIC FOJEn = 1826.Û ¡! {ÀTER - i153.7 BÀLÀNCE ERRon - 3.191
. 21.3r9r1 Gls - 0.30ô3 xr! H2c FRrc?rorì F¿cTon = 0.01936r FREÈ = 17.1631

REü. 9Cì.? GRI.I+ = 0.240{3E 06 U?SIREÀH BULII IEI,IPERÀ?URE.2].!€ DEG BULIi ?EIIPERÀîUN¿ = 1J,75 DEG C
pRr¡ = {.961 RÀH. = C, i1S1{! C9 !NLEî BULX lEtlPERÀTUna . :i.99 ÐEG c oUlLÊ1 EUL|I tEtlpERÀÎUn¿ = ¿3,7! DEG C

INFUT ELECTR¡C POHâR = 136.6 RÀTE CÀINEÐ BY PÀTER = ]24.7 BÀLÀNCE ERFON = 7.ì4å
nÀSS FLOÈ nÀ18 = 24,9374 GlS PRESSURE DROP = 0.1112llx H?O FRlCTlox FÀcToR = 0.01406t FnEH - 14.0546

Rãr = 999.4 GRHì È 0.905928 06 gÞSrR€Àrr Sulri TESpERÀlUnE = 23,9? Þ¿G C DowNS'rREÀn = 24.93 DEG C
ÞR}' = 6.209 RÀHI - 0.5625IE 07 INLEÎ EULIi îEIIFÈRÀîUNE = 2-1,92 DÈG C OUî¡,E'I BUIR TEMFERÀIURE = 24.98 OEG C

ÀECÀvER-{c)
r¡o. ÀGE

0 0.0 2{.25 21.24 2{.25 2¡.,21 23,92 981,1 6,29
r r.5 2(.32 21.32 2t.3! 21.3\ 23,92 9A?,8 4,29
2 2.5 21.31 21.14 21.33 2t.31 21,92 941.9 ê.29
3 5.5 ?1.13 21.11 21.13 21.13 23,53 9AA.C €.29
1 t5,S 21,16 24,16 24,15 21.16 23,9a 9Aa.5 €.29
a 2a,a 21.94 ¡4,9t 21.99 21.9? 23,9a 9a9.0 6.23
6 45,5 25,1a 25,1t 25,03 24,09 21,C2 990.tI 6.26
7 ?5,5 25.30 25,2t 25.22 25.21 21,O9 991,6 6,27
a r05.5 25.4r 25.10 23,33 25.3? 2{,r6 993,t 6,26
9 r35.5 25.51 23.59 24.2e 21.12 2a.2i 991.7 €,21

r0 ì€5.2 25.59 23,4e 25.34 25.46 2t.29 996.2 6,21
11 20a.2 24,62 25.63 25.33 25,31 2t.3ê 9rA.3 6,22
12 215,2 Za,e1 25,94 25,51 25,1a 21,11 1000.1 ¿.21'13 214,2 24.e6 24.46 25,6? 24,11 2a.Sa 1001,9 6.19
14 305,? 25.9r¡ 25.9a 25,63 25.S0 ?a.61 1003,5 6,18
15 33¡,3 26.00 26.01 25,12 24.46 21,67 1005,0 6,1?
r6 363,3 26. r2 26.06 25.11 25.93 2{,71 1006.6 6. r6
r7 343.3 25.09 26.07 25.14 25.93 24.79 100?.€ 6,r6
i6 {03,3 25.09 ¿5.06 25.43 25.96 21.43 r003.? 6.r5
ì9 {21.3 26.03 26,10 25.19 25,93 21.AA 100!.3 6.r{
20 {{3.3 26.1€ 24.31 25.92 26,O8 21,92 t0t0.3 6.r3
21 ,¡63.3 26.f! 26,t1 25.44 26,O0 21,97 !0rì.9 6.13
AVERÀGE VAI¡UES '¡HROUGH SIÀî¡ONS 15 rO 20r

391.6 26,09 2€.r0 25.30 25,95 2{.8r 1008.r 6.15

517E 0l
s{AE 07
549E 07
551E 0?
553È 07

55AE 0?

563E 07

563E 07

s72à A1
573E 07

57€E 07
573E 07
5?98 07

.,:¡È!ÈÈ== EXpERIMENI 0R36 --- DÊC. 3. t987 ==========

I¡¡PUT ELECîR¡C PO¡ER. 272.6 RÀîE GÀINED BY HÀ?ER = 262,2 I{ HEÀ'T ¡ÀLÀ!¡CE ENñOR = 3.32:
r{Àss FLor{ RAÎE . 26.5{00 C/S PRESSVRE DROP - 0.4r10 r¡Jr H20 FRrC',rrON FÀC10F = 0,0r1153 FRE$ = 14.{3{2

REH ' 99S.? GRJ.I} = O.193OOE O? UPS'TREÀII - 23.90 DE6 C DOIIlISTREAM 8ULX 'TEMPERÀTURE . 26.10 DEG C
PR}¿ = 6.12¿ RÀ'.I} = 0.118I6E 08 ¡NIEî * 23.90 D¿G C OUII,ET BULX TEHPERÀTURE - 26.10 DEG C

c ----- ÀVERÀGE -----

29.27 24.ê3 31.ê7 3n.2a 30.30 30.2?
25.34 24,70 26,17 24,72 25,74 25,?3
23,20 22,51 23.14 23,32 ¿3.33 23,33
r8.52 17,9? 18.22 t8,22 14,22 14,22
r3.07 11,r6 r3.67 r3,19 r3.39 r3,39
rr.{3 10.92 r2.74 rr,90 rr.95 rr,93
r0.r6 10,r3 ir.96 r0,93 rt.05 rr,02
9.5{ 10.22 11.01 10,¿i 10.4{ 10,¡¡3
9.{6 9.52 r0,É3 r0,02 t0.06 10,04
9.22 9,21 r2.13 r0.{A r0.64 10.54
9.54 9.99 ìr.64 r0.62 r0.70 r0.66

r0.03 10.02 r2.60 rr.t7 r1.3r 11.2{
9.11 9.26 r2.66 r0.45 11.03 i0,96

r0.22 r0.50 13.39 rr.6A r1.47 rr.?A
r0.09 r0.r2 r2.93 r1.36 tr.54 rr.t5
9.r0 9.€6 12,11 11.t7 rt,¡i rr.22
9.69 9.96 1¡.59 r1.{0 rr,?r rr.¡6
9.83 10.01 13.58 il.{6 rr.?5 11.61
9.76 9.84 r2.8? 1r.1¡ ì1.34 rr.24

r0.56 r0.2, i3.46 rr.75 11.9{ 11.85
9.3? 8.15 i2.r6 r0.39 10,62 r0.50

r0.31 10.3? 13.95 1t.3a 12.15 1?.01

9.A6 9.73 i3.0? lt.2r 11,15 11.33

0,00000 29.7r 29.31 32.32 30.A5 30.91 30.33
0,0000a ??.01 26,41 26.42 21,51 21,60 21,4ø
0,00013 25.¿2 21,91 26,21 24,69 24,10 25,69
0,00029 2r.89 21,O4 21,32 21,32 21,32 21,32
0.00042 r3.22 r3.3r r3.45 r1.35 r3.16 r3.36
0.00r35 r1.0€ 10.16 t1.72 rr.30 rr.ll rr.3r
0.00211 9.60 9.57 r0.59 r0.06 ì0.09 ì0.07
0,00a00 8.85 9.54 9.45 3,32 9,32 9,32
0.00559 3.56 8.€2 9.12 8,85 3.S6 6,85
c.00?1Â 6.12 ?.33 r0.3i 6,99 9.14 9,0?
0.004î5 3.23 3.¿3 10.03 !. ra 9.22 9,tA
0.01037 3.63 3.53 ì0.?r 9.5¿ 9.65 9,60

0.01459 3.i3 3.ì3 9.9i 3,93 9.02 4.97
0.016ra 3.02 3.05 10.?9 9.03 9.r? 9.10
0.0r?€? e.05 3.03 r0.23 9.01 9,14 9,07
o,o1926 1,16 8,12 1A,11 9,01 9,16 9,09
0.02033 3,20 3.34 10.?3 9.3{ 9.50 9.42
0.02i3! 3,19 3,69 10.63 9.52 9,63 9.58
o.o221S 9,32 A.?A 11.?0 10.20 r0.3? r0.23
0.02352 3.5r ?.?1 Ì0.7r 9.22 9.4ì 9.3r
0.02453 3.74 9.r5 12.29 10.37 10.63 10.50

a a.o 24,6s 2Á.66

3 5.5 25.1t 25.14
1 t 5.5 25.6{ 25.63
5 25.5 23.93 26,42
6 15,5 26,26 26,21
1 15.S 26.Ê1 26.39
a I05.5 26.70 ?6.69
9 rls,s 2€.90 26-90

10 165,2 26,96 25,ø6
11 205,2 21,03 21,01
12 2A5.2 21.29 21.10
13 275.2 21.12 21.26
t1 30s.2 21 ,19 Z7 , a8
15 333,7 21,66 21,67
't6 367,3 21.45 21 .19
't7 387.1 21.91 21.47
r6 401.3 23.01 23.00
r9 423.3 2?,94 23.00
20 l,{3.3 24,30 23.¡€
21 {63.3 28, r 3 24. r 7
ÀVERÀCE VÀlUES îI]FOÙGH

391,6 27.94 2?,91



¡N?UÎ ECECTRTa FOÞEA . t:2,é H BÈÀ1 nÀrE GÀ¡ EÐ 3Y {ÀrEn ' 6e9,9 BÀLÀNCE ERROR = 5.49'^
ü¡ss flof RÀrE ' 2i.21AO G/c- PRÐSSURE DnoP r C,3950 ¡lr'r ri2c FRTCIION FÀC10n - 0,0152a2 FRE|I = ì5,1439

REY = 99å.2 GRI'I} = I.590]OE Oi' UPSTNEÁH - 23.32 DEC C DOHNSîNEÀÈ 8UL'i IEHPERÀ'TURE = 23.39 DEG C

pRr! = 5.33ù nÀ!!-. C,34400E 03 INIET - 23.63 DEG C 0UîLE1 = 29.33 DEG C

----- ÀvERAGE -----

29. Ì1 29.14 29.78
21,A8 21.49 21.44
22,36 22.36 22,3tê
17.14 1?.r5 r7.r5
11 .06 r4,r0 14.06
12.97 13.06 r3.03
12,29 12,39 12,31
11,91 12.44 12,02
1!.É3 r r.72 1r.63
12.4t 12.15 12.64
r2.7ì r2.49 12.A0
r3.35 ì{.22 14.03
r2.92 13, ra 13.03
13.7{ rí,0t 13.3 9
r:.93 13, ra 13.0¿
t3.5? r3,93 13.7?
t?,41 12,12 12.57
1?.39 r2.61 r2.5 i
12.37 t2,66 \2.52
r3.26 ì3.51 13.{0
r2.00 ì 2.31 12.15
r1.50 13.9r 13.?1

12.56 12.91 1?,81

:;;----;;;. ;--;:r;--;:,;:;-;;--;.;;;;;---;;
.41 923,3 6.30 0.29ìE 06 0.00003 2{
.a6 926,5 6.30 0.29rE 05 0.000ì{ 22
.90 929.3 e.3A 4.2928 03 0.00011 11
.03 932,1 €,,2A A,2918 03 0.00037 r3
.19 931,6 6,28 A,296E 03 0.001a3
.31 94A,i 6,22 0.3!|E 03 0.0!256
.80 943,8 6.r5 ú.30?E 03 ú.00425 10
.r9 95?,4 6,09 0.314E 03 0,00555 r0
,3e 9êÊ,2 6,0i, 0,32rÉ 0g 0,00765 10
.96 975.0 5,97 0,3288 03 0.0¡933
.{3 9Aì,2 5,49 0,33?E 03 0,0r161
.99 9SS,C 5,3r 0,146E 03 0,01369 r1
.3€ 1006,9 :,76 0.3531 0¿ ú.0.560
.--7 t0!a.9 :,7r (r.359E 03 0,0t?tt
.13 1022.5 4.61 C.3658 03 C,0re92 11
.5? 1030.7 4,62 4.372a 03 0.020€3 r(]
.7A 1036.3 5.59 A.3118 Oe A,A2\18 r0
,a1 10¡r.9 5.55 0,331E 03 0.02292 r0
,29 104i,ê a,a2 A,3A6E 0€ C,02407 il
.55 1053.¿ 5.¿9 0,3108 Oè O,A252? 1A
.3r ì05s.2 5.{6 0,395E 00 0,0263? 1i

sîÀ- r
c ÀvER- {c) c ----- ÀVERÀGE -----

---:------:-----l::-
0 0,t 21,16 2,1,12 21,16 21,21 21,92 841,9 6.29 0.519E 06 0.00000 29,64 2t,16 31.51 30.42 30.46 30.41
1 1.5 2A.02 2A,10 21,89 2ì,97 21,96 442,6 6.29 0.520E 0S 0.00009 24,\n 21,61 25.93 25.33 25.40 25.39
2 2.5 2A,11 2A,51 2A,79 28,¿5 21,9A A33.ì 6.26 0.52rE 06 0.00015 22,18 22,22 23,11 22,1A 22,79 22.1A
3 5.5 29.33 29,t1 29,9A 29,9A 2a,06 AA1,3 6,27 0,521E 06 0.00033 17,ê1 11,21 17,12 17,12 11,12 17,a2
{ t5.5 3r.55 31.30 30.{4 30.93 2{.30 3A9.a 6.23 !.530È 06 0.00092 1r.03 ì{.53 r6.53 r5,34 r5.43 r5.39
5 25.5 32.3-ç 32,5r 30.3É 3r.6{ ?r.51 391,4 6.20 0.937E 06 0.0Cr5r 13.02 12.75 16.10 1a,12 1t.49 r{.¿r
É 45.5 33.35 33.r5 31.60 32,42 ?i,O2 901,a 6,12 0.55?E 03 0.00270 12.20 12.50 15.46 r3.73 ì3.90 r3.42
1 1a,5 34,2e 33.96 32.37 33.25 25.?5 920,0 É.00 0.575E 08 0.00t50 1r,39 r2.35 rã.3r r3.53 t3.11 13.62
3 r0å.5 35.05 34.36 33.40 31.14 26,a7 936.r S.39 0.593E 03 0.00629 1r,61 12,0? r{.62 ì3.r{ r3.23 r3.21
9 i35.5 35.5? 3a,21 12,9? 31,1a 27,20 95i.3 5.79 ¡r.62oE 03 tJ.00S10 r2. r.r r2,6r 1i.63 r't.5É r5.03 11.?9

1C r65.2 35.5t 35,3î 31.{6 31,11 21.92 9€5.4 5.70 C.6¿2E 03 0.00933 11,24 r3,53 r3.15 15.4r 15.?r r!.59
1r 205.2 36.4: 36,26 14,2\ 35.23 26.A3 93{.9 5.5? tr.672E 0€ 0.0i230 r3,3r !3.65 t3.92 15.74 1€.20 15.9?

3?.55 35.a0 36.69 29,A5 1005,3 5.a5 C.rC2E 06 Cr.0r172 r¿.93 13.05 15.38 1{.66 14,9Á r4.Ar
'13 279.2 3A,11 37,33 35.92 36.95 30.53 102r,? 5.36 0.7?5E 03 0.0165{ r3.2? t3.A3 13.?? 15.73 16,r6 rÉ.95
r4 305.2 38.99 3A.93 37.11 33.06 31.30 ttl37,6 4,21 0.751E 08 0.01336 13.02 13.05 1?.15 14.3r r5.09 r4.95
15 333.3 39.{5 39.51 36.93 38.21 31.98 r052.9 5.18 0.?73E 08 0.0?006 13.33 r3,24 20,20 16.05 r6.?5 15.'¡0
r6 36¡.3 d0.?A 40.9r 36.32 39.53 32.7r 106ì,9 5,r0 0,7958 03 0.0219a 12,36 12,t1 1?,?3 r{.51 15,O2 11,11
1? 3€3.3 ,¡1.i3 1t0.93 38,71 39.33 33.J9 l0?3,1 5,04 0.410E 03 0.02314 12,a8 12,44 13,06 11.90 15.37 15.13
r8 ¿03.3 tt.53 4r.41 39.ì2 40.33 33.67 1033,5 {.99 0.A25E 03 0.02{{3 12,43 12,A7 13.29 14.95 15.47 1É.21
t9 423.3 aì.?5 41,36 39.39 ¿0.47 34.15 r099.1 á.93 0.€40E 03 0.02569 r3.09 r3,A0 19.00 15.74 16.22 15.98
2a 113,1 12,11 !¡3.02 10.30 {ì.59 34.64 1r09.9 1.83 0.455E 03 0.0269{ 12.26 rr.a5 17.54 14.26 14,40 14.5¿
2\ 163,7 12,3t 42,7A 10,22 {1.35 35.12 1120,9 1,82 0.A7lE 08 0.02321 t3.Ar 13,09 19.4? 15.90 16.46 r6.r3
ÀVEPÀGE vÀLues lERoUGfl sTÀTIoNs 15 ro 20r

391.6 {1.26 {ì,r9 3A.30 40.01 33.MO02,7 4.02 0.816E 06 0.023?r 12,61 t7,80 18.48 i5.0? r5.6r 15.34

0R33 --- DEC. 5' 193',7 "==='='==
INpUT ELECTRIC FOWER . 1292.5 RÀ1E GAINED 3Y {ÀTER. 1223,1 ¡À!ÀNCE ERROR = 5,35i
r1Àss FLok RÀrE = 25,3320 G/S FRESSURÈ DROI = 0.3363 l.çr H20 FRICTTON FÀC',rOR. 0.0r655? ¡nEX = ì5.5529

RE¡1 = 999,? GRH+ = 0.1?653E 03 UPSTREÀÈ EUL¡i îÊr{ÞERÀîUnÊ = 23,91 DEG C ÐO$NSrReAÍ Eulri ,rE}.lpERÀ'rURE - 35.2? DEG C
FRH = 5,{AS RÀH+ = 0.6!393E 03 TNLET BULX lErlPERÀlUnE = 23,92 DEG C OllllEl BUlx ,IEHpERÀ1UR¡ - 35.26 DEG C

HEÀr RÀîE GAINED 3Y HÀrER = l?63.7 BÀÍ,ÀNCE ERROR . 6,13å
PnESSURE DROp ' 0,3239 HX H20 FRrClrOn FÀC,¡oR .0.015959 FREI{ = 15.8883

'TEMPERA'TURE. 23.93 DEG C DCHNSTREÀI{ BULK TEMPERÀTURE. 
'1.50 

DEG C

' )NLE'T !UL}t IEHPERÀ'TURE . 23.95 DEG C OUTLET BUI,X ÎE}1PERÀîIJRA = 4I.¿3 DEG C

¡NPUI ELÊC',rRrC porER = r8?9.0 ll
HÀss FLo$ RATE . 24,0180 cls
RÊY - 995.6 GRtl+ = 0.22{39E 0A
PRÌ¡ - 5.099 RÀr{+ = 0.rr¡¡53E 09

0.02660
0.027 95
0.02931
0.0306?

o,o2382

. 276



HE:Î RÀ1E GÀINÊ' 3Y I'ÀîÊN = I!3.3 !i IJEÀT BÀLÀNCÊ ERRO' = 3.89Î
PRESSURE DRo.Þ = ri.5393 uil !l29 FR¡Cî¡O,r FÀClOn = Ù,01236( FRtrr. 1ã.-15éi

UFSTREÀI BULÍ ÎEgFÊNÀTUR' = 23,9¿ D'G C DO*NSIREA¡J EUL]i'TgÌIPERÀTIJRE . 2t.?' DEG C

= 23.Sr DEC = 2r.11 D¿c í

INPUl ELECTRIC FOHER = I39,3 ç
HÀSs FLos RÀTE = 34,611L C/S

c a.a 21.22 21.23 21.19 21.21

7 5.5 21.31 2a.34 2i,34 21.14
1 tt.s 21.11 21,14 24.69 21.10
5 Z9.a 21.46 21,91 24.43 21.46
5 {5,5 25. r4 24,11 25,00 24,07
7 15,5 24,36 ?4,21 24,22 24.25
3 r05,5 ?5,4¿ 25,45 21,33 25,39
9 r35,5 25,60 25,62 24,26 24.41

1A 1e4.2 24,61 25,56 24.14 25,19
11 205,2 24.41 25.61) 25,33 24.46
1? 244,2 25.61 29.14 25.11 24.43

)€ 333.3 25,46 24.81 25.55 23.14

1i 183.3 25.94 24.56 24.62 24.1e
1A 103,1 25,92 25,9? 24,?2 24,A2
t9 423,3 23,A6 25.96 24,62 24.1)
20 {{3.3 ?3,98 2É.11 2t,1? 2a,A'
21 14J,3 2e,05 25.99 24.6Ì 24,44
ÀvrRÄG9 VÀLUES ÍHROUGH SîÀlrONS 19 tO

39r.€ 25,91 2f.95 25,64 29,79

INPU'T ELECTRIC POWEN. 2?3.9 NÀ'TE GÀINED BY HÀîER = 25?.3 r\! I]EÀ'T BÄ¡,ÀNCE ERROR = 5.88:
MÀss FLoH RÅ',rE = -11,{240 G/S FRESSURE DROF - 0.5332 Hl¿ H20 FRrCÎ.rOll FÀC10R = 0.0r233e FRÈM = r5.{r9]

REM = II9A,7 GR!{+ = O.13650È 07 UÞS'IR¿ÀII - 23,49 DEC C DOI{NSIREÀfi BULI{ îEMPERÀTURÊ. 25.63 DEG C
PÀ¡I = 6,I56 RÀ}¿' . O.ìI4AIE 03 TNLÊ1 ÈUIIt îEHFERAÎURE = 23,49 DEG C OUTLEÎ BULX 'TE¡,IP¿RÀTURE - 25.63 I]EG C

c ----- ÀVERÀGE -----
'r+1r

r171.3 6.30 0.r09E 0A 0,00000 3{.5r 3¿.25 33.{r 36.24 36,39 3€.1{
rÌ?1,5 6.30 0.r09E O5 0.0000? 29,15 29,19 3r,36 30.31 30,35 30.33
r1?a,6 6.30 0.109E 0A 0.0001r 26,7a 26,4A 21,A6 21,22 2ì.21 2i,23
111t,9 6,29 !.109E 0a 0.0002a 2C,91 20.J1 20.35 20.35 20.a5 2ú.35
rr?5.9 6.29 0.1rOE 08 0,00069 13.63 14.19 1t,52 14,26 1a,2a 11,2a
rr76,9 6.29 ú.1r0E 0A 0.00rr3 11,91 rr,?r 't3,11 12,t1 12,1A 12.4ê
1i1S.A 6.21 0.lr0E 0A 0.00202 10,29 10.56 r2.19 r1,23 11.3ú rr.2t
1142,4 6.29 0.1r1E 0A 0.00336 9.51 10.22 rr.20 ì0.{9 10.51 r0.52
r185.1 6.23 0.112E 0A 0.00¿70 9,23 9.¿0 10.23 9.75 9,11 9,16
r18€,3 6.?? C.1t2E 03 ú.00503 3.90 6.93 ìr.3i 9,3? ÌC.rr r0.Or
rr91,t 6.2! Ú.113E 08 0.00?36 9,22 9,1i 1A.1t 9.9? !0.0? r0.00
r195.6 6.1? 0,i148 0e 0.00!14 9.54 9.53 11.52 10,{l 10.53 10.43
r199.e 6.r5 û,rr5E 0€ 0.01093 9.a8 9,00 r1.54 10,26 10.39 10,32
r203.0 6.13 0.1ì68 0B 0.0r22? 9.69 9,95 r2.r6 10.3? 10.99 r0,93
1205.2 6.1ì 0.ìl?E 0A 0.0r36r 9.{6 9.3? r2.02 r0.56 t0.12 10,61
1209.3 6.10 0.1t7E 03 0.0r43? 9.3r 9,23 rr.A5 r0.42 r0,57 10,49
12r2.5 6.08 0,rr3E 03 0.0r522 9,25 9.26 ì2.59 10.67 r0.92 ì0.79
't211,1 6,41 0.rt9E 03 0.0r'|1 9.19 9.53 r2.ar I0.35 11.t3 r0.99
J2r6.9 6,05 0.r19E 0B 0.01801 9.3r 9,35 11.93 10.17 10,63 i0.55
12r9.r 6,0¡ 0.t20E 08 0,01890 9,93 9,66 12,1t 11,01 r1.25 11.16
ì22ì.3 6,03 0.r20Ê 0B 0,01930 9.01 8.12 1t.6a 9.96 10.13 10.07
1223.5 6,02 0.12rE 0A 0,020?0 9.55 9.63 13.18 ri.r0 1r,39 11.25

1214.6 5,06 0.r19E 0A 0.0ì?{9 9.34 9.26 12,26 tO,57 10,?3 10.63

INPUT ELECTRIC PoHER - 750.5 tr
H^SS FLOr{ RÀîE - 33.0150 G/S

REM r 1195.3 GR¡1r = 0.5939?E 07
ÞRu * 5-337 RÀu. = 0.3{9?0ã 03

HEÀî RÀîÊ GÀINÊD ÊY I¡À1ER = 715.0 BÀI,ÀNCE ERROR - 4.73:
PRESSURE DROp = 0.51{A l{V X20 ¡R¡Cî¡ON FACîoR. 0.013523 FRE}I . 15,1A40

UPSTREÀ}] 8UIX IEI{PERAIURE. 2].49 DEG C DOHNSIREÀH BUIIi îEUÞERÀTURE = 29.08 ÞEG C
I¡iLEl 8ULX 'TEMPERÀ'TURE . 23.90 OEG C OUTIEÍ IULIi îÈHF¿RÀîUNE = 29.04 ÞÈ6 C

25.40 23.90 r126.a 6.30 0.303E 0A 0.00000 10,52 29,96
26.ìA 21.9r 't126.4 6,29 0,303E 0g 0.00007 25.95 25.33
28.15 21.92 1127,t 6,29 0.303E 08 0.00012 23.52 22,96
21.26 27.96 rr23.0 6.29 0.3048 08 0.00026 I3.36 t7.A5
23.11 2{.0? rr30.8 6.2? 0.306E 08 0.000?2 I3.rt ìa.2t
2A.60 24.ìA 1133,6 6,25 0.306E 08 0.00118 12,1A 12,21
29.05 2,{.{0 1139.t 6,22 0.3r2E 08 0.00211 11.60 1t,a3
29.56 21,73 43.r 6.r6 0.31?E 08 0.00351 11.07 1t.56
30.10 25.06 r15?,0 6.rr 0.323É 08 0.00491 10.81 ì1,0{
30.14 25.t9 1r66.0 6,06 0.¡29E 08 0.00631 10.80 1t.03
30.45 25,?2 ìr?5,r 6.0r 0.3358 08 0.00??0 1t.24 11.50
30.39 25.16 ì1A7.5 5.9{ 0.3atE 08 0,0095? tt,91 12.21
31.t7 25,€1 1204.2 S.A7 0.352Ê 08 0,011{5 11.53 11.4?
31.2t 26.94 t209,5 5.42 0.353E 08 0.01266 11.É5 t?.26
31.4t 21,21 t2t1,É 5,14 0.3618 08 0,01{27 11.58 I1.50
32.03 27,54 1225,3 5.74 0.369È 08 0,01559 11.55 I1.50
32.11 21,91 t273,1 5,70 0.375E 08 0,01?01 ì0.70 I0.59
32.74 28.r3 r239.3 5.67 0.3?9E 08 0.01?95 t0.9i I1.t0
33.03 28.35 r2{5,0 5.64 0.3838 08 0.01889 10.76 i1.09
33.0r 28.5? t240.1 5,61 0.387E 0å 0,01983 ìì.at I1.73
31.66 2€.80 1256.5 5.58 0.391E 0a 0.0207A ì0,53 10.1?
13.38 29,02 1262,1 5,46 0.395E 0a 0.02172 r1.?6 rr,4r
32,47 28,22 r241.A 5.56 0.3318 0A 0.0r334 11.00 t1,O{

25,71

26.tl
27 .21
21,49
24,21
24.63
29.14
29,11
29,16
29,96
29,11
30.60
30.4 7
31,24
31 .35
3ì,96
32,06
72.31
12.31
3 2.46
12.65

?2. t5

25. A3
28.26
26.52
27.29
24.25
29.05
29.13
29,A1
30.4 4
30,7 ?
30.88

31. ?6
31,76

32.11
3 3.44
3 3.44
33.€7
33.53
34.53
!4,17
OUG'{
33.53



12.12 12,45 r3.36 15.03 r5,53 1t.33

I{EAî RÀ'TE GÀ¡IIEÞ EY tsÀ'TER = 13I.0 BÀLÀNCÊ ERROR = 6.73i
PRESSUR¿ DROÞ = 0.6?03 rlH n20 FR¡C|IOIì FÀcToR - 0,010752 FREH = l5.0AA2

UPSIREÀ'{ ÀULIi'TEHPERÀIURE = 24.0] DEG C DOçNSTREÀH BULK'TEMPERÀ'TURE - 24.73 DEG C
INLEî 8ULR'TEHPERÀIURE ' 24.0] DEG C OUTLEI 8U!!i IEMFåRA'TURE - 21.76 DEE C

I = 0R{5 --- DEC,3, t9A7 ==========

' lNPUl EIECTR)C FOe¡ER. 275.5 nÀîE GÀINED BY l{ÀîER. 25?,7 !l IlÈA'r bÀLÀtCE ERROR. 6.46:
MÀSS ¡LOH R'1E. 40.3040 C/S PRESSUnE ÐROP. 0.6425 Mx H2o PRICTIOH FÀClOn: 0.011328 FFEM = 15,8426

REM' ì]94.6 CRII1 ' O,I841.IE O? UFS'TREÀM bUlX îEIIPERÀÎURE = 23.37 DEG C DOIì.ÌISIREÀI{ BULIi IEMÞERÀÍURE = 25.40 ÞÞG CpnM. 6.140 RÀH+ . 0.11380E 08 rNlEl BULI{ 1¿MPERÀlrlRE . 23.6? DEC C OUlLEl Burri lEXpPnÀtURE = 25,40 DEG C

0.0rr62
0.01269

0,0153?
0.016 r 3
0.01690
0.0r?66

;;.;;--;;:;;--;;:;;
30.98 30.63 3?.{9
24,21 21,92 29.05
22,2â 21,94 22,11
15. r9 r5.29 r5.36
12.43 r r.83 13.30
10.4? 10..t4 11.8?
9.50 r0.r8 r0.83
9.24 9.30 9.18
8.15 8,71 t t,22
9,r0 9.40 10.?3
9,44 9,{2 r r.3?
8.96 8,63 10.?8
9.42 9,66 11.39
9. 1{ 9, 16 1r.16
8.9t 8.91 11.09
8.82 9.05 11.62
9.16 9.30 12.36
t.00 9.0a 11.?9
5.32 9.40 r 2.25
3.65 a. l9 ìr.3?
9.32 9.41 r2.36

3.93 3.98 r 1.75

24.11 21.12 21,(1 23.47 ì374.3 6,30
2{,51 21.57 21.55 23.41 ì3?4.5 6.:t0
21.65 21.61 2,t,63 23.33 1374.6 6.30
21.46 21.46 21.46 23.49 137{.9 6,30
23.32 25.32 25.32 23.92 i375.9 6.29
25,15 25,57 ?5.54 ?3.95 13',?5.9 6,29
26,O7 2a,A? 25.95 21,O2 13r9.0 6.23
26,22 26,A9 26.20 24.Il !332.0 6.26
26,52 26,35 26,11 21,21 1385.1 6.29
25,74 26,22 ?6.19 2{.31 1tqg,? 6.2i
26,69 26,11 26,51 21,11 1391.3 6.22
26,A1 26,a2 25,62 21,51 1395.S 6.20
21,t5 26,65 26,6A 21.61 1399.7 6.1?
25,9A 26,64 26,83 21,11 t102,9 6, t6
21,20 26,7A 25,99 21.A6 1{06,I 6. t{
21,f6 26.A9 21,t2 21,96 1109,I €.13
21,12 26.49 2?.17 25.O5 ì{r2.3 6.rr
21.t2 26.45 2?.11 25.12 la1{.{ 6.10
21,55 27.00 21,24 25.14 ì4r6.6 6.09



rNFUI ELECInTC PO*ER = ?6ã.0 ri
M¡SS FLO¡ nÀ1E = 33.940C G/S

REv = 1399, ! GRJ,ll ' C,594{68 07
PFU = 5.952 R^s. = 0,353AaE 06

IlEÀ1 RÀ18 GÀINED BT I1AîER . ?39.3 EÀI,ÀNCE ERROR - 3.29:
ÞRESSUnE DROP r (,,5761 Éi H2c FRlc,rl0N FÀclOR = !.012714 FnEx - l;.5358

ÙÞSIREÀI1 BULN TEI¿9ERÀTURE. 23.3! DEG C DOI{NSIREÀ!4 BULT ÎÈHÞEN¡IUNE = 23.39 DlG C

¡XLÊT BUIh,TESFERÀTURE . 23.3I DEG C oUT¡,È' BUL,i ,¡EI{Þ¿nÀ,lURe = 26.35 D¿G C

c ----- ÀVERÀGE -----

.0000c 32.5i 32.03 31.3? 33.10 13.33 33,3r
,00006 2?.6? 21,21 24,52 21,97 2ì.94 2i.98
,000r0 25.09 21,66 24,31 25,24 25.24 25,24
,00022 19.6r r9.2r r9.¿r r9.¿ì r9.4i t5,{r
,0006r ì.i.6r r5.r2 14,2a 15.92 ì5.95 r5,S{
,00ì00 13.12 r2.90 r5.{3 11,12 \1.22 1a,\1
,00i?9 re.r3 12.12 t4,12 r3.40 ì3.5ì 13.46
,00297 rr.53 12.41 11,91 12.18 12.44 12.83
.00rì5 f .ìr' rr.1r 13.r1 t2.\1 12.21 12.14
.0053{ rr.02 1r.32 1,1.3i 12,71 13,AA 12,ai
.0065: 1ì.11 rr.7? r,l.ìi r2.73 t2,aa 12.19
.00a10 1¿.22 12,52 16,14 11,2? 11,45 1a,39
.0095:^ 1r.€r 1\,62 11,A2 13.ûa 13.23 13.11
.01068 1r.96 12,31 16,O4 13.81 !a.rC 13.9?
.01203 1ì.6? 11.?5 14.91 13,r3 r3,33 1i.2-ì
.01320 1!,3? 11.69 15.?1 13.45 r3,?3 i3.59
.01{39 1¡,25 1r,r6 15,41 12.99 r3,32 13.r6
.0lsr9 rr,ll rr,61 15.55 13.21 ri.5! r3.36
.01593 rr.05 l),¿1 r{,95 r2.A{ ri,10 r2.97
.0167ô lì,?2 ì2.r5 r9.67 13.6? r-1,90 13.7É
.01756 r0.76 ì0.ár r(.55 12,23 12.51 12,a1
.01836 r2,07 rr,A7 l€.37 13.A3 r.{.1? !1.00

.0r55? rr,33 lr,,ar 15,3¡ 13,06 r3.36 r3,21

TroN cN c ÀvER- (c i
AGE

I r,a 25.70 25,13 25,6A 24,ê6 23,81 132?,2 6.31 0.3ì28 06
1 1.5 25.05 26,Oe 25,9e 26,42 23,82 r32t,5 6.31 0.3r2E 03
2 2,a 26,28 26,33 26.21 2é,27 23,83 1327,9 6.31 0.3r2E 03
3 5.5 27.00 21,06 27,03 2?,03 23.86 r323,3 6.30 0.3rlE 06
1 15.5 28,11 2A,O3 21.74 21,92 23,96 r33r,? 6.29 0.3r,{Ê 03
5 25.a 2A,15 26,A? 2A,0+ 2ê,41 24,O4 r331,6 é,27 0.3r6E 06
6 45.5 29.30 29,20 26,13 24.41 21.23 r340,5 6,21 0.320E 03
1 15.S 29,At 29.6a 28.91 29.3É 24.5a r319,5 6,20 0.325E 03
3 r05.9 30.33 10,2i 2t,51 29.49 21.43 l35S.g 6,rã 0.330E 06
9 ì35.5 30.€9 1A,54 29.2É 29,91 25.12 ì36?,6 6.10 0,336E 03

1A t6a.2 3A,71 30,62 29.14 30.23 25.1r 1377.r 6.0É 0,311a 08
r¡ 205.2 30.A1 30,ê9 29.16 30.ì0 25.?9 r339.? 6.00 0,3,{3S 03
i2 245,2 31,41 31.4É 30.32 30.43 26,i3 1102.6 5.9{ 0,t55E 0€
l3 275.2 3r.53 31.12 34.29 30.90 25.4r 1412.4 5.39 0.352E 03
14 305.2 32.0r 31,97 30.36 11,12 26,16 r422.1 5.3{ 0.357E 03
15 333.i 32,2r 32,26 1O,93 31,5e 2i,A3 ra30.? 5,3ì 0,3?2E 03
16 363,3 32.14 32.A0 31,2a t2,03 21,32 1{39.2 5,7r 0.37tE 0¿
1t 333.3 32.9r i2.ì7 31.14 32,ta 2i,52 1¡4,t.9 5,i5 0.33ì! 03
rs {03.3 33.2{ 33.05 3r,60 32,1} 21.?1 r150.6 a,?? 0.331E 03
19 ¿2!.i 31,12 32,93 3r,?5 32.3ç 2t.9ì J{56.4 5,70 0.333E 0€
2A 413,3 33.11 31,96 32,29 33.08 24.r0 1462.2 5.6? 0.¡92E 03
2! a63.3 33.35 33.a3 32.02 32.7C 24.29 1,{63.r 5.65 0.395E 03
ÀVENÀGE VÀLU:S THROUGH STÀ'TTONs I5 1O 20:

391.É 3¡,oti 32.9€ 31.53 32.28 2i'.6C l,t1'7.3 5.71 0.332È 03

----:

:¡:;;
24,62
25,62
19.5û
r6.9r

r5.0:t
r6.06
ì1.53
t 5.65

t 6.06
15,r?
15.60
r 5.45
'tê.12
14.63
16.23

15. S4

INÞUT ELEC'TR¡C PO'ER = 1331.9 ç HEÀT RÀ1È GÀ¡NED BT {À'TER. I!32.6 H HEÀî BÀ'ÀNCE ERROR - 3.571
r{ÀSS FLOç RÀTE ' 31,2160 G/S PRESSURÉ DROP = 0.6259 ¡a.l H¿O FRICTIoN FÀclOR = 0.01249! FREÈ| - 14.0531

REH = 1400.5 GRB+ = 0,12500E 03 UPS',TREÄl! BULIi IEMPeRÀlUiE = 23.8! Þ!G C DOTNSîREÀIJ . 32.46 DEG CpRr. 5.563 nÀü+ = 0.70745E 03 rNr,E',r BULh îeÈPERÀTURE = 23,90 DEG C OUTLEî = 32.45 ÞÊG C

¡ NP¡J1 ElÊClRrC Po{ER - 140.2 I
MÀSS F!,Oç RÀî¿ , 46.3730 G/S

REY = 1s94.6 ôRM+.0.94!!7E 06
R^Bi = 0.53301E 0?

HEÀT RA'TE GÀINED BY {À'TER = 136.I II IIEA'T ¡ÀLÀNCE ÈRROR = 2.9II
PRESSURE DROP. 0.?33{ },x H20 FnICTIoN ¡ÀCTIR = 0.00983? FREIq = 15.6351

UÞS1RêÀII bIILX î¿'.JFERÀTURE . 23.39 DEG C DOHNSIREA BULK 1¿SPÂRÀîURE. 2¿,59 DEG C
IIILEI ¡UL}i îEI1ÞERÀTURÞ = 23.39 DEG C OUTLEî BULK'TEUPERÀTURE = 2{.59 DEG C

c ----- ÀVERÀGE -----
1.Ir

ì53ì.9 6.30 0.576È 0? 0.O0000 4û.r? 39.15 51.30 {5.02 45.40 45.¿1
153ì.9 6.30 0.5?68 0? 0.00005 36.55 35.72 42.?1 3!.15 39,42 39,24
1532.0 6.30 0.5??! 0? 0.0000ô 34.4r 33.53 38.r0 35.9r 36.0{ 35,9?
1532.2 6.30 0.5??E 0? 0.00018 29,26 28,32 28,?8 28,78 28,79 24.14
1542,7 6.29 0.5??E 07 0.00051 1?.38 16.?6 11,14 11,a0 17.{r l?,40
1543.2 6.29 0.5?3E 07 0.0004{ r{.32 13.8? 14.29 14.19 1{.19 14,r9
1s34.3 5.29 0.5?9E 07 0.00ì50 11.22 11.18 12,52 11,ø2 11.€6 rr.6{
1535.9 5.23 0.530E 07 0.002¡9 9.¡5 10.60 10.2{ 10.08 r0.11 r0.10
1a61,6 5,27 0.532E 07 0.003¡3 9.50 9.35 9.69 9,56 !.56 9.56
1a89,z 6,27 0.5A3E 0? 0.00448 8.65 8,51 r0.70 9.52 9.6¡ 9.58
t590.8 6.26 0.535E 07 0.005¡€ A,66 A,A2 10,00 9,33 !.37 9.35
1593.0 6.25 0.5a7E 07 0.00678 8,80 8.76 10.28 9,4? 9.53 9.50
1S95,2 6.2,{ 0.539E 07 0.003r0 9.r3 ?.86 9,92 9.11 9,21 9.r?
1596,3 6.23 0,5908 07 0.00910 8.50 8,50 9.6t 9.02 9.06 9.0{
159A,S 6.23 0,592E 07 0.0r009 1.92 7,95 9,99 8.85 8.96 €.91
1600.0 6,22 0,s93E 07 0.01r02 8.r5 8,13 10,2? 9.08 9,20 9,14
1601.1 6,21 0,59{E 07 0.0r20t 8,40 8.81 11,03 9.€? 9,42 t,14
1602.3 6,2t 0.5958 07 0,0r26? 8.?9 8.93 11.50 10.01 10.18 10.10
r603.9 6,20 0.s96E 07 0.0133,t 8.98 8.97 10.?r 9.?? 9.81 9.8r
ì605.0 5,20 0,5978 07 0.01400 9,21 3.1È 1t,76 10.20 10.39 10.30
r60€.r 6.19 0,598Þ 0? 0.01t66 3.60 7.53 r1.3t 3,15 9,12 9,59
1601.2 6.19 0-599¿ 07 0.O1532 3.?: 9.14

- (c)

¿ 23.49
3 23. A9
1 23.49
9 23.90
6 23,91

(c)

23.49
23. A9
23.49
23.90
23.9r

21,O0
2.¡.05
21,09

24,20
24,26
24,30

2't.39
2{.43
21.16
2¿,{9
21,52
24.55
?4.s3

201

23. A9
23.49
23.90
23.9r

21,O0
2.¡.05
21,09

24,20
24,26
24,30

2't.39
2{.43
21.16
2¿,{9
21,52
24.55
?4.s3

24-AA

__i9:
2t.11
2{. ìA
21.21
21,29
21,56
21,13
21.92
25.13
25,23
25,2A
2S.3 5

25.50
25.55

25,61
2S,50

25.65
25.63
25.74
25,67
r5 10
25.65

2¿.16 21
21.19 21
21.29 21
21.55 21
2t,12 21
21,46 21
25,tt 25
24.22 25
29.r5 25

24,30 2a
2S,lO 25

?5, ta 2s
25,49 25
23.16 25
25.15 25

25.43 25

25,49 25

25.54 25

;;--,;'.;;'-,;-.
zo 24,2t 2¿.
22 21,23 21.
29 21,30 21.
iê 21,59 21.

91 24.97 21,1
21 25,A7 25,
21 25.25 24.
la 23.12 24,
t1 25,12 25.
ta 25.49 25.
io 2s.70 2s,
53 25.63 25.
7A 25,71 25,
7A 25,7A 25,
1A 25.72 23.'
15 25.13 25.
t5 24.?6 29.
t4 24.42 25.'
17 26,03 25.1
1A 24,e2 25,'

7¿ 25.¿t 25.1

.a 2t,20

.a 2t,22

.5 21,29

.5 21,6ê

.5 24,12

.5 2{.9?
,5 25,21
,s 25.21
.5 25.4 0
.2 24,11
.2 25,14
.2 25,50
,2 25,63
,2 25.14
,3 25,14
,3 25,14
,3 25,15
,3 25,15
,3 24.14
.3 25,8 7
.3 25.66



POEan - 2?6,? RÀ.rE GÀII¡E! BY HÀîER = 269.3 ç H5À'l AÀ!ÀNCE EiROp = 2.6?.^
IIÀSS FLoN nÀ,r. - 1é.1200 G/s PRESSURE ÐRoP = C,7553 Ètr H2O FIìlCrI0N FÀClOn = 0.0l0lAã FFEH . 16.25?3

nE¡r = r596.2 GRr.4. = 0.r9066E 0? UpSIREÀy BUL|: lErrPEnÀîùRE = 23,32 DEG C DorNS?nEÀù = 24,22 DEG C
ÞRr¿ = 6,r9€ RÀ'1r . 0.lrar7E 0e rNLEl BULX lErlpERÀrunÈ = 2'!,42 DF_G C 0uf!E1 EULX ?Er{FEnÅTùR! = 24,22 DEe C

,11 10.29 13.94, 1i,79 12.03 r1.91
,3r r0.35 r3,¡7 1i.69 11.90 11.30
,42 10,61 13,]1 12,O3 12,2? 12.12
.14 9,46 12.85 r0,43 11. r I 10.97
.3¿ r0.43 r3.63 r1,43 12.r2 r2.00

9É 9.39 13,Ì{ rr.30 ìr.5i rì.12

INPUT ELEC'TR¡C PO{ER = ?78.1 RÀ'TÊ GÀINED 3Y !¡ÀîER = ?{A,A ß !SÀ'i EÀ!ÀNCE ERROR = 3,62:
HÀSS FLOî RAIE = 4{.8210 G/S PRESSURE DROP - 0,1512 tât H2A FÃrCîroN FÀCTOR = 0.010?9¿ rRE}¿ = 17.2?r?

RÈM = 1600,1 GRxj = 0.590398 07 UPSTREÀ|1 - 23.a5 DeC luLri TEHPERÀîUiE = 27.35 DEG C
ÞR'.I = 5.933 RAI{I = O.]5353E 03 ]NLÈI BUIIi îEMFEFÀTUFE * 23.85 DEG BULX TE}ÍPERÀTURÊ = 27.35 DEG C

| ==!È=È==== ExÞERtMEN,r oRSt --- DEc, 10, 196? rrGr.rrrrr

NpUl ELECÎRIC RÀTE GÀ¡NED By t{À18R . 1379.3 sÀr¡ÀNCE ERRoR r 2.55X
HÀSS FLOI{ RÀTE = 42.4350 6/s pRESSURE DROP. 0.€994 r.n4 HzO FR¡Cr¡Oñ F^CrOR = 0,0109i0 FREM ã 17¡4017

RS},' ¡ 1595.0 GRH+. 0.1255{E 08 UPSTREAH DUI]X 'TEHPERÀ'TURE = 23.33 DEG C DO¡INSIR¿ÀM 5IJ!X IEIIPER¡'TURE = 3I.60 ÐEG C
PR},'. 5.?16 RÀI.IT - O.?1?8IE 08 ¡NLET BULX IEMPERÀ'TURE ' 23.39 DEG C OU'LEî BU!Ii 1E}¡PERÀ'TÚRE = 3I.59 DEG C

E C ----- AVERÀGE -----

--ii:;;--i;:;;--.;::;--l;.;,--.;:3;
26.45 30.05 29,49 29,61 29,6A
26.A5 21.i2 21.03 21,05 21,O1
20.16 21,16 21,46 21,1ì 21,11
15.íi 15.5r 15.45 15.{5 ra.{5
12.60 13.16 13.07 I3.08 13.03
1r.3? 12.79 1r.96 12,01 ri.99
ri.03 1r.91 11.21 11,26 11,24
r0.19 r1.23 r0.6? 10,70 10,68
9,46 12.29 r0.39 rl,0¿ 10,96
9.92 rl.3t r0.52 r0,57 10,â5
9.49 r2. r2 r0.9Ír r 1,0r 10,95
3.€! r0.99 9.93 r0,02 9.9?
9.5r 11.r3 r0.26 r0,31 r0,31
9.0-r r1.23 10.03 r0,r1 r0.09
9.21 11.96 10.12 10,59 ìC.51
9.?3 12.39 11.04 11.2ì r1.)6

1¡0N CM À B C ÀVER' {C) C ----- ÀVER¡GE -----
NO. ÀGE

0 0.0 27,r'¡ 21.20 26.91 21,45 23,49 r4É1.2 6,30 0.534E 0A 0.00000 35.31 34.71 3?.69 36.30 36.36 36,33
1 1,5 27,19 21.47 27.66 21.74 21,91 t4ê2.0 6,¿9 0,585E 08 0.00005 29,61 29,A+ 30.67 29.99 30.00 30.00
2 2,5 24.21 24.11 24.15 24.22 21,93 r4É2.5 6.29 0.5858 08 0.00009 26,6A 26.A9 21,1A 26,7A 26,7A 26.1A
3 5.5 29,57 29.72 29.85 29.55 23.93 t164,2 6.24 0.58?E 08 0.00020 20,52 2A,A1 20.26 2A.26 20,26 20,26
{ r5.5 1r.35 3r.10 30.4{ 30.33 2{.t1 1469.7 6.26 0.592¿ 08 0.00055 15.93 t5.49 18.?{ 1?.15 17,22 11.19
5 25.5 32.i5 32.1r 30.30 3r.52 2{.3r 1115.2 6.21 0.598È 08 0,00091 1a.62 14.3+ 11,6? 15,92 16.07 16.00
5 ¡¡5.5 33.01 12.41 31.37 32.15 24.6{ 1146.4 6.18 0.609È 08 0.00163 13.69 13.93 l?.03 15.25 15,{2 15.33
? 75.5 33.99 33.53 32.09 32.95 25.t3 1503.5 6.i0 0.626è 08 0.00271 12.92 13.a6 16.45 1a.6{ 1'¡.32 tt.7l
a ì05.5 3{.30 34.55 33.23 33.95 29.52 t52t.0 €.02 0.6438 08 0.00379 t2,41 12,61 ì5.0a 13.73 13.34 t3.79
9 135,5 35.?{ 34.95 32,75 33.92 26.12 t534,9 5.95 0.661è 08 0.0048? 12,42 12,92 17.21 1a.63 1{.9? 14.30

10 165.2 35.23 t4.93 33.23 3{.r9 26.60 r557.1 5.37 0.6?98 08 0.00595 13.23 13.62 t7.10 15.04 15.26 15.t5
r1 2!5.2 35.55 35.12 33,{2 3l,aA 21,26 t579.5 5.?A 0,702E 08 0.00?40 13.57 13.97 i8.51 15.?9 15.1{ 15.95
12 215.2 36.71 36.50 34.49 35.77 21.92 r600.3 5,?0 0.72{E 08 0.00885 12.9{ t3.tr f6.32 14.49 14.66 14.53
13 275.2 36,96 36.59 3a.50 35,6{ 2A.{1 r6r7.2 5.63 0,7arÈ 08 0.00994 13.30 r3.90 18.67 15.?3 16.1a 1S.93
r¿ 305.2 37.59 37.54 35.6t 36,60 24,9r r634.0 5,5? 0,758È 08 0.01t03 13.0? I3.09 15,93 14.?6 15.00 14.A3
r5 333.3 17,A0 3?.37 35.23 36,5É 29,17 r650,0 5.5r 0,77,¡È 08 0.0t205 13.{6 t3.33 I9,13 15,77 16.29 1€.03
r6 363.3 38.63 34.74 35.37 37.29 29,86 t661.1 5,la 0,?928 08 0.0131S ,12,91 12,70 13,A5 15.25 t5.A3 15,5{
1? 383.3 38.?6 38.5r 36.r0 37.3? 30,r9 t619.2 5.11 0,804E 08 0.01369 13.21 I3,€r r9,ì{ t5.7? 16,27 t6,O2
13 403.3 39.20 33.84 36.5r 31.1? 30,32 169r.2 5.3? O,8r?E 08 0.01{61 11.03 r3,52 r3,A9 ì5,59 16.0A 15.81
l9 423.3 3!.11 ¡8.?0 36.59 l?.?5 30,85 1703.¡ 5,33 0,829E 08 0.0tS35 13.6a I{,39 19.67 16,38 16,A5 16.62
20 ,t{3.3 {0,15 rto.{7 37.53 38.92 lt.t8 1114,7 4.29 0.641E 03 0.01603 t2.59 12.r5 t?.78 r4.59 r5,0? 14,83
2r 463.3 39,5S 39,81 37,21 38.a9 31.50 1124,2 S,24 0.6s4E 0A 0,016A2 13.97 r3.51 r9.56 r6.15 r6.66 16,¡1
ÀVERAOE VALUES ÎHROUGH Sl'À1¡ONS 15 10 20:

39r.5 33.94 38.3? 36.3r 3?.6ì 30.33 168{.5 s.39 0.3r0E 0A 0.0ì{19 r3.r5 13.28 18.92 15.56 16.07 15.81

1¡0N CX
NC. ÀGE

I a.a 2a.ra 24.51 21,46 2a.14
1 1.5 2{,54 21.62 2a.51 2a.59
2 2,5 21.65 21.69 21.63 2t.66

2a.32 2s.72 2s.12
5 25.5 25,55 25,68 25,51 23,61
6 a5.5 25,98 25.93 25.7r 25.33
1 1S,a 26.26 26.03 25.91 26.05
3 r05.5 26.39 26,29 24,1: 26,21
9 135,5 26.43 26,s4 26,A5 26,23

1C 164,2 26,6? 26.51 26.29 26,14
1t 2A5,2 26,11) 2É.14 2â.2e 2ê,19
12 214,2 26,95 27.14 26.64 26,41
t3 275.2 27,41 28.94 28.65 24.42
1r 345,2 21,21 27.24 26.13 26.96

r6 36!,3 27.25 21,19 26.6+ 28.93
r: 333,3 27.17 27,t1 26.51 26.46
r3 403.3 27.ì9 21,19 26.69 28,.91
19 423.3 2i,1a 21.19 2ê,12 2a,94
2A 443.3 2i,15 21,61 2É,8Ê 21,21
21 463,3 27,31 21,la 26,82 21,O9
ÀvEnÀGÞ vÀluÈs î¡lRouc* s1À,IroNs r5 10

391,6 2i.21 2ì.2i 26,74 26,97

r5?0.9 6.31 o.1r.E OS 0.00000 ;;
.33 r57r.r É.31 0,rr4E 03 0,00005 29
.33 r57r.2 €.3r 0.rr4Ê 0É c,00005 2?
.34 r5?1.5 6.31 û,rr4¿ 03 0,000r8 22
.e7 ì5?2.5 6.10 0.114E 03 0.0005r 1a
.90 r573.6 6.30 0.r14E 0e !.00085 r2
.95 1575.? 6.29 0,r14È 0B 0,0015i rr
.0: t57a.s 6.21 0,r15E 03 0.0025r r0
.11 t582.2 6.26 0.116E 03 0,00350 9
.23 r539,4 6.2¿ 0,rr6E 03 0,00,{50 9
.3? 1563.€ 6.23 0,1ì7E 06 0.005r9 9
,11 r593.0 É.2r (r,|3E 03 C.00€32 9
,55 r597,3 6,19 0.ll3E 03 0,003r5 9
,É3 160C.É 6,1A 0.ri9E 08 0.00919 9
.71 1603.9 6,16 C.12AE 08 C.0r019 2
.32 160?.1 6,15 0.r20E 08 0.0rr09 9
.9ì 16r0.1 6,1¿ ¡.r2re 03 0.0r209
.9; l6ì2.5 6.11 0.r2rE 03 C.0r276 r!
.03 r6ì{.9 6.12 þ.122a 03 0.0r343 10
.03 r6f7.1 6.11 C.t22È,0E C.0r4r! r0

r6¡9.,t 6.10 0. ì22E 03 0.0r¿7É 9
.?o 152i.6 6.09 0.r23E 03 0.0ì543 l0

.99 r6r3,6 4,12 a,121a 03 C.0r301 9

21
2a

21
25
23

2a

c ----- ÀVERAGE -----

;;,;:;--;.,;--;.;;;;;;--;:;;;;;---;;.;;.',;:;¿'-i;:;;-;;:;;-'i;:;;";;:;;
152ê.1 6.30 0.315¿ 03 0.00005 29,1A 2A,02 29,35 2A,98 2e,96 2A,95
1528.4 6.30 0.31?E 03 0.00009 26,25 25,1t 26.t9 25.95 25,96 25,95
1529.3 É.30 0.31?E 08 0.00019 2A,2A 19,31 19.30 r9.30 r9.30 r9.A0
\s32.2 ê.24 0.3r98 03 0.00053 11,?ê 15.a0 16.1A 15.62 15.54 I5.63
1535.2 6.27 0.320a 03 0.0003? 13,08 r2.?9 15,25 1a.00 14.09 14.04
1541.2 5.21 0.323E 03 0.00r56 t2.30 12,62 i¿,47 13.56 13.6? 13.6rtaal),2 5,20 0.32aE 03 0.00253 1\,10 12,22 !4,00 r2,90 12,98 12,91
r559.1 6.1€ 0.3338 03 0.00361 1ì.?6 rr.50 12,92 12.10 12,t5 t2,12
r568,7 6.12 0,33?E 03 0.00461 10.99 il.lt 11,62 12,66 12,A9 12,17
r573,0 6.08 0.3a?E 08 0.00566 1r.¡3 rr.56 t3.Aì r2,5a \2,6a 12,59
r590.? 6.03 0,3{9E 08 0.00?01 11,9r r2.12 r6,10 13.76 14.06 13.9r
1603.5 5.9? 0.355E 03 0.00842 1!,5{ r1,43 14,37 12,1ø 12,91 12,A616r3,{ 5.93 0.360E 03 0.00916 11.11 12,26 r5.5' 13,56 13,19 12,61
t623.4 5.49 0.365E 03 0.0r0{9 1r.55 rr.59 14,61 12.92 t3.10 13.0r
1632.A 5.A5 0,370E 03 0.01r{? 1r.64 rì.a6 r5.14 r3.rA r3.{5 13,3r
1642.3 a,A2 0,3?5E 0€ 0.0t25r tr.ìl r0.99 r5.{? t2.39 t3.26 13,0A
r64?.9 5,80 0,3?8E 0g 0.01320 11,29 11.52 r5.49 t3.r{ t3.¿5 r3,29
't683.6 5,71 0.!81E 08 0,0r389 11,O2 11.2A 11,A4 12.73 I3.00 r2.A7
r659.{ 5.75 0.384å 03 0.01459 1r.50 12.10 15.91 13.40 13.65 13,53
r655.2 5.73 0.33?E 0A 0,0r528 r0.?5 10.32 14,29 t2,13 t2.41 12,27r57t.0 5.7r 0.39rE 03 0.0r597 rr.?3 1r.55 15,12 t3.37 13,68 r3.53

1650.2 5.79 0.379E 03 0.0r3{9 t1,22 11.28 15.r6 r2.91 r3.20 13.06



INFUî ELEC,rR'C PO{ER - 2133,3 RAîE GÀIII'O BY fÀ1Eñ = 205€,1 !ÀI,ÀNCE ERROR - 3.64:
tlSS FLOlr RÀT¿ = {ì.03C0 C,'s PRESSURE DnoÞ = 0.€9¡2 !r! HzO FRJCTIoì FÀcloR - O.CÌr795 FRE|¿ = ì3.309ç

REH = I595.Û GRI'" 0.2!5?{E 03 (JFSINEÀ}T IULIi îEHÞEFÀÎUNE È 23.?9 DEG EULIi 1¿HPENI'TURE. 35.3ì DEG C
pRH = 5,¡59 nÀH. = ù.1r776E 09 ¡NlEi EULI leHPEnÀTURE - 23.3(r DEC BULIi lEr{pÊRÀ'¡URE = 35,',r9 DEG C

c ----- ÀVERÀGE -----

36.12 35. r? 34.22 35.19
29.14 29.\6 29. r7 25. r6

r 7,61 Ì5.55 r5.74 t9.67't6,29 11.11 14.90 11 ,44
ì9,55 16.2 r 15.70 r 6,15
19,24 16,62 16.93 r6,76
?0,38 r?.0? 17.51 r ?,31
17,93 r5,?9 16.03 rs.91
2C,Ar r?,?6 1i,79 11,43
14. ?6 rÉ,r6 16.¿3 r6.3:
22,51 1,1,64 r3.53 1€. 09
20,24 16,21 r6.39 r¿.55
20,ac 15,6: ìt.{3 !7. ì?
21,24 16.93 r?.€7 17.30
21.97 lt.AC ì3.45 ì€. r3
19.94 15,93 16.5 0 ì5.26
21.A3 1?. 61 r3.30 17.94

?r.i2 16,90 11,61 1i,25

33.63
24,23
25.40

15.36

11.59
11.22
13.73

11.92

r5.r2

r3.36
it.36
14.1i

31.39
23.9!
26.09

r5.12

13.57
13. 30
13.56

r3,96
ra,39

ì{.sÉ

ri.93

r5.05

-;i;;:;--¿:;;-';:;;;;-õ;--;:;;;;;---3;.;;--:;:3:--;;:ã;--.;.;;--;;:;;--:;:;;
r33r,{ 6.3r 0.115E 09 0,00006 29,21 28,77 3A,26 29,63 29.65 29,61
r332.5 6.30 0.rr7E 09 0,000r0 26.17 25,47 26,e1 26.19 26,5A 26,49
1335,8 6.23 0.r17E 0S 0,00022 20.3r r9.33 20.09 20.09 20.09 20.09
13é6.6 6.23 0.120E 09 0.0006r r6.93 17.7{ 2A,77 1e,91 19.07 r3,99
1353,r 6,17 0.12?E 09 0.00100 15.A3 ì5.53 2A,23 17,1A 17.93 ì?,34
r3a1.r 6,0É 0.1271 09 0.00r79 14.95 15,32 19.a4 tt.02 17,29 11.16
r4r7.r 5,39 0.135E 09 0.00298 r1.44 t5.11 19.19 16.59 16.93 16,A4
1{50.5 5.71 0.r43Ê 09 0,0011? 14.03 14.58 1?,?? 15.83 16,01 15.92
r433.3 5.60 0.ìS0Ê 09 0,0053€ r1.¿9 1ã.1? 2',,16 11,63 r3.30 r?.9?
1511.2 5.11 0.153E 09 0.00655 15.3{ 15.?6 24,96 17.45 18.26 r8.08
15€5.4 5,23 0.163E 09 0.003r6 15,2A 15,A2 22,27 1A,21 13.a7 rA.5?
1612.3 5.11 0.1?9E 09 0.00979 l{.?4 15.13 r9.62 r6.96 11,2A 17.12
164?.6 {.99 0.r86E 09 0.0r102 1S.1r 15.95 22,1A tA,36 19.01 1A.69
1634.0 4.36 0.r94E 09 0.0122? 1a.99 15.03 20,21 t1,26 \1,65 17.16
ì719.5 {.74 0,20rE 09 0.0r144 15,36 15.r6 23,?9 18.60 19.53 r9.06
ì759.0 4.62 0.2r0E 09 0.0r4?r r1.20 r3.93 2r,44 16.99 11,15 11,31
1732.7 4.55 0.2r5Ê 09 0.0r5É1 r¿,?3 r5,r0 22.24 17.61 r3,59 r8.23
r407.0 4.43 0,22ìE 09 0.0r637 r¿,45 r5.r6 22,71 17,93 r3,?? r3.35
1A32,0 4,12 0.226E 05 0.0r720 15,27 16,1? 2,t.r3 r9.r3 20.00 r9.56
1851,1 1,34 0,232E 09 0.0180{ ì{.20 13.A{ 21.6r 17.00 r?.3r l?.¡tr
taa1.2 4.29 0-236E 09 0.O133?

34.24 23.74
3r.59 23.33
32.51 23.41
35.41 23.93
36.45 21.34

36,41 24,12
¡0, t3 2€.50
41,94 21 .54
{1.55 23.56
42.13 29.13
{ 3.55 31.13
15,90 32,62
4 å.91 33.?0

4 7.40 35.79
¡¡9.99 36.33
50.0{ 37.60
50, 71 36.32
50.6{ 39.0a
42,19 39,16
52.46 ,¡ 0,48

50.33 37,90

TroN cx
i9:----------------------------
0 0.0 30.35 30,a€ 29,94
r r.5 31.6a 31,42 3r,¿2
2 2,4 32,56 32.75 12,12
3 5,5 35.29 3å,53 35,41
{ ì5.5 3?.35 37.23 35,39
5 25.5 39. r4 39.12 36,01
6 45,5 1A.72 40.3i 3?.20
1 13,S 12,32 41,62 33.,{0
3 r05,5 43.82 43.20 40.{{
9 135,5 4a.35 43.65 39.11

10 166,2 1t.91 4¿.12 {C.55
1r 205,2 16,0¿ 15.4€ 1r.34

1?. 50 ¿4.0!
11.71 41.69

11 305,2 19,12 49.61 45.83
15 333,3 50.32 S0.53 A5.r3
r6 363.3 5?.56 52.47 17,21
1? 383,3 5?.65 52.33 47.€0
r3 {03.3 53,69 52.9? {3.09
r9 423.1 53.5? 52.51 14.23
20 4¡3.3 55,3€ 55.77 50.0r
2r {63.3 5{.4? 55.17 50.09
ÀVSRÀGE VÀLUES î¡{ROUGH STÀ1IONS

s2.83 17.73

BULX TEMPERÀTURE ¡ {5.17 oEG C
IETrPERATURE . 45.{5 DEG c

IJPSIREÀ¡| BUIR 1Èr.lFEFÀlUFE = 23.44 DEG C DoçNSTREÀM
¡NLEî BUI¡i îEMÞÈFATURE = 23.6? DEC C OUTLET EULIi

¡NFUI EIECîÀ¡C FOHER.3{95.4 H
H SS Pf,oll RÀî¿ = 37,2030 6/5

nEM - r599. r 6RJ{+ . 0,13181E 08
RÀMr,0-23a33E 09

09 0,00313
09 0.00{ 39
0! 0.00555

09 0.00352
09 0.0103?
09 0.01 l69

09 0.0 ì s55
09 0.0164 3
09 0.0 r 732
09 0.0 ì 320
09 0.0 r 909
o9 0.01999

09 0.01680

0. ì{2E
0. t{2E
0. ì{38

0.1{3E
0. ts2E
0. r59E

0.1838

o,223¿
0.239E
o,2s2E
0,265E

0.29rE

0.309E
0.3 ¡ 3E
0,327E
0.33?e

0.304E

î¡ONC¡,'A¡CÀVER-(C)
NO, ÀGE

o 0.0 31.?5 3r,85 3r,23 11.52 23.41 r263.5 6.30
1 1.5 33.31 13,16 32.97 33.t3 23.9{ 1210,1 6,29
2 2,a 34,19 3a.57 3¿.1? 3{.33 23.93 1211.A 6,2A
1 a,5 !?,67 a7.9t 31,77 31,11 21,12 1215,4 6,25
4 15.5 40.{9 39.7€ 37.3{ 3A,73 2{.53 !269.3 6.19
5 25.5 42.13 42.5{ 33.r5 lO,2a 24,O4 1303.2 6.12
É 45,5 44.r0 43.64 39.É2 {r,69 25.96 1331.t 5.9?
? 75,5 15.96 {5.ì3 {1.02 13,29 21,11 1311,1 4,11
8 105,5 1?.56 ¡6.3? 43.36 15.29 24,13 11r3.8 5.59
9 r35,5 {3.36 a1,a1 1t,14 {{.83 30.11 la55.t 5.12

10 r65,2 {A.65 a3. 43.65 16.t2 31,11 1500.0 5.25
11 205,2 50,17 49,63 4a.?1 11,39 33,32 1556.5 4.03
12 2t5,2 52,55 51.97 4?.93 50.09 35.16 t615.5 4.32
1! 21a,2 53,36 52.4t {7.53 50.21 36.5a t662,1 1,66
r4 ¡05.2 sr.32 51,11 50,21 S¿,33 31,92 r?07.3 4.52
r5 333,3 55,32 56.05 {9.?9 52.A1 39.21 17¡t9.9 {.a0
16 363,3 58.62 59.16 52.33 55.6r {0.60 1791.t 1,2A
r? 383.3 58.8ì 58.32 52.?5 55.66 {ì.52 1a31.1 {.19
18 403,3 60.04 59. r6 53.3t 55.45 {2.t{ 1462.2 1.11
l9 423,3 60.04 58.64 53.50 5€.{7 {3.36 1392.3 {,0{
20 1a3.! 62,18 62.?1 55,50 53.97 4{.23 r923,{ 3,97
21 163,3 61.21 62.04 55,3? 54,11 45.20 r955.6 3,90
ÀVERACE VAIUES THROUGH STAI¡ONS I5 10 20:

391.6 59,25 59.0t 52.88 56.0r 4r.90 r8{2.4 a.r7

35.00 3?.95 36.54 36.59 36,5?
29,72 34,92 34,22 30,21 30,23
2É.11 27,42 21,44 27 ,01 21.O1
20,26 20,46 20.46 20.46 20.46
r3.13 21.36 r9.71 19.9r r9.81
1S.93 2t,26 i8.32 13.63 r8.50
15.73 20,5r r?,É3 13.02 r7.85
|s.54 20.27 r7.13 17.?Á r7.56
15.23 r3.43 r6.€3 1C.92 r6.40
15.41 23,85 rA,?0 r9.57 i9.r3
15.51 22,19 rA.?5 19.22 r8.93
t€.70 23,93 r9,42 20. ì5 r9.?A
t6. ta 21.3ì 14.2r ì3.6r r3.ar
17.O4 21,66 19,83 20.63 20.23
16.0? 21.63 r4.50 r3.96 r8.73
16.01 25.¡t9 19,?5 20.81 20.28
14,19 22.92 17,9r r8.8r r8.36
rs.97 23.83 r8.98 r9.82 r9.40't6,02 21,64 r9.12 20,r{ 19.63't1,50 26,t1 20,a0 21.41 2A,92't4,49 23,?9 18.17 19.25 r6.?1
15.43 2{.99 19.63 20-62 20.15

15,75 ?4.{? 19.05 20.01 19.55

35,43
29.40
2ê,43
20.ÉÉ

16,26
15,33
11 ,39

15.09
!5,33
r5,91
t5,5{
t6,11
t5,99
16.23
r{.92
't5.22
r 6.04
11.92
16.66

15.a8



INPU'T ELECTRIC PO*EP ' 2O€?.5 ts HEÀT NÀIE G,'J¡NÈ' EY (ÀTEN . I96J,5 8¿LÀNCE ERNON = 3.93:
IIÀSS FLoa RÀT! = 35.326c G/S PRESSUnE DROF = 0.5151 r¡r Hzc FRICTjox FÀcToF = 0.0122:-c FñEt4 = 1?,l1l5

NEX - ì393.J CRÙ.+ . O.2ZA32E 06 U'STREÀ'::8Uf,H'TEÉPERÄ'IUR' = 23.9i DEC C DOIJNSIREÀM BUL}i IEHPERÀ'TUNE = 3î.36 D'G C
pnE = 5.3t1 RÀ,.{. - c.11794E C9 rrLEl - 23.92 DEC C CrJ.rrÊî BULñ TEHÞERÀîùRa . 3î.35 DE6 C

1r oN cH

0 c.o 2e.3! 24.47 24.s2

2 2.5 30.45 30.56 30.33
3 5.5 32.46 32.63 32.51
4 I5.s 34.59 3i.24 32,41
s 2,.5 35.65 35.91 33.a5
5 45.5 36.96 16,14 31.12
1 15,4 14,24 3ì.?g 35.41
Ê 105.5 39.44 39,06 37.09
9 135.5 10.0? 39,52 36.18

r0 r65.2 a0.05 19.13 1ê,91
I I 205.2 ¿ ì.15 tC.7'! 11.Ê9
t2 215.2 a2.56 12.21 39.74
r3 2?5.2 ¿i.05 32.{9 3S.56
Ir 305.2 1{.r3 11,03 1\.22
r5 333,3 {{,53 4t,69 14.66
rÉ 363,3 {5,30 a6,52 12.t}
r7 33!..i i6,57 18.28 12.6't
r8 103,3 a7,33 {6.35 é3,15
t9 t24,3 1i,3a ae,a1 43,41
20 4a3,3 18,1a a9.ÐA f,i.75
2r a63.: 43,0r 43,,{2 ¿{.6r
ÀVERAGE VÀLUES lHROUGI1 S,rÀ?]O'{S

¡ÑFIJT ELECIR¡C POHER = 2?6?.8 ç
IrÀss Flo! RÀrE = 33.3??0 G/s

RE¡{ . ì392.2 GRt. = 0.3{3,13E 06

HEÀT RÀ1E GÀ¡NE! BY {ÀTER = 2521,2 BÀÍ¡ÀNCE ERROR i 5,30:
FIIESSURÈ ¡RoF = 0.503? l4: H2O FR¡CTloì FÀc,Ion . 0.C130{l ¡ReH = 13.1563

UPS'¡REÀI.I BULX ,IEIIPERÀIUNE = 23.7¡ DEG C DCWNSTREA}I EUI,X îEI.¡PERÀ'TURE ' 42.53 DEG C

= 23.75 DEG

ÀvER- (C) C ----- ÀVERÀ6E -----
ÀGE M.t,

30.1t 21.11 rr35.¿ 6,32 0.1r0E 09 0,00000 33,41 32,92 35.70 31.33 31,13 34.4t
31.19 23.42 1)36,9 6,3ì 0.rrrÈ 09 0,0000? 2e.09 2t.60 29.ll 2a.{6 23.¿3 23.{7
32.41 23.46 37,9 5.30 0.rrrE 09 0,000rì 24,1L 21,A3 2a,A2 25,1a 25,1t 25,11
35.30 23.93 1ì4r.0 6.?€ 0.rr2E 09 0,00025 r9.5fr r9,08 19.2C 19,29 :9.29 19.29
36,36 2!,39 1151,3 6.22 0.rì{E 09 0.000?ì r6.33 1?.06 20.02 1A.20 t5,36 re.23
3?.66 2r,?9 11é2.2 6,16 0.1r?! 09 tJ,001!? r5.23 r1.36 r9.tr 16,92 17,13 1?.05
34.46 25,59 rr3,r.2 6.03 0.122E 09 0.002r0 11.25 14,71 r3.32 r6,38 tê,66 1ê,a2
¿0.r1 26,?9 r2r3.3 5.4{ 0,r30E 09 0.003t9 13.96 I4.59 tA.36 t6,25 t6.5? r6.Al
¿r.95 27,99 r21S.3 5.69 0.r3€È 09 0.00449 13,11 14,22 r?.37 15.19 ì5.67 15.58
11.4ì 29.24 r2Ar.0 5.55 o,r45E 09 lr.ú0é29 11,2e 15.A1 2r.95 t7.56 13.3¡ r7,93,t2.60 30,39 131¡.r 5.33 fr.tSrS 09 0.00?66 r5.rO r5.60 2A,51 11,6A 1',?.99 l7,aC
43.?3 31.99 1360.3 5.18 0.165e 09 0.00957 15.r3 15.31 22,2ã \A,21 13.35 tA,55
46,21 13,60 1t0¡.? 5.0ú 0.ì76a 09 0.0rr49 ì{.5ì r5.0a r9,52 r6.€1 1ì.1r_ 17.00
46.42 3r.30 1438,? a.A6 0.184E 09 0.01295 i5.00 r5.A5 22,55 t8,31 r8.99 1€.65
43.31 36.00 1171,9 4,?2 0.r93E 09 0.01a43 t4,79 r1.9ì 20,51 t1,21 r?.É8 1?.a6
44.12 37.13 r509,3 {.59 0.20rE 0' 0.0r58i I5.t0 ta.€7 21,29 1A,21 t9.t4 18.69
5r.1{ 33.33 t543.6 4,44 O.2toÊ 09 0,01721 13.81 13,52 ?O.71 16,11 l?.20 ì6.34
51.30 39.r3 t56?.r 4,{r 0.2r6E 09 0,0r42¿ r4.27 1{.71 21.53 t7,32 1A.01 t7.€?
52.04 39.93 1592.0 1,31 4.2228 09 0.0t922 r4.03 14.?? 21.84 17,31 1a.ì1 17.16
s2,03 t4,14 1611.3 1,26 0.22AE 09 0.02020 r1.90 r6.08 23.32 18.60 19,10 19.00
54,t6 {1.54 r643.5 4.19 0.235E 09 0,02r13 r3.90 r3.{3 21,11 16,62 t1.12 11,A2
43,92 42,3a 1661.4 1,12 0,24t8 09 ø.OZ2t1 r5.43 t4.30 22.¡9 18.09 18.81 16.45
r5 10 ?o:
5r.56 39.¿? r5?3.9 1.33 0.219¿ 09 0.0r365

TroN crl c

0 0.0 30.t0 30.¿0 29.4s
r r,5 3r,60 3r.73 31.32
2 2.5 12,19 3?.66 32.12
3 5.5 35,1? 35,42 35.30
4 19,5 37.71 37.1€ 15.2?
5 25.5 39.0ð 39.42 35.06
6 ¡5.5 40.81 40.3? 37.1¡
1 75,5 12,42 11.65 38.29
3 r0å.5 ¿3.?1 43.20 40.{{
I r35.5 ,ll.25 13.56 l!.02

r0 165.2 ,{a.62 ,t1.r? 40.31
11 205.2 46.19 14.31 41.52
t2 214,2 4A,2i 41,1A 41,42
13 214,2 46,9A 16,22 44,23
r4 305.2 50.33 50,22 46,31
r5 333,3 5r, r3 5r,35 46,2r
t6 363.3 53,61 53,9{ {3.50
17 333.3 53.90 53,{5 44.92
ta {03.3 5{.47 5{,r7 {9.56
19 {23.3 5{.33 53.A0 a9.?{
?0 a43,3 55,63 57.10 51.46
21 ¡63,3 95.8? 56.49 5r.65
ÀVÊNÀGE VÀLUES lHROUGH S?À1¡ONS

391.6 5{. 16 53.9? {9.06

EXPERTHENî 0n5? --- DEC. r¿, r987 =È========

INFUT ELECTRIC FOHER . 3340.2 RÀTE 6ÀINED BY 
'iÀ1ER 

. 3]9I.1 II HEÀ'I BÀLÀNCE ERROR ' 4¡{7ã
r9ss FLo{ RÀîE ' 3ì.7160 0/S FRESSTJRE ÞRoP = 0,5199 v.}i H20 FRrClrOri FÄC10i = 0.01,1745 FRE| - 20.6299

RèU = I399.I GR*I ' 0.195I58 08 UFSIREÀI'I BUT,I{ IEI{ÞERÀTURE = 23.69 DEC C DO¡INSîREÀM 3U!I{'¡EMPERÀIUFE = {?.96 DEG C
ÞFlt = 1.?26 RAH| = 0,23410E O! ¡Nl,ÈT BIJIX îÈMPEFAîURE = 23.63 DEG C oVTLET BULX lEr¡pERÀ1UnÈ = 1?.96 DEc C

c ----- ÀvÊRAGE -----
___l______i_____Itt_

33.40 33.0S 35.01 3{.56 3{.62 3é.59
24,22 27,86 29.{5 2A.73 2A,71 2A,71
24,19 25,14 25,16 25,11 25,74 25,13
19.?5 1r.4{ I9.59 19.59 r9.60 19.59
16,94 17,15 21,23 19,10 1t.30 ì9,20
15.?? 15.50 20.90 t?.85 13.27 tA,03
ra,9f t5.32 20,13 11.27 1?.53 17.{5
la.?9 15.36 20,29 11.29 17.53 17.{9
r¡¡,50 15.01 18.6? 16.54 16.?9 15.65
r5.00 i5.68 23.3? 16.51 19.35 13.93
r5.40 16.26 21.88 16.50 13.96 I3.73
i5.?7 i6,50 21,04 19,29 20.07 I9.53
r5.23 1s.81 20.85 r7.6r 18.20 1A.00
r5.7¿ r6.59 23.75 19,23 19,96 19.s9
t5.aa 14.72 21.42 1A,09 1A.54 1A.3r
15.81 15.69 21.A6 19,29 20.31 19.A0
ia.66 14.31 22,51 17,63 lA.5l 1A,07
15.34 15.35 23.76 ìA,A3 19.63 19.25
15.06 15.39 24.6{ 19.0r 20.06 r9.5{
15.90 1?.33 25,A5 20.21 2\,2, 20,12
14.65 14.43 23.53 1a.06 r9.!r r3.59
16.59 15.76 2¿.36 r9.59 20,52 20,0ê

(c)



INPUl ELÊCînlC P0¡åR = ì972.5 $
= 29.3?50 G/S

nEù r 12!2,0 CRÌr. = 0.21934E 0€
ÞRlr = t.265 RÀXr = 0.1r5361 09

:==È:===:: EXFERIMÐNr 0n56 --- DEC. 19. t93? ====.===.-
HÞ¿r RÀrE 6ÀINED EY l¡ÀTEn = 13?3.9 ( HEÀT BÀLÀNCE ERRoR = 6.00:

ÞRESSUR' DROP. c,a¡24 Ð{ Hzar FRICTJo}r FÀcToR = ú.Cttt6r_ FnEE = 17.02?:

UFSIRðÀ'] BULI'TEHFENÀ'TURE = 23.33 OE6 C DOI{ìISTREÀ¡: àUL¡I'TEEPERÀTURE - 33.9C DEG C
IN'å'¡ BUI,Ii 

'E}:PERåTURE 
. 23.ÊI OEG 

' 
OU'TIET BUL¡I TE'{PERÀIUNE - 35.A6 DEG C

c ----- ÀVERACE -----

3--:::;;--i;. ;;--ii:;;--;,:;;
2 21,15 26.5e 26,4t 26,51
1 21,2\ 23,Aa 23,A6 23,A6
2 1e,21 1A.21 1A,21 18,27
3 r€.33 16.37 16.9ô t 6.93
I 1i,tB 14.11 15.99 15.3¡
1 1?,31 14,23 r5.45 15.3a
1 17,06 11,96 15.19 15,08
7 r5,rr r,r.13 r1,59 14,5r
3 r9, r r ì5.?2 16,21 15,99
5 19.3r r6.3{ 16,11 t6.5!
{ 20.3( ì6.30 r?,33 r7.0€
2 r6.25 ì5.3{ r6.12 r5.93
5 2!.5i I6.9ì ì?.{6 r?, ì6
o 13.6€ ì5,33 t6.24 16.02

å r9.52 15,?0 r6.35 r5.03
9 ?8,29 18,12 17.0t ró.?3
? 20.{9 r6.35 17.0: 16.?0
a 21.24 .1,28 1?.9r 1?.60
6 ì9,6C r5.5Á 16.21 r5.39
3 2r.90 r7.13 r3.r3 r7.73

10r3,? 5.30 0.793E 0Ê 0.00000 rû.3É
ì019,4 5.29 0.795E 0t ú.00003 2É.rC
r02c,5 6.29 0.7968 06 0.00013 23,67
1422.ì 4.21 0.30r8 06 0.00023 lA,,t2
ta1a.3 6.22 0.3r58 OÊ 0.00090 !r.2!
1CJ?.9 6.ì7 0.330E 0E 0.00131 ta,25
1053.5 6.0? 0.360Ê 0E 0,0023{ r3.11
't0.J1,a s,92 0.907E 03 0.00389 r3.09
110r.3 5.73 ú.953¿ 03 0.00545 12.33
1123,2 5,66 0.997E 03 0.00?01 13.03
r115.3 5,5{ 0.ì04E 09 0.00356 13.9?
rr7?.É 5,38 0,r1tE 0s !.01066 r1.03
121t.2 4,22 0.117E 09 0.01277 13.85
r23{.5 5.r¡r 0,r22E 09 ú.0r{3',7 1,3.02
ì256.ì ,1,99 0,i26E C9 0.Cì599 13.67
ì23r.ì ,{.69 0,r31E 09 0.0r75ì 11,23
ì306,6 1.73 ¡,l35E 09 0.01915 t3.19
1324,ì 1.70 ú.1398 09 0.0202:'t312.2 1,53 0.r¿2E û9 0.02r36 ì3,35
1-i56.a 4.5? A.115a 09 A,A2241 la,ìt
13?4.€ 1.5! 0.r{9E 09 0,02353 r3,09
r39r.6 4.15 0.1528 09 0.02À6r 1a,65

rNpuT ELÊCîRrC ÞOr,rER = 2623.2 ç
= 2?.3r30 G/S

REH r 1192.9 GRHì . 0.35326E 03

llEÀr RÀrE GÀ:NED Ey taÀTÊn = 21??.8 !Àr,ÀNCs ERROR = 5.54:
PRESSSnÈ DnOF = 0.3909 Ì1Ìl Hzo FRICl¡ON FÀCTOR - 0.0ì4¿19 ¡nEu = t?,1996

UpSrREÀ¡j BULX ÎÊMPÈRÀIURE = 23.€6 DEc C ÞOçNSTREÀH BULri,¡EMpERATURE = {5.22 DEG C
INLE'T 8ULX îEMÞERÀîIJRE È 23.A3 DEG C OU'TL¿'T = ¿5.20 DEG C

ll:6; --i;.;;--¡i:;;- -3;;; 
ã

21.64 27 ,0t 27.05 21 .O3
21.56 24.21 21.24 21.21
I4.55 16.56 r3.57 r4.56
19.64 f7.A2 l?.97 ì7.39
r 9.31 16.7r r t.04 16.39
ra,a3 16.2! 16.57 16,4r
ra.a0 16.14 16,51 r6.34
ì7.53 15.53 r 5. ?,1 r5,63
2i-14 i?.16 r3,l6 r7,82
24.1t 11.51 ì7.95 ì7.?i
2¿,51 1e,22 rA,9ì r3.55
20.03 f?.05 17,4s 11.23
22, t2 10,09 r8.71 18.¡0
24.39 t1, t4 r?.59 r?.36
23.53 rA,3r r9.?? r3.79
2ì.02 r6,6¿ r7.¡r0 r?.02
22.21 17.15 r3.5r rA.r3
22,43 11,75 r3.59 rA.r7
23.85 18.36 19.73 I9.30
21,52 16.AO 11 ,65 t1 ,23
23,52 t8,49 19.4 5 r9.02

22,16 17.69 r 3.53 r8.r1

26,55 26,30
2t,t)2 23,11
ra,É3 18.4 515,9{ 15.63
ì{.93 r{.63
13.90 11.5r

11,22 \ i,93
i{.95 r5.36
l1 .99 r5.63

11.95 r5.67
t4.73 1{.32
r 5,04 1{.39
! 3,8! 13.55
r1,54 15.01
r¿,3r 1,{.99
15.05 16.20
13.99 r1.58

0. 01336
0. 01563
0.01?39
0,0 r 903
0,020?9
0,02r 9?
0.023 r 5
0.02{31
0,02553
o.02612

4.02217

23.49 9¿3.9 6.30 0.r0SÈ OS
23,95 950.3 6,29 0.r05E 09
21.00 95r.3 6.24 û.r06E 09
21.i3 95{.2 6.26 0.r065 09
21.59 95a.2 €.r9 0.r09¡ 09
2É,01 9?1.4 6.12 0.!12Ê 09
25.95 995.5 5,97 0.1tAE 0S
27.12 1026,9 5,?? 0.ì26E 09
28.64 1456,2 5,60 0,135E 09
30.05 r037.2 5.{3 o,r44E 09
3r.40 r119,7 5.26 ó,r53E 09
33,22 t161,6 5.04 0.1É4E 09
35,03 1204,9 ,t.3: 0.J76E 09
36.4 0 1239.6
17,16 1272.9 4.54 0.t94¿ 09
39.0¿ 1304.1 4.12 0.203E 09
40.ar 1319.2 1,29 0.2r3E 09
41,32 ì353.6 1.2t 0,2241, 09
12.22 1341.3 ¿.r3 0.22?E 09
{3. r3 ì409.4 1,06 0.233E 09
44,01 1432,2 3.99 0.2¿0Ê 09
4,1.95 1lÉ5.? 3.92 0.2{78 09

20:
¿ì.69 13?2.6 t.t8 0.223E 09

30.25
3i.54
32.5 0

36. r5

4r.42

12.94

4€,6r

19,92
52.35

53.38
53.61

1I On_ CH C

0 0.0 30,{7 30.52 30.0ì
r ì.5 31.72 3i.aC 3r.{0
2 2.5 32.3A
3 5.5 35.17 35.3i 35.2a
{ 15.5 3?.51 36.9¿ 35,03
5 25.5 33.33 39,r1 3å,?0
6 {5.5 40.52 {0.17 36.63
? 75.5 42.04 {r.¿? 13.20
¡ r05.5 {3.57 43,05 40.12
9 r35,5 44.35 43.67 39.39'ttJ 16à,2 41,96 4a.6ú 41. r3

rr 206,2 46.69 16.t! 12,1a
12 213.2 t5,15 43.31 ,t5.0?
13 275.2 ¿9.e0 49.13 45.45
r1 305.2 5r.32 5ì.23 {7.5É
15 333.3 52.2a 52.¡¡2 4?.49
16 163.1 SÁ .71
¡? 383.3 5{,95 5{.52 50.23
13 á03.3 56.06 55.43 5r.0ì
19 {23.3 56.27 55.31 51.a2
20 {{3.3 5e.15 58,57 53.21
2t 163.3 51.11 53.09 53,33
ÀVERÀGE VAL¡JES IHROUGH S1À'TTONS

191.6 s5. rC

GÂV+ = 0.5026¡E 03
RÀM. = 0.22976Ê 09

HEÀ1 RÀÎE GÀINED BI çA'TER = 2969.1 8ÀLÀNCE ERRON ¡ 5.60i
PRESSURE DROF - 0.3302 nX H20 FRTCTTON FÀC10R = 0.0t5825 FRE¡I - 15.3t69

UPSIREÀH BULIT IEMPERÀ'TURE = 23.7? DEG C DOIINS.TNEÀM BUIì{ 1EùFERÀîURE = 50.96 oEG C
INI,EI BIJLK ÎEIIPERÀîURE . 23.30 DEG C OU'TI,E'T 8ULX îEMÞERÀIUFE = 50.96 DEG C

c ----- ÀveRÀGÈ -----
I ¡l 1)lr

32.38 31.33 3¿.69 33.36 33.{r 33.33
27,34 26,64 2A,39 27,72 21,71 27,13
24.69 21,21 24,23 21,e3 21,A1 21,A3
r9. r3 16,69 1a.9t 13.9r 13,9r 1A.9r
lC.rA r6.93 20.30 13.23 lA.{3 ìA,33
15.04 r4,7{ 20,03 t7.09 17.11 17.2e
1¡,23 r4.68 19.t? 16.51 t6.9? r6.79
r4.26 r4.89 20.t1 16,92 I7.37 r7.15
r1,11 r4.?2 18.62 15.25 t6,52 1€.39
!¿.7r r5.47 23.53 16.33 19.3t l3.aa
15.56 r6.0r¡ ?2.01 I6.40 I3.9t 13.65
15,56 t6.21 21,31 19,25 20.1{ t9.69
t5,r7 r5.?4 20,16 t',t,?2 13.1t I?.91
f5.66 16.61 21,10 19,32 2A,12 19,12
15.49 r5.61 21,4{ 1A.03 r3.49 1A.26
r5.72 15.39 2{.14 lA.9r 19.A{ i9,33
r4.2? 13.9t 2t,91 17,17 13,03 r7,60
r{.86 i5.3? 23.{3 ìA.39 19.30 rA.85
1,1.59 15.3S 23.71 1A,16 J9.37 r8,36
15.43 16.84 25.21 19,65 20,ê7 20.16
14.43 11.02 22.A1 17,a2 r8,52 18.02
16.3A 15,53 21,76 19,40 20.36 19.88

l{.aB I5.r5 23.56 rA.33 19.29 13.A1

;:;;;;;
0.00009

0.00032
0.00091

0.00263

0.00525
0.00305
0.0096?
0.0 r 236
0.0 r r85
0.41612
0.01a60
0,02037
4,a2227
0.0235{
0.02443
0.026rr
0.02739
0.02369

0.02t08

6.31 0. t 25E 09
6.30 0. r26E 09
6.29 0,r26E 09
6.2É 0,1218 A9
6. r7 0,132¿ 09
6.03 0. r36¿ O9
5.90 0.145E O9
5.66 0.158¿ 09
5.4{ 0. r?rE 09
5.22 0. r45¿ 09
5.02 0. r98e 09
4,7 5 0.2 r 68 09
{.5r 0.235E O9
t,35 0.2508 09
a.t9 0,2658 09
¿.06 0.?808 09
3.93 0.?95E 09
¡.34 0.306E 09
3.?5 0,3 r 68 09
3.6? 0.32?E 09
3.59 0.3388 09

391.l
392.3
39{,0

909,5
92ì,9
911.6
933.3

1059.4
10t5.2
1149.0
1203.0
't213,1
1231.2
1325.4
1367.0
1396. t
1{2 5,4

r434.5
r5r5.a

'r¡oN c¡i c avER- (c)

i9:.------------------------------19:---
0 0.0 11.!r
r 1.5 32.93 33.10 32.60 32.Ar 2t.39
2 2.4 33.96 3a.16 33.75 33.90 23.95
3 5.5 3?.04 37.34 3?.19 31,19 21,12
¿ 15,s ¡9.95 39,28 36,86 38,24 21,10
s 2s.s 11,62 42.00 37,58 19,10 24,2A
6 45,5 43.65 43.19 39.06 41,21 26,11
7 ?6.5 44,34 4{.62 {0.31 42,64 2ø,16
s 105,s 4?.1? 46.48 {3.01 41,92 29,91
9 r35,5 43.16 {?.35 41.98 {4.8? 31.65

10 r65,2 43.9t 48.45 {4.36 t6.S2 33.37
1r 205,2 sr.r4 50.46 45.56 ¡8,18 35,69
12 21É.2 53,11 51.20 49.53 5r,51 38.01't3 274.2 54,96 51.09 49.63 52,08 39.7¡
r{ 305.2 56.82 56,70 42,57 5{.56 41.{8
1s 333.3 58.18 58.50 52.92 55.63 {3.t1
16 363.3 61.39 61.42 55.59 SA.50 ,14.35
1? 3S3.3 61,85 61.33 56.0{ 5a.A2 ,r5.0r
i3 f03.3 63.29 62,11 at,06 59.97 ,r',t.16
19 {23.3 53.53 62,26 57,63 60,26 1A,3?
20 {¡3.3 65.7t 66,19 59.75 52.A5 {9.{3
21 {63.3 54,91 65.70 60.0A 62.69 50,61
ÀVERÀGE VÀLUES 'THROUGH 5îÀîTONS 15 10 20:

39r.6 62.33 62.r0 56.50 59.3É 46.49



POtrErl = 3609,0 a
= 25,0{5rr ô/s

REH - lr9É.2 GR,.l. = 0.663e9a 03
nÀ¡r - ú.26746:0ç

HEÀT RÀT' GAJIIEÐ BY 9IÀ1ER = 3]E?.t BÀI,ÀXCE ERNOF - 5,11'.
PnESSUnE DnOP È 0,3?41 Hrl H20 FRIC?¡0I FÀCTOR.0,0rî00C FRE|¿ - 20,33{9

= 21,78 Df.G C DO*NSTREÀ¡I . 56.21 DEG C
IIILE? BULIi îEI¡PERÀIURE = 2].€2 D'G C OUTLg'T = 56.19 DEG C

5C C,t02E 0.c 0.0253! 15,26 r5.5? 2r.53 rÊ.91 19,9ç r9.4?

0R62 --- DEC. l5' l9g7 '======"'
¡NFUI ELECTRIC POÞER = 245?.? ! IIEAî RÀ'TE GÀ]NEO Bt HÀ'TER = 2322.1 BAÍJANCE ERROR . 5.52i
HÀSS ¡f,0ç RÀrE = 22,{030 G/S ÞRÈSSUR¿ DnoP = 0,3290 r3.r H?O FRrC,lroN FÀC10R = 0,0i0698 FREM - 15.5335

REg. 99{,I GR''I = 0.36662E 03 UPSîREÀM BUIX TEIIPERÀîURE = 23.75 DEG C DCHNSIREÀ}' BULIi îEIIP¿RÀTURE = 4€.63 DEC CpR¡l' 1.695 RÀ,¿r = 0.l72llE 09 INLE? BULIi 1ÊrlpERÀ,rURE = 23.30 DEê C OUTLET EULI{ TEHPERÀîURE = 48.61 DEc C

INPUT ELEC'TRIC POHER'2497.6 RA'TE GÀINED BY HÀîÉR = 2749.3 BÀLÀNCE EFROR = 5.I2}i
rrÀss FLox RÀîE. 20.9590 6/5 PRESSURE DRoP - 0.2713 Ð¿ H20 FRICI¡ON FÀCTOR - 0.017526 pREÈ = t?.{533

ÀEM = 990.5 CR},'+ . 0.52?63E 06 UPS'TREAII . 2],72 OÊG C DOI{NSTREÀH EUIJX TEHPERÀîURE. 55.13 DEG C
ÊR¡t = 4,380 RÀrlr = 0.2?891E 09 ¡¡{L,ET BULII TEI.IPERÀTURE . 23.76 oEG C OUlleT lULx îEMPERÀIURE . 55.16 oEG C

t 25,5 3a,42 33,77 3:,36 37.00 25. r5 ?66,6 6. r0 o. r06E 09 ú.00r?5 14
6 1å.5 40.16 Jt.83 3é,3E 38,19 26,2tJ 806,6 5.93 0.112E 09 0.001r3 l3
1 14,5 41,ê1 {1.r4 37,4a 19,ê2 27,19 435.r 5.71 0.ì2tE 09 0.0052t ì3
3 r05.5 {3.34 12,41 10.t2 4r.5r 29,33 463.2 5.51 0.130E 09 0.00730 l3
9 135.5 4{.10 {3.?€ 39.rr 11.16 30,91 493.2 5.3r 0.140! 09 C.0094r ì{10 r65.2 {5.t3 11,49 Ai.Sl 13.30 12.54 9?3.1 5.r2 0.r508 09 0.0r1!0 r{11 245,2 41,11 16.61 42,91 11,92 3a,66 962.9 á,A1 0.r62E 09 0,01433 19

12 215,2 49,66 49.23 45.rC 4i,11 36.11 r006.2 a.€3 C.ì76e 09 0,0r73' ra
r3 ?76.? 50.?5 5C.13 ¿5.51 18.1? 36.36 1036.? 4.{3 0.1A6E 09 0,01919 r5
11 345,2 42,52 5?.{1 ¿9.03 50,?A 3r.95 r068.8 4.3t 0.1978 09 0,02ì6? t¡
r5 333,3 53.69 53.91 49.3{ 51.5? 1ì.43 r100.8 {,20 0.207E 09 0,023?2 t5
r6 363,1 56,¿? 56.72 5r.9{ 5t.26 11.O2 ri32.3 {,07 0,216E 09 0.02593 t317 333.3 56,94 56.52 52.35 5{,55 4{.03 lr5{.r 3.99 0,2258 09 0,A2141 t4
ì3 103.3 54.r3 57.5r 53.25 55.55 45.14 1l?6.3 3.90 0.211È 09 0.02689 14
t9 423.3 5A,55 57.66 53.9i 56,02 16,2A 1t99.3 3.32 0.240E 09 0.03039 l4
20 443,3 60.46 60.a1 55.5? 5a.15 4?.26 1222,4 3,71 0.24AE 09 0.03188 13
21 a63.3 59,86 60.61 56.16 58.19 t8,3r 1211,9 3,67 0.256E 09 0.03339 r5
ÀVÊRÀGE VÀLUES rHnoUGH SrÀTtONS 15 rO 20:

39r.6 5?.38 57,19 52,?5 54,O2 a4,42 rr64,3 3.95 0.229E 09 0.02A0{ ì4

0.1168 09 0.00000 10.00 29.75 32.3a
o.ll6E 09 0.00011 2s,55 25,29 2Ê,69
0.rr?ã 09 0.00016 23.11 22,92 23,A2
0.rr8¿ 09 0.000{0 la.l2 17.39 13.0r
0.r23ê 09 o.o0r13 r5.{3 t6.r2 r9,73
0.r2?E 09 0,0018? lt.6{ i4.32 r9.55
0,r3?E 09 0,00335 r,t.02 I4.{1 19,50
0.150E 09 0.00553
0.r65Ê 09 0.00742 r4.16 r{.71 13.A¿
0,ia0E 09 0.0r009 ìa.63 I5,{2 23,95
0,19¿E 09 0.0t238 r5.38 I5.A2 21,65
0.2r¡E 09 0.0r551 15.58 t6.32 2{,03
0.235E 09 0.0186r 15,06 1S.65 20.91
0.252E 09 0.02097 t5,62 16,11 27,A6
0.263t 09 0.02333 i5.{6 ì5.62 2r.69
0.284ê 09 0.02557 15,63 15.36 2¡.53
0.3018 09 0.0279? 11,27 13,9A 22,a4
0.3r3¿ o9 0.02957 14.99 15.5{ 23.?6
0.325Þ 09 0.03119 11,1A 15,52 24,33
0.3388 09 0.032A1 15.53 ì6.94 25.28
0.3a9E 09 0.034¿l !{.5t 14,r5 22.89
0.361E 09 0.03€02 r6,19 r5.52 25.05

0,314E 09 0,01025 r4.95 15.25 23.39

5r.50 5C.6r 4a,14 11.12
52,15 5r.9i ¿ 7.,Á 0 49.?9
55.06 51.2€ ¡¡ 9. 0a 5:.as

4 6.26 {s.81 40.93 13.43
4e,22 +1,43 12.49 15,21
50. r? 49.39 45.2t 1).61

39,Aa 39,2t 39.1r 39.1?
12.25 11.51 33.{1 40.16
{r. rs 4r.55

12.66 32.13 32.42 32.36
]3'92 34,17

12 215.2 5e,a1 57.73 53.,¿r 55.75
li 275,2 59,40 56.4a 5i.76 5é.51
1+ 30i.2 Éì.9i 6r.43 57.ôì 59.{7
15 333.3 63.7r 6{.0C 57.sti 60,63

íî 333,3 6;,7i 6;.1ç ei.11 64.2€
1€ 403,3 69,33 63.39 52.3r 69.51
19 423.3 69.t5 66.3-Â 6i.2i 6É. r.1
2A 443,! 72,31 72,e2 65,14 69,11
?r ¿63.3 ?1.79 7¿,êA Éê,26 69,25
ÀvÊRÀGÈ VÀLUES IHnOUGH SîÀliONS 15 ',rO

39r.6 €5.35 63,0. 6r,?,1 61.9?

c ----- ÀVERÀGE -----

.{5 30.15 32.69 3r.4s 1r.60 r1.4t

.19 29,18 26,45 26,23 ¿6,25 26,21

.33 23.02 2'!,91 23,54 23,41 21,51
,li 17.35 17.99 r',t,99 1?,99 1?.99
.31 15.56 r9.02 r?,1É 17,33 ì?.2a
.42 11.14 r3.97 16,26 16.53 r6.{2
.?6 1¿.ri 13.91
.3r 14.35 1!.08 r6.20 16,5A 16,35
.6? 11.19 17,?7 r5.61 r5.€5 15,?3
.1€ 14.81 22.11 r?.É2 r3.4Ê re.05
.99 t5.{0 20.9€ ì7.62 r3.0S r?.85
.41 15.11 22.73 ì6.3? r9.08 r8.73
.54 r5.0s 2ú.11
.08 r5.s8 22,95 15.43 19.21 13.35
,42 11,92 20.39 1r.20 1?.63 17.1r
.r6 r{.89 23,51 r8.34 19.2? 16.30
,74 r3.51 20.78 r6,t8 1?.22 16.35
.34 11,86 22.32 t?,66 t8,a1 18,01
.15 11,92 22.14 r?,73 r4,64 18. r6
.91 r6.05 23.79 r3.7a r9.61 19.r9
.92 13.55 2r.33 16.A7 r7,?9 ì?.33
.r0 14.93 23.¿0 13.57 19.,11 13,99

.34 14,61 22,40 17.54 18.50 rA,07

',4-.;;'--;;;-.;
23.46 ?r{,5
23.93 ?15.6
21.13 7 t 4.9
24,40 ?30.l

26.a1 ?65.7
2A,A2 ?93.1
30.43 433.1
32.a{ a63.?
34.A3 903.9
37.50 994.4
40.13 1001.5
42.15 1044.5
{{.20 1032. r
{ 6.03 I I r9,6
{3.09 t160,2
49.¿3 r147.A
50.?1 t2 t6.7
s2,11 t2ts,9
53,¡5 r271.1
5a,19 t297.4

20:
49,99 1204,2



INPUI ELECTnIC POHER = 3315,5 { HEÀ1 nÀ18 GÀ]NEÞ 3Y çÀ.rER - 3i?3,7 BÀLÀNC¿ EnRon r 5,?9:
r¡ÀSS Fl,otr RÀîE - 19.919fr C/s PRESSUnE DRoP = !.2395 Mx H2O FRIcTloli F¡cloR = ú.C20?59 FnEÈ = ?C.?63,1

RÊY. IOOO.¿ GRI4T = O.7O69OE O3 UPSTREA bULË TÈI'IPERÀIONE = 23.32 DÊG C DO,l S'¡REA'¿ BUL\ 1E''IFERÀTURE ' 61.'3 DEG C
FRX ' {.099 RÀHr = 0.24975E 09 rNLEî BU!¡: aâ¡lP-R¿TUnÈ = 23.3? D:G C CU.rLE',r EUL'{ lErrPEeÀlURa .5r.{C DEG C

c ÀvER- {c)
AGE

0n65 ___ DEC. l?' 1937 ==========

¡NPU'T ELEC'TRIC 9ONER i 3621.ì K 
']EÀ1 

RÀ1E GÀ¡¡]ED EÌ BATER . 3{26.2l{ I]EÀî EÀLÀNCE ERROR = 5.¡6:
r4,1SS FLOI^ RÀ1a = 18.9370 G/S PnESSURE DROÞ = 0.3143 lllr ¡r20 FRTCIrON FÀC10R = 0.025221 FÃÃri = 25.3002

RE¡i. 1003.C GRur = 0.9011{E 0B UpSTREÀI¿ BULRTEHpERÀîURE - 23.92 DEC BUL¡i îEMPERÀîURE = 57,30 DEG Cpnl¿. 3.366 RÀü. = 0,34310E 09 rNLE.r - 23.9? ÐEC C OTITLET , €7,26 DEG C

;.;;;;;---;;:;;--i;:;ì--;;:;t--3õ. ;;--3;:0õ--:¿.;;
0.000r2 25,42 25,O9 2ê,ê2 25,92 Za,9S 25.91
0,000r9 23,07 22,7a 2i,14 23,31 23,32 23.31
0.000¿2 16.0s 11.75 11,90 r?.9ú 1?,90 1?.90
0.00r20 15.1r ì6.i5 2ú,r0 r?.69 r7,95 1?.3r
0.00r9t r{.5i r1.2€ r9,6¿ r6.66 1?, i2 16,90
0.00353 J{.07 r1.39 r9,90 r6,59 r?,06 16.43
0.00533 1t.26 r4.39 20.5: r?,05 1?,56 1?,30
0.00325 ì4,36 rr.97 r9.42 r6.46 r?,25 1?,05
0.0r064 r1,93 15.64 21.62 ra.A? 19,96 19,¿2
0,013r3 15,59 r6.07 2ì.93 r6.{0 14,9r 14,65
0,0r635 1a.a¿ 16,31 21,96 r-o.66 20,59 20, r:
0.019?! r5,2C 13,A2 21,16 r3.00 rå,{9 ra.2t
a,02221 r:,?t r6.€6 2{.65 19.56 2A.1{ 20.OA
0.02471 r5,61 14,1J 27.1A 13.3a 13,A9 13.6i
4,02711 r:,60 r5.33 21,61 t9,Ot 20.07 19.51
c.02966 ra,35 tl,Ar 27,11 1?.6ì 13,63 1¿,r1
0,03r35 r:.r5 t5,1a 24.3ê 18.90 19.90 19,1C
0.03304 r1,95 r5.30 25,r4 r9,0? 2!.26 r9,6€
Ú.01175 rt.a0 11.24 24.94 2c,14 ?1.24 20,6]
0.03656 r{.53 tr.31 23.28 r7.35 13.43 13.36
0.03339 r6.5-1 ì5.51 29.09 r9.55 20.56 20.0É

11,92 32.24 23.44
37,76 11.02 23.99
35.43 35.22 21.07
34.3 3 33.3 3 24.11
.33,02 19.73 25.11
34,96 4ì,¿3 25.91
4 0,43 13.06 27.51
42.1A 11.96 29,9?
13,19 4i,45 32,32
4 5.01 43.15 14.72
4A,56 50.79 3?.J0
50.33 53.0a 40.30
55. r0 5?.33 {3.50
55.95 58.5? 45.90
5 9.4t É).7€ ,{3.3C

63.51 €6.57 52.95
64.59 61 .49 a1,aa
5 5.35 53.94 5é,r5
67. r5 69.83 5t.75
63,11 12,94 59.1ê
1A,49 13,32 ÉO.9É

srÀr¡oNs l5 10 201
ê4,21 64.26 59.22

3t.22 34.15
35.3{ 35.50
33.71 35.95

50.06 49.36
51.?0 50.3I
51,2ê 42.16
55,03 55.4r
59.41 59,21

6¡.rì 63.S9
66.32 6É,59

14,92 76.34
? 5.58 76.51

0.0 32.

5.5 33.

2a,5 13,

105,5 50.

r65,2 53.
205,2 56,

215.2 6i.
304.2 6t.
333,3 66.
363.5 70.
343,3 70.

123.i 13,

{6t.3 ?5.

39r.5 7r.

À E C -'--- ÀVERÀGE
18

29.17 29.52 32.59 3ì.05 31.r2
23.1? 23.15 25.41 26.03 26.05
23,10 22,A4 23,89 23.12 23,13
18.12 1r,63 13.0ú 1A,00 r3.00
15.59 r6,29 20.64 1?.93 18.2t
1{.69 11.1} 20,32 16,94 11,15
11.28 14,62 20.43 16.92 r?.43
r,{.56 r5,17 2r.45 t7.56 rA.r6
r1.41 15.12 20.3{ r7,35 t7.?1
r !.3 9 16, 14
15.98 16,4É 22.93 19.00 19.53
16,17 16,99 2ê,32 2A,31 21,45
15,59 16.25 24.{6 13.6t 19.16
16,29 11,22 25.90 20.34 ?r.33
16.17 16.27 23.3¿ 19. r{ r9.?3
r6.09 15.42 26.14 ì9.43 2r.07
1{.45 l{.5{ 24.24 13.31 I9.{9
15,A5 !6.55 26,1A 2A.1A 21,31
15.53 16.49 21,O3 2A.1A 21,52
16,50 r8.1r 21,94 21,34 22,4t
15,0? r4.?r 25,46 14,61 t9,91
1?,2r r6.rr 21,41 24,61 21,05

;:;;;;;

0,0r386

0.02150
0.026 r 9
0.02464
0,03134
0.03 3 ?7
0, 03518
0.0¡ ?02
0.0l3al

0,158E 09

0,132E 09

0,23 ì E 09
a,251E A9
0,?33E 09
o,321È A9
c.359È 09
0.339E 09

0.4{9E 09

0,5228 09
0.544E 09

.?32E 06 0.00011

.7 33¿ 03 0.00016

.?38E 06 0.00039

.756E 06 0.00r1r
,773E 06 0.00r63
,8098 06 0.00328
,86{Ê O6 0.005{ 5
,!16E 00 0.007 6a
,!?0¿ 06 0.009ê3
,1038 09 0.0r20r
,r108 09 0.0ú97
,! r?r 09 0.01798
,!23¿ 09 0.0?02?
, r29E 09 0,02258

,I53E 09 0,01159

, I61E 09 0.01467

6,2A
6.28
6.26
6. 19
6. i3
6.00
5.81
5.65
5.50
5.3t
5. i{
4.95
4.8 i
4 ,61

a.3 6
4.23

1,33

23.3ì 23.93 129.1
29.30 2 3.99 t30.3
30.4A 24.03 ?31 .0
32.53 2{.i5 733.1
33.50 2{. 55 ?a 0.0
3a.35 24.97 141,1
35.34 25.?9 ?61.6
35.53 2?,03 1ø1,4
33.03 2A.26 604.0
18.21 29,19 825.4
39.26 30-?1 Ba1.A
40.6? 32.35 ø11,0
42.35 33.99 906.0
{ 3.54 35.23 926.'
45.2A 35.a6 953.1
{ 5.6? 37.61 911,1
17.A0 3A.34 991,1
{4. t3 39.56 I013.6
19.0 r t0.{9 1030.0
4 9.33 {i.3l t047.0
5r,02 42.r3 1063.6
50.89 { 2.95 1074.9
t5 10 20:
r8.4 9 ¡ 0.01 r02r,r

;--;;
i29
i30
i34
i35
536
i37
i39
t40
? ,t0
212

216
t{?
349
¡49
¡50
¡ 5r

t52

.83

.14

.ê6

6{ 9..3
650.6

669.0
663.3
?r ì.5
793.6
a{ 5.1
390.9

1072.3
't t26.5

1222.9
1251.1
1? 93.9
13 30.5
r 368.0

2.93 0.5trE 09 0.03406 15.65 ì6.0{ 26,16 19.73 2t,O0 20,3ê

0R66 --- DEC, 1?! lt8? =Èrr--.r'. {CHECl{ 0R3a)
l
. INFUî ELECTRIC POHER = I3I3.O RÀTE GÀIÑEÞ BY HÀTER = 1?18.2 BÀLÀNCE ERROR' 5,221

¡rÀSS FLO, RÀTE - 21.3530 C/S FRSSSURE DRoP = 0.2?56 yÀ ll2o FR¡C,I¡ON FÀCTOR = 0.01?2a{ FREM = 15.481?

FEH = 898.0 6RM+. 0.23052E 03 UÞSIREÀI1 bIJLX 1¿IIPERÀîURE = 23.90 DEG C DO'¡NSIRêÀM BUIR IEHPERÀIURE = ¡3,I9 ÞEG C
PF& = 5.003 RÀM+ - 0.11532E 0t lN¡,Èî BUI¡{ IEMPEi,\1URÊ . 23.92 DEG C OUl',El 8ult, îEMPERÀIUFE = ¡3.18 oEG C

(c)

0.1¡¡6E 09 0.0291?



2-r,91 615.A É.29 O.96OE OS O.OOOO;
2i,42 6?6.3 6,26 0.961E 03 0,000r2
21,48 617.? 6.21 0.963E 0A 0,000r9
24,26 61e,9 ê.21 0,9r7! 03 0,000{3
21,41 639.? 6.15 Û, r0ìE 09 0,00ì2C
25,1/ 696.6 6.06 Û, r01! 05 0,00r56
?6,59 ?16.3 5.8? 0,1 rE 09 0,00155
2e,3t 715,2 5,61 0,12rE 09 0,00591
3C. r0 ?13,1 5.12 0, r3rE 09 0.00323
31.45 403.6 5.20 0.ra2.09 0.0106?
33.5€ A3ì.t 5.00 0.r52E 09 0.0130?
35.92 411.9 t.73 C.166È 09 0.0153?
36.25 9ì2,3 4.15 0.rAoE 09 0.0196?
1C,0t 9{1.r r.3t c.r92E C9 0.0¿2r5
1,16 911,Í 1, - C.20{! 09 (.0216{
a3.40 100É, r 4.01 0.2ì9E 09 C.02698
¿5.1i 1038,1 3,9A A.221E 09 C.02950
45.32 1O6tJ,5 3,a\ t,23tE 09 0.03ì r9
{7.¿6 r042,3 3,13 u,243E 09 0.032A9
{3.65 r10{,9 3,64 X,2a2L 09 ti.01153
{9.32 rr23.0 3,56 A.26At 09 0,03629
50.99 ìr52.r t,¿6 C.2É98 09 0,03301

¿(J:
46.30 1070.r 3,7€ C.2l3E 09 C.03r9o

îIONCHÀBCÀVER-
NO, ÀGE

0 0.0 30.5? 30.63 30.03 30,3i
1 r.5 11.75 31,45 3r.33 31,59
2 2,5 32.51 32,64 32.32 32.4.1
3 5.5 15.03 39.20 35.ìì 35.ll
¿ r5.5 3?.,{3 35.33 3{.79 35,97

7 75.5 ,{2.0r 41.46 36.23 19.99
3 105.5 13.?6 43.32 aþ,52 12.01
9 135.5 15.05 1+,41 1tr,29 12,42

10 r6t.2 46.03 14.15 aZ,5l 1i,21
11 204,2 4A,12 47,e4 ¿4.01 15,9ê
't2 2+4,2 5A,13 50.35 ¡),30 43.92
13 275.2 42,A4 5r.51 ¿3.0? {9.9i
1,1 305,? 5a,0? 5,t.0{ 50.?3 92.35

l6 363,3 53.03 53.16 5i.57 59.90
s3.2? 5..1å s6. ¡:

f3 403.3 60.0ì 59.12 55.30 5?.5r
19 121,3 6C.51 59.71 5é,1e 5ê,r6
2þ 113,3 62.69 63.05 55,05 60.46
21 461.3 62.21 63.0i 53,52 60,59
¡V9RAGE VÀLUES THROUGÈ SrÀr]Olrs r5 10

391,6 19.2] 49,41 51,71 56.91

r{ 305
r5 333
r6 363
r7 343
t3 {01
t9 121
20 113
21 {63

391

HEÀ'T RATE 6A¡NED BY IIÀîER ' 2959.7II IIEÀT EÀI,ÄNCE ERROR. 5.S3I
pRESSURE DRoP = 0.3057 ¡1r H20 FRTCIION FÀC10R = 0.028676 FRE¡,I = 25.994?

UÞS'TÊEA}I BIJItr'TEIqPERÀIIIRE = 21.02 DEG C DOI¡IISIREÀI{ BIJIX IEMPERÀîURE = 6',93 DEG C
rNlEl BULIi Î¿Ì4P¿RATURE = 24.Oi DEC c OUIIET sULx ,rEl.tÞÊiÀlURE = 64.89 DEG C

c ----- avERÀGE -----

o. I 278 oe o. ooooo ¿s. 3r- 
-,6-.;¿- - 

i;-.;;- 
- 
;;. ;;--;;:;;--;;:;;

596,1 6.25 0.r2AE 09 0.000r3 2{.30 24.13 23,61 21.90 21,92 21,51
597.3 6.23 0.l2AE 09 0.00022 22,13 21,96 22,91 22,11 22.1A 22.11
600.4 6.t9 0.130E 09 0.000a9 !?.15 1?.?9 17,31 11,31 t1,37 17.31
613.1 6.06 0.t37E 09 0,00ì3? 15.r8 15,?9 t9.A! I?.{0 17.57 t7.53
626.0 5,92 0.1¡IlE 09 0,00226 14.29 11.06 19.65 I6.4? 16.91 16.59
6a9,9 5.53 0.t56E 09 0.00t05 13.86 1{,23 i9.89 16.t6 16,91 t5,72
686.9 5.35 0.176E 09 0.00676 14.27 14.81 2A,1a t7,O9 11,51 t7,31
725.0 5,0{ 0.196E 09 0,00950 14,33 1,1.97 19.83 16.65 11,21 11,A1
764.6 {.?3 0,217¿ 09 0,01212 14.87 15.60 2{.33 16.?3 r9.76 r9.25
60{.3 {.a? 0.2338 09 0,0t5rr r5.39 15.66 21,79 1A,20 18.71 13.15
661.0 {.15 0.269E 09 0.01A3A r5,?0 r6.43 21,72 19,a1 20.39 19.93
9i5.5 3,Aa O,2998 09 0.02270 r5,22 15.63 21,72 1d,10 r8.62 16.36
959.4 3.69 0,3238 09 0.02559 r5.91 I6.60 21,98 t9,11 20,6a 20,22

t004.9 3.50 0.349E 09 0.02351 15.6t 15.71 22,39 14,13 19.03 1A,73
1045.5 3.35 0.3?3E 09 0.03r24 15.57 15.3? 25.50 i9.25 20.aA t9,A?
t089.{ 3.21 0.393E 09 0.03¿r6 14.38 14.15 23.{8 17.75 13.A7 tA.31

t9.1 3.12 0.4i5E 09 0.036r4 15.26 1S.97 21,91 19,2i 20.2A 19.75
rr43.3 3.02 0.43rE 09 0.038t9 15.0a 14.A1 25.S5 19,24 20,50 t9.A7
rì40.2 2.93 0.4¡l8E 09 0.0402? 15.69 17.32 26,51 20,12 2ì.59 2r.00't21t,9 2,44 0.466E 09 0.0423t 14.{9 14,ì5 23,51 17,A1 r3.93 r3.3?
't243,9 2,71 0.4858 09 0.04{28 15.5{ 15.5¿ 25.9? 19.36 2r.03 20.{{
r132.? 3.08 0.422E 09 0.0370s rs.rr rs.47 24,93 r8.95 20.1r r9.53

i9:-

E?.0 r
60,81
É2,?2
65,51
68.0 r



INFUT ELECîR¡C FOXER:313C.' BI IiÀ'TER - 32I5.I BÀLÀNCE ERROR = €.23i¡
MÀsS FLor nÀT: . ì6,{{60 c/S = 0.3109 Mr riza¡ FnlclloN F,¡.CTon = 0,032515 FRE}r = 29,1,137

ReÍ = 393.9 GÈv+ . 0.922528 0a UPSIREÀH BULII îE|4PERÀIURE = 23.9ì DEG C DoçNS1ÂÊÀH BULti îE|4PERÀIURE = 70.?A DEG C
FR,a = 3.135 RÀer = 0.34153E 09 INLEI BULIi lEr'rP¿R,\lURE = 2:.9i DEG C CUILÊ1 BULI: IEHPERÀ?URa = 70.7{ DEG C

Trc cs c ¡vER-
NO. ÀGE

ÀV¿RÀGE VÀLUES THROUGH STÀI¡OI¡S 15 10 2Ûl
39r.-4 ?9.56 19,24 72,91 76,19 61,01

lc) c

- 
; 

- - - ' 
. : ; 

- ' 
; ; : ; ; 

- - 
; , . ; ; 

- - j ; . ; ; 
- - 

; 3 : ; ; 
- - 

; ; : ; ; 
- - - - 

; ; ; : ; 
- - 

; : 
' 
; 

- - 
; : ; ; ; ; 

- 
; ; 

- - 
à : ; ; ; ; ; 

' - - 
; : : ; ; 

- 
; ; . ; ; 

- - j ; : . ;
1 r.5 35.11 15,{9 3{.3r 35.ì{ 21.r2 561.0 6,26 o.l33E 09 0.0!0rí 23.65 21,51 25.42
2 2.5 76.62 36,69 36.1r 36.11 2t,22 565.3 6,25 0.r39E 09 0.00023 21,41 2t,+6 22.35
3 5.5 40,r4 {0.23 40.23 10.23 21,52 569.t 6.24 0.ìarE 09 0.0005r r?,0? ì¿,95 ì7.02
¡ ì5.5 43.47 12,66 33.95 1t.01 25.52 552.5 É.04 0.1¡¡9E 09 0.00145 11.35 15,56 ì9.39
s 24.5 15,12 ,15,71 10.09 12.43 26.52 596.6 5.33 0.ì57E 09 rr.00239 r1.07 Ì5,3{ r9.6ú
6 43.5 11.64 47,r9 1r.6r 44.51 25.5r 622,2 4,62 0.173E 09 0.00{26 r3,49 ia,ì3 20.22
7 75.5 50,06 {9.31 11.C9 46.A9 3ì.50 663,a 5.21 0.r99E C9 0.00711 r{,15 r{.73 20.9r
a 105,: 5?,5í 51,33 17.62 49.9r 3{.50 ?01,5 4.39 0.22{E 09 0.0ì00? r{.1t i5.02 r9,A9
9 135,5 54.?6 a+,ÒA 1t,91 51.17 3?.49 14A,1 1.56 0.250E 09 0.01305 r.r,99 r5,?0 2a.A0

10 165,2 5?.13 55.60 42.06 54,t6 10.14 192,1 1.29 0.2?7E 09 0.0r599 15,43 15.96 22,21
11 205,2 êC,16 å9,97 54,,:r 5?,39 41.41 85?,7 3.96 0.315E 09 0.02000 15,63 r6.t7 25,6?
12 245,2 ê3,41 64,72 60,19 62,63 {3..r3 9r5,8 3.66 0.355E 09 0.02a0r ra.91 15.60 2r,6'
13 274.2 67,78 66.{3 6r,¿l 64,t7 41,12 96É,2 3.15 rr,333E 09 0.02?1É I5.45 16.?9 25.3r13 274.2 67,78 66.{3 6r,¿l 64,t7 41,12 96É,2 3.15 rr,333E 09 0.02?1É I5.45 16.?9 25.3r
11 303.2 10.1a 70.27 65,56 61.93 5a.4? t012,3 3,29 0,413E 09 0.03022 15.40 r5.3? 22.59
r5 333.3 73.{3 13.12 67,3E 70.46 57.22 r05ì,3 3.r3 0.Á43Ê 09 0.03113 15.,r5 r5.rA 2r.7{
r€ 351,3 ?7.5? 71.9ì 1A,AS 71.11 64.21 r106.3 2.97 C.1?9E 09 0,035t9 1¿.26 ì¡.0_ì 23.,{r
r7 363.3 ?3.59 77.63 ?r.99 14,10 62.2, rr{ì.ì 2.36 0.50ìE CrS 0,03356 r5.16 15.9û 25.19
r3 {03.3 40.7,1 79.41 13.12 11.01 61.24 1114.1 2.14 0.52{Ê 09 0,0i0É5 r1.96 r5.32 26.0{
ì9 423.3 41.79 EA.1J 73.31 14,23 66.24 121ì.9 2.69 C.549S 09 0.0127: r9.33 r';.3É 27,03
2A 413.3 84,29 ê5.70 ?5.55 A2,02 64,19 t219,1 2,60 ú.5r3E 09 ú.0{{34 r,t.40 14.06 23.77
21 1ei,.3 85.02 Aê.12 19,12 42,6a 1A.19 12e1.Ê 2.52 û.59?E 09 0.O¿597

----- ÀvåRÀGE --'--

24,7 3 24.?9 24.16
24.29 2a,11 21,1A
2r.9¿ 21 .95 21.r5
t1 ,02 t7 ,02 17,42
r7,2r r?.53 r7,3?
r6,30 r5.?E 16,5¿
r6,59 r7.r2 r€.33
r7. r! r7.69 r?.39
r5.93 r?.32 ì?.r,1
13.95 20.0? 19.5r
13.40 13.96 ìe.63
19.15 2þ.41 24.32
1?.39 r 3.1a ì 6,16
19,A3 2t,A2 2A.32
1ê,62 19,22 1A,92
r3.92 20,03 r9,43
\1.É5 14,A0 1A,22
ì9.27 20,{6 rt,A6
ì9.3{ 20.7 2 2t,,03
24.55 21.42 21.14
1?.30 ì9.00 r3.¿c

INPUT ELECTRIC POçER ' 2253.2
¡{Àss Fioç RÀrE - r7.0210 c/s PRESSURE DRoP

RÞr¿ = ?9{,¿ GRs' = 0,38963E 0A
ÞRX = 1.{¿r RÀrr} = 0,r7260e 09

BÀLÀNcs ERRoR = 6,0¿i
FREH = ì 3,433 7

53.74 DEG C

c ----- ÀV¿RÀGE ---'-
-;.;;--;.;;;;-;;--;.;;;;;---;;.¿a--;;.;;--;¿.;;--;;.;;--;;.;;--;;.;;
6.23 0.903a 03 0.00013 23,63 23.30 21,J1 2a.10 21,12 21,11
ê,21 A,90Éa,06 0.00022 2i.44 21,16 22,11 21.12 21,13 21,12
6.2A !.916Ê 03 0.00050 16.93 16.5? r6,?5 16.75 t6,14 15,14
6.ì1 0.9498 03 0.00r¿0 14.33 r¿.35 rA,r3 r6.19 16.38 16.29
6.04 0.9318 03 0.00230 13.53 r3.39 rA.r7 r5.{3 r5.33 15.6É
5.34 0.105E 09 0.00{12 r3.ì5 r3.{5 tA,1A r5.35 r5.?4 r5,55
4.60 0.115E 09 0.00636 13.34 r3.90 1A.81 ì5.30 16,22 16,Ot
5,36 4,1268 09 0.00962 13.33 13.69 17,94 r5.49 ì5.79 15.6{
4,12 A,131È,09 0.O1241 11.87 1¿.55 2¿.42 11,39 13.3t l?,a5
1.90 0,r4?¿ 09 0.0r522 r4.5{ 15.03 ?0.¡3 17.14 1?.53 l?.36
¿.6r 0.r628 09 0,0r903 r4.75 18.3a 22,16 11,44 18,?0 t6,3a
{.34 0,r77E 09 0,02239 r{.ì5 r{.60 r9.65 r6.60 r?,02 r6,81,t.20 0.ìa9E 09 0,025?3 ì{.?3 1S.5( 22.34 1A.A? 18,71 14,12
4.05 0.?0tE 09 0.02363 Ì1.53 11.62 20.r3 t6.9{ ì?,39 ì7.r6
3,91 0.21?E 09 0.03!42 tt.63 14.{3 22.17 11,1A tA.6A tA.23
3,16 0,225E 09 0,0313? 13.{5 13,27 2A,10 16,21 t7.03 16.63
3.67 0,2318 09 0.û3634 r3.98 r1.64 21,e3 11,24 1A,07 17,63
3.53 0.2¿2E 09 0.03332 r3,8é r4,55 22,15 11,40 tA,33 r?.A6
3,49 û.25rE 09 0.0403r r1.52 r5,6¡ 22.32 rB,r5 18,!5 r8.55
.3,{1 0.260E 09 0.0423r 13,24 12.94 20.55 r6,0r r6.83 r6.4?
3.34 0.26tE 09 0.04{27 r5.33 t¿,{2 23.t6 14.r2 r9.03 r4.53

c ÀvER- (c)
ÀcE-;----;:;--a;:,;--:;:3;--t;. ;;--;;:;;--;;:;;----;;;:;

1 r,5 31,44 31,56 3r.12 31.31 23.93 531,9
2 2,5 12,2a 32.39 32.03 32.18 21.01 582,3
3 5,5 3¿.66 3¡,43 14.?7 34.11 21,21 535.3( ì5.5 37.r? 36,71 34.57 35.?6 21,41 591.0
5 25.5 34,46 3€.66 35.r9 36.33 2t.5r 60?.9
5 4S,5 40,13 39.A3 35.43 3a.2r 26,7€ 621.4
1 15,4 1t,16 41,26 31,98 39.?5 2Ê.69 646,5
8 1C5,5 43.60 {3.1? 40.30 a1.83 30.60 6?3,t
9 135.5 49.00 r1.41 1A,21 12,t7 32,41 ?0r.0

r0 r65,2 46,25 {5.e5 ¿2,35 ¿4.a5 3¿.40 721,4
rr ?05.2 4E,55 44.r0 ¿¿,€0 ¿6.{6 36.9,{ 761,2

13 215.2 52.a9 52.32 48,9A 50.79 41.40 835.3
14 305.? 54.9r 54.83 51,69 53.29 43.30 865.r
r5 333.3 56.58 56,13 42.50 54,58 45.09 893.1
t6 363.3 59.50 5!.67 55,r2 5?,35 4?,00 !?a.9
r? 333.3 60.26 59.?3 55.t5 51.97 14,27 9{5.3
ra 401.3 61.62 6r.0,{ 57,00 59.r7 49.55 966.?
19 123.3 62.32 61.S0 54. r{ 60.02 50.42 949.2
20 4{3.3 64.€{ 64.9? 60,20 62.50 5?.09 10rr.7
2ì 4€3.3 6{.13 54.90 60,55 62.5{ 53.36 1031.1
ÀVERÀGE VALUES 

'HROUGH 
STÀÎIONS ]5 'TO 2OI

3tr.€ 60.82 60.6r 56.46 54.€0 48.60 955,1

1¡0N CM C ÀvER- (C) c ----- ÀVERÀGE -----
NO, ÀGÉ

0 0,0 3r.¡2 3r,a8 30.3ã 31,t5 21.92 516,ê 6,29 0.106E 09 0.00000 21,11 21,42 30.01 28.t? ¿A,A2 2A,79
1 r,5 32.4r 32.39 32.{r 32,63 2¿,O7 5t4.0 6.24 0.10?t 09 0.000r4 21,69 23,49 ?4.83 24.19 21,2t 21,20
2 2,5 37.77 33.46 33.43 33.65 2¿.ir 5¡9.0 6.26 0.107¿ 09 0.00024 21,43 21,33 22,19 2l,AA 2t.81 2t,Al
3 5.5 36.6a 36,73 36.7r 36.?1 24.35 552.O 6,22 0.r09E 09 0.00053 t6,90 !6,12 16.81 16.61 16.81 16.A1
4 r5.5 39.¡r 34.43 36.15 31,61 25.15 562.3 6,r0 0.rraE 09 0.00r49 r{.5a i5.16 18.85 16.6r 16.85 I6.73
5 25.S 10.97 {r.r3 36,9? 39,02 25.94 573.0 5,97 0.1i98 09 0.00245 13.?8 13,59 18.73 15.63 r6.23 I6,03
6 1¡5.5 42.43 12.14 34,21 {0.¡16 27.5{ 593.3 5,7{ 0.129E 09 0.00139 13.49 r3,30 19,22 14,96 16,{3 16.19
? 75,5 44.43 {{.23 40,3t t2,t2 29.93 621.2 5.11 0.1'¡aE 09 0,00?3r r3.?6 ra,3{ 19.?5 r6.42 16.90 I6.66
3 t05.5 45.97 {6,{5 13,15 {{,93 32.32 656.9 5,ìS 0.160E 09 0.0102? 13,9? r4,{3 t8.32 t6.17 r6,50 16.33
9 135.5 43.79 {3.17 13,4ì {5,95 3{.70 633.9 4.3? 0.t?5E 09 0.0r329 r4,40 15,0S 2¡.29 r8.0t 19,01 1€.52

l0 16s.2 50.57 50,22 16,51 aB,{3 37.07 123,3 1.60 0.t91E 09 0.0r633 rt,93 r5.13 21,21 11,66 18,t7 I7.91
20S.2 53.45 52.!1 {A,55 50.9ì {0.25 t53.6 {.31 0.214E 09 0.02039 r5,r8 15.63 2a,81 1A,19 r9,69 19.2{

12 215.2 51.06 56.53 53.01 54.91 43.4{ 315.6 4.04 0.233E 09 0.02¡¡50 tí.62 15.22 20,BO 17,31 l?.86 17.51
t3 215.2 54.17 53.03 5{.07 56,24 45,43 351.4 3.35 0.2568 09 0,02762 15.¡? 16.18 24.05 r9.01 19.91 t9.48
t1 345.2 61.22 6r.t€ 57.32 59.26 14,22 333.3 3.6? 0,274E 09 0.030?6 15.18 15.26 21.69 r7.S9 18.45 13.17
r5 333.3 63.{9 63.69 53.6r 61.r0 50,45 92{.3 3.52 0.293E 09 0.03372 15.10 1a.ô? 2t.r2 18,48 I9.55 ì9.0?
t6 363.3 6?.00 61.26 61.67 64.40 52,84 962,¿ 3.3? 0,312E 09 0.03689 13.85 13.60 22,20 16.96 17.95 ì7.45
r? 333.3 6?.96 61.33 62,42 65.23 5{.,t¿ 935,9 3.24 0,325E 09 0.0¡899 14.16 15.1? 23.32 18.1i 13.07 ì3.59
r3 403.t 69.64 64,94 61,27 66,18 56.01 r0r0,6 3.r9 0.¡38¿ 09 0.01109 14,33 15.09 23.69 1A.l{ ì9.20 13.€7
19 423,3 70,49 69.59 65.6¡ 61,86 51,62 r03s,6 3.rr 0.35r8 09 0.0¡326 15.00 15.25 2{,28 r9.00 t9.9s ì9,4?
?0 44¡.3 ?3.a1 ?3.?5 68.19 14,49 59,21 r060.€ ¡.02 0,361Þ 09 0.04543 13.63 13.3{ 21.62 16,61 17.ss t7,03
21 46J,3 12,92 73.62 68.80 71.09 60.8r 1041,2 2,91 0,3??E 09 0.04??4 r5.97 1{.66 2{.t9 r3.32 r9,A0 t9,31
AVÈRÀGE VÀLUES THROUGH STÀ'TIONS I5 'ro 20:

391.6 68.69 63.13 63.53 56.05 55.10 996.6 3.25 0,3318 09 0.03990 t4.40 1{.72 21.20 17,Ae 18.38 18.38

INPUT ELECîNIC POITER = 26{0.0 RÀTE GÀINED BY HÀ1ER = 2¡194.2 ll IIEÀT IÀIÀIiCE EÂROR = 5.3?';
MÀSs FLO!| RATE = 16.0130 G/S PRESSURE DROP - ø.2665 rî1 H20 FRÌCî¡ON ¡ÀC10R = 0.02957r ¡nEH = 23.7596

RE}T - 603.5 6RI{+ - O.563AIE OA UPSTREAM 8ULX IEHPERÀ'TURE - 23.36 DEG C DOHNS,IREAI] IULX ,rEHPEfiAlUiE = 61.28 OEG C
PRI{. {.I03 RÀM+ . 0,23I3{E 09 INLET . 23.91 DEG C OUTLEI BULK TE}¿PERÀIUNE = 61.2¡¡ DÊG C



¡NÞUT ELECTAIC FOTER = 295'.] ß
HÀSS FLOr nÀTE = r,r.S350 G/S

REr' - €02.9 GAfii = 0,??029Ê 08
FRlr - 5.401 RÀHr = 0,2929Ar 09

HEÀ'r RÅT¿ ê¡.rNS! 3Y wÀrE! = 23rr.1 BÀLÀriC¡ EnnOR : a,91ii
FRESSURÊ DRoP . C.2l3e fi4 HzC FRICTlox FÀcTon . !.03,13{: FnEü = ??,9?51

UPS'TFÊÀ¡: BUL}| îEHPÃRÀîURE . 2J.31 DEC BUL}i îEHFERÁîIJRE = 63,9? ÐEG C

lrrLET EULri ,r¿ PÊnÀTURE = 23.S1 DEG c ol,lET BULri îE{pERÀlUnE = 69.93 DEG c

c ----- ÀVERÀG! -----

30,3C 23. S¿ 2S,9r 23,6t
23,03 21,26 2a,24 U,21
22.13 ¿1,81 21,4A 21,ø1
r6.37 1é.4? r6,6: 16.A?
r9,{3 16,93 r?,23 r7,03
r9,r¿ 16,0r r6.a5 16.23
19.77 r6,24 r€.8r 16.54
20.6S 16,9C r?.49 17.20
ìs.74 rÉ,7¿ r?.r1 1É.91
2a.39 14.11 19,7 9 19,25
?r.7{ ì3,07 r3.50 r3.la
2a.66 r9.30 20.25 ìS.73
2r. r6 r-r,53 16.11 ì?.3{
24.69 19,5+ 20.{3 ìS.96
22,65 1A,16 r9.rr ì3.78
21,!ê \a.a1 19.63 r 5.13
22.16 11.10 1S.39 17.33
2a.12 16,7 t 19,79 19,24
2t.13 18,7 þ 19,89 r9.29
23.11 19.44 20.9 3 20.36

É,29 0, r !9E 09 0.0000ì
6,21 C.t20L 09 0.00015

6,21 C, ì23E 09 0.00056
6,05 0, r30E 09 0.00r59
5.91 (r,13?E 09 C.00263
5.65 G,150E 09 0.00a?r
5.29 0.171E 09 0,00745
a.95 0.192E 09 0,01r07
i.61 0. 214E 09 0,01436
1.J5 0.237r 09 0,0r?59
4,4? Ê,269' 09 0,02199
3.?3 0. 30 2È 09 0,026¿5
3.53 C.323Ê 09 0.0296.t
3.35 0.3558 0S 0.0 33 2{
¡.20 !.330E 09 0,036{r
3.0i c.406s 09 0,039 9 2
2.94 þ.423a A9 A.A123a
2.Aa 0.112a 09 0.0{47r
2.1e L.462a 09 0.04 6! 5
2.63 0.493E 09 0.04929
2.59 0.503E 09 0.05r6r

HEÀ'I RÀ'TE GÀ]NED 3Y rlATER. 2025.6 EÀIANCE ERROR = 4.961
PRÈSSUnE ÐROp . 0.2432 ¡1|r H20 FRrCTrOri FÀC10R = 0.033557 FREI = 23,560r

UPSIREÀI{ 8UI,K'TEÙPERÀ.TUÀE = 2].91 DEG C DOI¡NSîREÀ¡J BULfi'TE!{PERÀ,IURE = 5?.35 DEG C
INLET BIJLfi TEMPERÀTUiE = 23.96 DEG C olJTlE¡ . 57.36 DEG C

ir-rrirÈÈ: EXPERIùEN1 0Ê?5 --- EÈC, 20r t987 ==ÈÈ=====È

INPUT ELECTR¡C PO!¡ER = 24?2.0 !r IIEÀî RÀ18 GÀINED EY l{À1ER = 2359.5 EÀLÀlrcE ERRoR ' 4.55ã
r4Àss Fr,oî RÀTE = rl.4620 ô/s pRassùRE DRoÞ = 0.2545 r4 H20 FRICî¡ON FÀC10R = 0.0405t8 FREM. 23.5247

REM ' ?03.5 GR].I. = 0.59?64E 03 UÞSîREÀM BUL'i'TEHPERÄIURE ! 23.45 DEG C DOIINS,IiEÀI4 AUIS îE}IPEFÀTURÈ = 65.98 OEC C
FRll . 3.92a RÀrl+ = 0.23{5lE 09 ¡NLÊr EULX 'IEMpERÀÎURE - 23.91 DEC C oUTI,ET BULR TEMP¿RÀIUR' = 65.€{ ÞEG C

c ----- ÀVERÀGE -----
IH

;;;.;--;:,;--;:;;;;-;;--;:¿;;;:---;;:;,--;;. ¿;--;;-.:;-;:.4¿--;;.;i" );.;,
a9?,0 6.2? 0.866E 0€ 0.110016 23,03 22.19 2{,?0 23.53 23.55 23,51
49t,4 e,2e 0.3?0E 03 0.Ð002É 24.9e 20,11 21,6a 2t.2a 21.2a 21.25
504,2 6,23 0.3308 03 0.00053 rÉ.56 r6,3a r6.15 r6,.¡5 16.,{5 16,45
506.5 5.ìr 0.9r6E 03 0.00ì€¿ r1.r9 r{.63 r8.23 16.11 t6.31 16,22
5r7.1 6.00 0.953E 03 0,00270 ri.{r r3.21 r4.04 r3.31 15.63 1t.5r
53,{.a 5.79 0.r03E 09 0.00434 ì3.r7 13.43 r4.52 r5.,t3 r5.91 15.?O
556.6 5.52 0.11aE 09 0.00806 13.41 13.91 r9.09 t5.93 r6.33 16.16
585.1 5.25 0.r25E 09 0.01130 t3.49 13.93 1A.!{ t5.61 r9.92 ì5.7?
61c.7 t,oal 0,136¿ 09 0.0r46: ì3,91 11.61 22,3i 11,13 tE.32 ì1.36
611.É 1.75 0.raAE 09 0.01?9¡ 14.43 11.90 ¿A,26 11.O1 11,16 17,21
671.3 1.a6 0,r63E 09 0.022{1 r1,65 15.r3 22,45 11.42 18.53 t3.3!
112.9 1.20 0,r€ìE 09 0.02691 r1,03 11,56 r9,40 1É.{6 16.35 16.65
7{0.3 1,03 0,193E 09 0.03035 r{.73 15.16 22,39 r€.0,r 13.?6 r8.40
?59.3 3.€5 0,?07E 09 0.03379 1a.50 t{.51 20.rr r6.36 11,32 11,A9
?97.9 3.71 0.?19E 09 0,03703 14.1A 11,21 22.10 t1,50 r3.33 r?.94
8?6,5 3.56 0.233¿ 09 0,04051 13,21 13,12 ?0.63 r6.rl 16.91 r6.52
850,r 3.4É 0.243E 09 0,04285 17,12 t1,la 21,A1 17,12 11,91 17,51
410,2 3.31 0.252Ê 09 0,045r6 13.59 r1.36 22,01 11,11 1A.02 17.56
aa9,ì 3.30 0.262E 09 0.047¿9 r{.26 r5,.ar 22.43 

'1,41 
r8.63 1A.23

904.9 3.22 0.2?rE 09 0,04931 ì3.03 r2.79 20.14 15.?3 16.52 16.13
929,5 3.11 0.23rE 09 0.052r6 15.20 t1,22 22,1t 11,81 r8,75 1ê,3r

Î¡ON Cü C ÀV¿R- (Cl
NO. ÀGÊ

0 0.0 30.25 30.30 29.74 3C.0ì 23.96
r r.5 31.38 31.{6 3r.03 )1,23 21,A6
2 2.5 32,17 32,26 31,92 32,A1 21.\1
3 5.5 3¿.52 3{.66 34.59 31,49 21,35
a r5.5 36.9ì 3Ê,52 34,28 35.50 25.06
5 25.5 34.27 34.{9 35.03 3É.11 24.11
6 45.5 39.9ì 39.66 36.23 1A,A1 21,2A
1 7a,a 1t,16 41.2A 33.05 39.79 29.3{
a r05.5 13.?6 43.37 40.6r 12,O9 31,11
9 r35.5 45.39 44.39 {0.99 13.07 33,6r

ì0 ì65.2 ¿?.09 46,73 43.A2 14,31 34,13t1 245.2 t9.70 19.t1 t5.84 4?,6? 38,5S1Z 243.2 52.94 52.55 A9.?8 51,24 a1,r313 215,2 51,19 5¿.0ì 50.?? 52,5r ,r3.56
r,{ 305,2 56,?9 55.?6 53.70 55.2{ (5.70
r5 333,3 5ê,?7 53.96 5{.A6 56,36 ,I7,70
r6 363.3 61.8? 62,A2 51,56 59,76 49,A{
r7 333.3 62.88 62,29 5A,56 60.51 31.27
r3 103.r 64.39 63.?? 59.€9 61.99 42,69't9 123.1 65.2a 6a,4r 6r,16 62,99 44,12
?0 443.3 €7.69 67.92 61,t0 65.É0 55.54
2r 163.3 57.36 63,0? 63,90 65.30 56.97
ÀVEFAGE VÀLUES ,IHnoUGH SîÀTTONS 15 10 20:

39r.6 63.47 63.23 59.2{ 6r.29 5ì.36

lloN cM c ÀvEn- {c) c ----- ,\VERÀGE -----19:--.-..--.----------------------l::------- -----------------l------i-----1:'o o.0 31.3? 3r.43 30.73 3ì.07 23.er lsa,,. 6.ze 0.rooE oe o,ooool 
--:;:..--;;.;;--;;.;;--r;-.;i--r.-.¿,";;-.t"

ì 1.5 12.?1 32,18 32,2a 32,50 2t,O4 160,4 6,21 0.J0rE 09 0.0001? 22,66 22,41 23.32 23,22 23,21 23,23
2 2.5 33.63 33.?Z 33.30 33,49 ?4.r3 161,4 6,2ê 0.r0rE 09 0.00028 20,6ê 20.14 21,4r 20.99 20.99 20,99
3 5.5 36.39 36,42 36,16 36.46 ?{.{0 161.6 6,22 0.r03E 09 0.00063 t6.3? 16,r9 16,2A 16,2A t5.2a 15.23
4 rs.s 39.r0 36.60 35.81 3?.33 25.30 474.3 6.08 0.r038 09 0.0017? 14.18 14,?2 1A,62 16,21 t5.s3 t6.40
5 25.5 {0.69 40.69 36.74 3¿.11 26,19 48a.5 5.93 0.rr¡¿ 09 0.00292 13.{8 13,29 16.52 tS.54 15.95 15,75
5 ¿5.5 t2.¡7 42.r4 37.93 10,\2 27,98 503.? 5.69 0.t2¿Ê 09 0.00522 13,43 t3.11 t9.55 i6.03 15.5? 16.30
? ?5.5 44,43 4a,28 {0.51 {2.53 30.66 533,2 5.35 0.r4rE 09 0.0037r 13.65 1{.¿0 t9.€4 15.29 r6.7A 16.5{
a 105.5 47,r9 46.67 43,11 {5.1? ¡3.35 56¡.6 5,03 0.t57E 09 0.0i225 r3.88 1{.!¡2 19.09 16.25 16,62 t6.13
9 I35.5 {9.2{ ¡4.63 {4,t7 46.55 36.03 595,2 1,12 0,1?{E 09 0.0r533 14.t5 15.15 23.44 18.1a 19,12 1A.63

10 165.2 51.{7 5r.r2 {?,?1 49.50 38.69 626.A {,¿5 0.r9rE 09 0.0r943 r4.85 15.27 21.03 17.55 t8.0S t7.A0
lt 205.2 54.a1 5{.32 80.30 a2,13 42,26 6?r.A {.i3 0,2r6E 09 0.02¿3¡ 15,03 15.€4 23.45 r8.5a I9.39 1a.96
t2 2{5.2 53.A3 5A.35 54.93 56.?? 45.04 716.0 3,A5 0,2128 09 0,02927 14.36 14.98 20.60 l?.13 I7,6{ 17.33
t3 275.2 60.6{ 60.08 56..¡2 58.3a {6.53 750.A 3,€5 0,262E 09 0.0330r 15,39 16.14 23.91 t6,99 13.a{ 19.¡l
lt 305.2 63.{{ 6¡.3? 59.8! 61.61 51.21 ?8?.8 3.¡6 0.263E 09 0,036?8 15,18 15.26 21.58 1?.35 13.{0 13.12
r5 333.3 66.30 66.¡5 61.5? 63.97 53.?2 8t9.3 3.32 0.302ã 09 0,0{029 la.?1 14.42 23.55 IA.0{ t9.03 t3.56
16 363,3 69,36 70.0{ 64.66 6?.{1 56.{t 041,1 3.17 0.323e 09 0.04405 13,69 13.41 21,13 16,13 .t7,66 11,20
r7 333.3 ?1.06 ?0.3r 66.05 58.37 s8.19 678.1 3.08 0.¡l6e 09 0.04666 i.r.2? rS.11 23.3A 1a.03 t9.03 t3.s3
l3 {03,¡ 72.89 12,21 61,16 70.15 59.93 902,1 2,98 0.350¿ 09 0.0,t932 1a.18 14.97 23.5{ 17.99 r9.05 r3.52
r9 {23.3 74.05 ?3.r2 69.33 t1,16 6t.17 92A,4 2,84 0.3648 0' 0,05202 r4.85 r6.0? 24.1¿ rS.33 r9.e0 r9.31
20 443.3 ?6.88 17,1É 72,O1 ?{.53 63.56 9S2.9 2.60 0.379E 09 0,0S455 13.66 I3,39 21.{7 r6.5! 1?.50 r?.05
2r 463.3 ?5.60 11,1A 72,19 7¿,91 65.35 979,1 2,73 0.395E 09 0.05710 16.15 ì{,9? 24.¡¡l 13.9! 19.98 19.48
ÀVER¡GE VÀLUZS THROVGH STÀT¡ONS I5 10 20:

391.6 71.A{ 11,58 66,9a 69.32 5A.94 AA9.3 3.04 0.3{2E 09 0.01732 11,23 t1.59 22.97 11,70 16.69 18.20



filrssEr,. ¡ìuH!tF
TrcN c¡r c ÀvER- {ci c -''-, ÀvEnÀGE --'--

ÀGÈîH
,. o.a 32,43 32,50 31,66 32,04 23,96 124.i 6.29 0.rrrE 09 0,00001 25,51 25,1a 2e,10 26,71 26,7e 26.111 1.5 33,91 3{,01 33,39 3i,69 2¿,1r 130.2 6,26 C.lrrE 09 0.0C0ì3 22,A2 21,81 23,32 22,e8 22,62 22,61
2 2.5 31,9i 35,03 3{,56 34,81 21,22 111.1 4.25 0.rr2E 09 0,00031 20.ìì ì9,91 20,¿1 2L,43 2A,1a 2þ,133 5.5 33,09 33,2: 33,r6 34,16 2¿.51 43i.1 6.2C 0.r14¿ 09 0,0005? 15.95 t5.?? t5,86 15.86 15.36 t5.36
{ 15.5 4r,r2 {0,55 37.11 34,99 25.59 113,2 6.0i 0.12r8 09 0,00190 ì3.39 ì{.42 t€,6? 16.10 16.¿1 t5.25
= 24,9 t2,91 43,rS 36.32 ttr,É9 26,É5 156.€ 5.46 C.ì23E 09 0,0C313 t3.20 ìi.01 lA,1; i5.32 lã.7? ì5.54
6 45.5 d{.30 11,11 39,t1 a2.O9 24.76 1ti.2 5.59 0.ì{28 09 6,0055r ì3.35 i3.6? 19,A0 i6.06 t6.65 t€.361 1a,t 4i,51 16,92 12,54 44.39 31.9{ 5i1.0 5.r9 0.161E 09 0.00936 t3.59 ìt,ta 20.01 iÉ.,10 ì6.9? t6.6Ê
6 105.5 50.26 {9,70 15.99 17.93 35.ì! 5i1.3 1,A2 0.r35E 09 0.0ì322 r3.9r ì{.{5 ì9,37 t6.3? 16,7L tÉ,51
5 r35.5 52.69 52,02 ¿6.Se {9.67 36.23 5?9.3 i.49 0.203E 09 C.0171t r{,52 r5.23 2.1,0{ t3.37 ì9.46 t3.92

10 165.2 53.5r 55,r't 5r.29 53.33 1r.4: 6tê,1 1,2A 0.232E 09 0.02099 r{.65 r5.ì€ 21.0€ 1?.45 ì?.99 1?.73rl 205.2 59.43 5A,97 51,21 5a.ì2 44.êa 6Éå.0 3.36 A,265a A9 0,0262.1 11,91 15,5a ?t.95 13.63 t9.60 t9.1?1Z ?14,2 61,59 63.9i 59.33 62.0r t9.6? ?r6.S 3,54 !,300¿ 09 0.03ì62 r3,93 r4,5€ 20.50 r6.A1 r'r.37 r?.09
13 275.2 6t.4a 6,.7: 61.{a 63.17 53.0: 75É.¿ 3,36 r.3??È 09 ú.0356r r5.21 r6.05 24,2' 19,A1 t9.9ó 19.{9
1â 305,2 69.61 69,6C 64.59 61.6t) 5É.22 t9{.3 3,1ê 0,35aE 09 0.039€S ì5.r2 15.r? ?1,6ì 1ì,A3 r5,4! 1a,12
r5 333.3 ?3.26 13,4a 61,92 ?C.61 59.r9 330.9 3,02 0,3?9E 09 0.01161 ì{.35 11.t6 23,12 11,6a t8,69 t6,16
r6 363.1 ??.13 ?1,35 11,11 11.35 62.16 412.4 2,4Ê C,a06E 09 !.017t3 t1,59 13.3? 2?,12 t6,1a l?.3¡ t?,2A
1t 343.! 18.ê7 7?.9: ?3.ú6 14.6i 61.Ai 90C.5 2,?6 û.126È 09 0.05065 ì1.1r t{.90 23.3{ rt.A3 tA,9: t3.{0
ìa 10!.! 30.91 40. r2 ?5.0? 71.11 66.59 93C.3 2.6? C.a¿AÈ 09 0.05336 r3.95 14.76 23.63 ì7.A? 19.02 tA.,{,Ét9 423.i 42.4. Aì.39 7€.9r 19.40 64.1C 960.1 ?,53 ú,{6AE 09 0.056r5 i¿.51 15.6? 21,22 1A,5A t9.6É lS,l2
2C 4,13.3 35.?7 A6.0r A0.05 A2,9A 7A,A2 992,2 2,19 C.a39E 09 0.05e9a r3.23 r2.99 21,13 tÉ,26 11,21 16,11
?: 463,3 35.25 a5.i5 Aì.05 A3,12 12,93 1022,2 ?.1? 0.511E C9 0.06r?3 r6.02 11.70 21.3ì 13,A1 19.31 19.32
ÀIERÀCE I'ALUES fHROUGH S'ATIOIIS ]' TC ?Ú:

391,6 ?9.65 75,3t 11,01 76,A.i 64,3r. 9r{.: 2.?,1 0..!36E 09 û.05r7€ r3.95 ra.31 22,e9 li.SL 1ê.5€ 1€,03

0n?€ --- DEC. 2û, 193" ====Èèr=-.

II¡PU1 ELECîNIC ÞO'¿IER = 2753,2 NÀ?E GÀIXED BY çÀîEN = 259!.â EÀLÀNCE ERNOR = 5,5'7:
r.!Àss FLo* RÀ,r¿ = i:.54ê3 G/S - 0.309i )1r ri2c FnlclroN F;c.¡oR = t.0t5?r. FREü = 39.173É

Â8r.1 = ?02,1 6nrr1 = ú.?9636E 0€ UPSTnEÀ!.: AULIi ?EÌ4PER¿îURÈ = 23.4¿ DEG C EOyiNSIREÀ!' BULri îÊ¡,FERÀîURÊ: 7!.56 DEG C
FNI1 = 3.633 NÀHI = O.?399I' 09 :I.'LET EUL}I TEHPERÀîURÊ = 2:.95 DEG EULh TÉI''PÊRÀÍURÊ ' 73.51 DÈG C

HEÀÎ RÀ'TE CÀINED BY IIÀ'IER = 3350.0 EÀ!ÀNCE ERROR = 4.221. 0,6936 y"q H20 FRICT¡0r\ FÀC10R , 0.01539A FREÍ - 25.3320

UPSTREÀH BUf,Ii . 23.33 OEG C DOI¡NSTREÀM = 49,92 DEC C
¡N!,E1 8ULR 1Eùp€F^îURE = 23.36 oEG = ¿9-90 DEc C

lliPUT ELECIRIC PaHER = 1019.¿ H
- 35.3990 c/S

REH. 1593.{ GRx+ - 0.63362E 0e
ÞRrl = 1.61? RÀH..0.29265E 09

: =rÈÈ=r===È ExpER¡uE r oÀ?3 --- ÐEc. 21, 19s? ..-====.==

I rNpul ELECîR¡C Por{ÞR = 1t99.4 w HEÀ1 RÀîE GÀ¡NED By !rÀ1ER = 1300.2 !r F¡Àr BÀLÀNCÈ êRROR = 4.43!
ÀSS FLOJ nÀî¿ = 34.1350 G/S ÞRESSURE DROF = 0.6573 ¡4., ll20 FRICI¡ON fÀCTOR = 0.016035 FRÈU, = 25,1526

REM' 1601.ì GRx. = 0.?9970E 0A UPSTRE^H lULx'IEMPERÀrURE. 23,96 DEG C DCI4NSTREÀM BUl,x rEypERÀ¡URE = 5{.1? DEG C
PRH - {,115 Rtr} = 0.353ì{E 09 INLET 8ULI{ IEMPERÀ-IURE . 23,99 DEG C OUTLEI SULN IEHPERÀîURE = 51.!a DEG C

c -_--_ ÀvÊRÀGÊ ---_-
-;::;--;.;;;;-;;--;.;;;¿;---3a:;;--3;:;;--:;:;;--i;:;;--;;.;;--;;::;
6.25 0,16{E 09 0.00006 29,56 29,t6 30.73 30.05 30.07 30.066,2e 4,161a 09 0.000ìr 26.65 26,25 21,30 26,Ai 26,Ai 26,816,25 0,r65E 09 C.C002a 2C,a6 2A,2t 20.36 20.38 20.36 20.386.r'l 0.r7rÈ 09 0.00067 l?,63 r3.{5 22.r3 r9.37 20.09 19,9S
6.03 0.r76E 09 0.00rrr r6.37 t6.0? 2t.99 t3.6{ 19.0? t3.A5
5.90 0.r67E 09 0.00r99 r5.45 15.A3 20.93 17.9.{ t6.32 1A.t3
5.63 0.203E 09 0.00330 r5.28 15.93 2t.30 lA.0t I3.15 13.236,11 0.220E 09 0.00162 15.05 15.62 19.95 r?,13 17,41 17,315.24 A,2318 09 0.00595 15.51 16.26 ?1,41 19,25 20,11 t9,12
5.06 C.253E 09 0.00?29 r6.43 16.96 22.90 r9,31 r9,80 19,55
1,40 C.216Ê 09 0,00912 16.4¿ r7.29 25,0{ 20, r5 20,95 20,5â,1.56 !.29SE 09 0,0r05? 1€.01 ì6.6{ 2t.96 1A,73 19,15 18.9¿4.{r 0.3ì?E 09 0,0r235 16.5ì ì?.43 25.3t 20.33 2.t..t5 20,11
4.26 0.335E 09 0,0r3?3 1é.35 16.43 22,7A 19.06 t3.59 i9.32
1.1? 0.35{E 09 0,0150{ 16.59 r6.23 25,93 20.t2 21,13 20.55
3.99 0.3?3E 09 0,0r6¡t¡ 15,2r ra,63 23.91 16.45 19.16 1A.953.90 0.386E 09 0.017.33 ts,74 16,32 ?5,35 1r.61 20,69 20,163.42 0.399¿ 09 0.0r332 r5,5r r6,3r 25,71 r!.65 2A.A1 20,233.?3 0,4r3E 0' 0.01927 ì6,35 t7.A2 26,6a 2A,19 21,A6 21,333.66 0,126E A9 A,O¿A22 r5.2r r4.Ar 2{.¿l r3.59 19.7r t!.r5
3.53 0.4{0E 09 0.02r 1?

'r:o:r ct¿ c ÀvEn- (cr

i9:-------------------------------19:---
0 0.0 32.99 33,r0 32.36 32.1u 23,A1 1206,9
1 r.5 3{.',79 34.9i 34.36 34,6i 23.95 1209.r
? 2.4 36.03 36.2r 35.?a 34.9¡ 21.00 12ì0.6
i 5.5 39.75 ¿C,02 39.39 39.39 24.r; 12t5.2
1 r5.5 42.33 42,0' 39.18 t0,43 24.12 t2t0.9
S 25.5 {(.40 15.2'r 39,& a2,14 25.28 1216.9
a t5.5 1ì,O2 46,46 ¿r.53 41.16 24.35 1260.2
1 15,5 4A.A1 41,99 12,96 15,55 2A,06 1326,1
3 1C5.5 90.7,t 49,93 4¡.90 1A,13 29,12 1313,9
s 135,5 51.6? aA.la 41,28 a?.?5 3r.3t rC21.5

1'! 165,2 42,11 5r.54 46.ri 49.29 33.01 r472.9
11 204,2 3t.2¿ 53,31 11,1? 50.?5 15.26 r5{0.3
ì2 2,(5,2 56.3r 56.1¿ 5r.61 5¿.0S 37.a6 r6r1.2
13 275.2 57.39 56.45 5r.37 51.37 19.r5 r65?.3
1a 305.2 59.53 59.59 5¿.35 56.99 {0.a1 1?r7.8
15 333,3 50.90 61,21 51,23 51,66 12,37 1169.e
16 363.3 61.20 6{.?r 56.a5 6A,66 44,01 1622,3
r7 331.3 64.58 63,90 41,21 50.?3 .t5,15 1359.0
ì3 103.3 65,94 6t.97 58.13 61,80 46,2É 1497.2
ì9 423.3 66,00 6{.4? 54.81 62,02 47,77 1915.2
20 ¿43.3 63,43 €9.02 60,94 64,4r 44.43 r972.3
21 {63.3 67,33 64.21 Ét.t2 6¿,43 {9.59 2011.3
AVERÀGE VÀLUES ISNOUGH 5TÀ1'ONs I5 'TO 20:

391.5 65.02 61,12 51,7A 51.23 45.5r 1ô?5.0

il:.. - -,. - ---- --------------------19:-------- ------
0 0,0 3{.!4 3a.26 33.{3 33.62 24.00 1167
r r.5 ¡6.r4 36.30 35.66 35.9a 24.09 1169
2 2.5 37,52 3?.?1 3?.ì9 3?.40 2a.15 1r71
3 5,5 41.65 41.9a 41.60 4r.80 ?t.35 il?6
¿ rs.5 4s.r2 {a.10 40.?3 12,61 24,99 1t9t
5 25.5 {?.31 {7.?5 41.78 44,64 24,63 1212
6 45.5 49,?3 49.16 {3.59 16,43 26,92 1254
1 16.5 51,75 50.?{ ¡¡5.r0 {8.17 28,85 tl00
3 105.5 53,40 52.41 ¡¡8.?8 50.80 30,?3 r355
9 135.5 5¿.44 53.12 16,64 50,46 12,71 14rl

10 r65.2 55,50 5{.91 '¡9.70 52,a5 34,62 1166
11 205.2 5?.94 56.45 50.61 54.00 37.M515
12 245.2 60,90 80,22 65,21 51,90 39,76 tê22
t1 275.2 62.33 8r.06 54.90 58,30 41.69 l€86
r{ 305.2 6{,3? 64.22 58.{5 61,31 43,62 rlla
1S 333.3 65.90 É6.20 58,10 62,08 45.41 l80r
ìÉ 363.3 69.55 ?0,01 6i,11 65.{{ 1?.36 r865
17 343.3 69.7s 69,0? €r,50 65,46 48.6a 190?
r3 {03.3 ?1.34 14,25 62,56 66,68 {9.93 195r
19 42¡.3 ?r.,¡3 69,62 43,14 66,99 41,22 t991
20 4¡3.3 ?{.i5 1t,12 64.92 70.18 52.S0 20{r
2r 463.3 ?3.14 ?{,1ì 65.33 70.00 53.79 2031
ÀVERÀGE VÀLUES ÎHROUGH 5,rÀrr0N5 15 rO 20:

391.6 70.35 69.93 62.r1 66.t{ {9.r3 r927

c ----- ÀVERÀGE -----

¿.;;.;-;;--;.;;;;;---i;:;;--:;:;ã--3t:;3--3;:;;--:;.;;--.;.;;
0. rô4E 09 0.00007 29,10 29.30 30.9a 30.20 30.22 30,21
0.JE5E 09 0.000ìr 26,?a 26.39 21,a4 21.O1 21.O1 21,O1
0.16?E 09 0.00025 20.57 20.¡3 20,50 20.50 ?0.50 20.50
0.r9fE 09 0.000?0 r?,7{ ra.69 22,66 20,2i 20.4a 20.32
0.201È 09 0.00115 r6.15 r6.12 22.09 1A,7a 19.19 18.9?
0.2158 O9 0.00206 r5.55 r5.99 21.33 r8.13 18.55 18.34
0.2¡6È 09 0.00342 15,{6 r6.r7 21.78 r8.32 tS.80 18.56
0.258è 09 0.00130 15.31 15.9A 20,11 t1,61 1?.89 1?.?5
0,2308 09 0.00619 15.A5 r6.70 25,t1 19,76 20,12 20,24
0.3008 o9 0.00?60 t6,72 11,20 21.15 19.57 20.05 1r.81
0.330È 09 0.009s2 r5.72 ì?,65 25.At 20.63 21,51 21,07
0.3628 O9 0.011a2 r6.t3 ì6.33 22.30 19.03 !9.45 19.24
0.1€?¿ 09 0.0t266 16,67 l?,76 26,04 20,71 21,63 21,11
0.411E 09 0.01{31 16.52 r6.64 23.11 t9,31 19.84 19.5?
0.435s 09 0.01s63 16.63 16.4{ 26,95 20,a1 21,15 21,13
0.r6rE 09 0.01?rs 1s.3. 15.03 21,1a 1ø,A2 19.9r 19.39
0.4?6E 09 0.01Aì3 r6.09 r6.63 26,11 20,20 2t,39 20,19
0.{968 09 0.019ì2 15.34 r6.69 26,04 20,21 2t,SS 20,90
0.5tsE 09 0,020r2 r6,?3 r8,38 21,6È 2t,Aa 22,50 22,03
0.433E 03 0,02rll r5.60 r5.20 25.15 19,10 20.23 ì9,69
0.551E 09 0.02209 r7.41 r6.5t 26,15 20,7A 2t.A3 21,33

0.436E 0! 0.0r855 16,05 r6,39 26.29 20,05 21.26 20.a6



¡NPUî E¡,ECTR¡C ÞOIER = 3855.9I I]EÀT RÀT' GÀINED I]T WÀTER - 36'1'ts ¡ÀI,ÀNCE ÊNROR = :.55i.
¡.{À5S FLotr R¿rE = 3e.345r, G/s PRESSURE DROP = e4.5923 tr H2C FnIcTrol! FÀcloR = c.rll6333 FRE¡! = 25.661?

NEf = I]99.9 CRTI. = 0.6'510E 03 UPS'TREÀ}I BUT,II TEI.IF'RÀ'IIJR¿ = 23.30 DEG C DO*NSIREÀH EULN îEVPERÀTUNE ' 52.53 DE6 C

ÞRf = 1.496 RÀr{. - 0.2900{E 09 rrrlE: = 23.4{ DEG BIJ!h TEXPERÀIURE = 52,56 D¿G C

c ----- avERåGE -----

;;;;-;;--;. ;;;;;---:;:;;--ã;.;;--:;:;,--:;:õ;--3;.;3--3;:i;
r55E 09 0.00006 26.55 23.r¡ 29.14 2t,01 29.06 29.05
r55Ê 09 0.000r3 29,7a 25,33 26,38 24,9e 24,91 25,9e
r5?E 09 0.00026 19.39 r9.50 19.69 r9,69 19.69 19.6!
r62a 09 0.0007€ 16,91 1ì,71 21.19 19,2A r9,42 r9.31
r63¿ 09 0.00129 15.76 r5.tr 21.0€ r7,91 r6,32 1ê.11
r79E 09 0.0023r 11.51 r5.3: 20,42 11,34 11,?e 17,5A
r96e 09 0.00339 11.8r 15.52 20.90 1t,5? r3,03 17.80
2r3E 09 C.00535 14,É6 15,21 19.13 r6,A? rt.r5 17.01
2l2E 09 0.00695 1t,2r ¡5.99 24.16 18.95 r9.43 19.42
2{A! 09 0.00É53 16,09 r6,55 22.56 13,9¿ r9,1¿ r9,r9
212a 09 0,01068 1É,09 r6.91 2¿.35 r:,4{ 24.6e 24.2ê
297E 09 A,O12A3 r5,65 !6.2ì 21.71 \4.42 ì3.46 r3.6r
317E 09 0.0r¿¿¿ r6.2r ì?.2,1 25.13 2C,09 20.96 2¡r.32
33?E 09 0.0r60? rÉ.c? r6.ì6 22.36 14.41 19.31 ì9.0r_
¡55r 09 6.0r?50 16.13 r5.36 2a.Jt 19.62 20.66 20. r,1
3?6E 09 0.0r925 l1.r? r{.39 23.C4 1;.43 t6.?9 r3,3r
390Ê 09 0.02035 15.2r r5.?€ 2i,2a 18.93, r9.A9 19.tr
r0á¿ 09 0.02146 15.07 r5.39 21.94 1e,10 2A,23 19,61
11A¿ C9 0.02251 15,9t r?,¿r 2É,3Ê 2A,1( 21,4ì 2L,9t
{3{E 09 0.02369 11.9r ri,53 2¿.0{ 16.25 r9,3e r6,02
449E 09 û.02461 16.?3 ¡5.90 25.35 r9.99 21.04 2þ.51

INPUI ELECTRIC PO{ER. {252.3 (
= 28,120a c/s

REH = 1333.9 GF¡r. = 0,794418 03
ÞR¡r = ¿,233 RÄMr = 0,1{2398 09

rlEA? FÀ1Ê GÀ¡NÊD Bv nÀÎER'39?1.0 ç HEÀr !ÀIÀNCE ERROR = 6.62t1
FRESSURE DROÞ = C.56r5 r']{ H20 FRrC',rrON FÀC10R = 0.0r9335 FREM = 26.32?a

UPSTR¿ÀI BULX - 23.3? DEG C DOtsNSIREÀM sULl{ îÊì¿PERÀTUnE = 5?,03 DlG C

= 23.91 DEG C OVT¡-ET = 57.00 DÊG C

r9.35 r7.25 r?.56 r?
24.93 19.37 20.{0 r9
23.0{ ì9.26 ì9.79 rS
25.16 20.14 21.09 20
22.30 13.7A r9,26 r9
24,92 2A,41 21.42 2C
23,0 r 19.0? 1S.6a 19
26,50 24,09 2t,34 20
21,37 r 3.4¡¡ r9.60 r9
24,34 t9.53 20,6t 20
25.94 19.64 20.92 20

24,{4 13.5{ r 9.69 r9
24,1A 2A,06 21,10 20

r5
r6
r6

16

15

lroN cr¿

-;----;:;--:t:;;--:;:;i--43:;;-

2 2.5 31,O2 17,2(' 36.6S

1 15,5 {{.52 {3.56 {0.r1.
5 25.5 46.63 11,10 41.22
6 {5.5 49.05 a8,46 t¿,11
7 ?5,5 5r,04 50.12 tt.t2
3 r05,5 53.10 52,22 Á7,13
9 r35,! 5¿.4r 51.4r ¿6.Á2

10 r65.2 55.3r 5¡.72 {9.53

)2 214.2 61.21 60.4{ 55.47
11 275.2 52.53 61.43 55.55
r4 305,2 5{.8? 6{.?8 59.16
15 333,3 56.69 67.0? 59.30
r6 363.3 70.45 70,92 62,10
r? 143.3 7r.03 ?0,26 61.30
r3 {01.3 72.6¿ 7ì,51 6{.34
19 121,3 12.95 7ì.16 65.2{

1â.21 61.9ò
21 163,3 1t.91 75,00 63.63
ÀVERÀCE VÀI¡UES îHROIIGH S'TA'TIONS

191 .6 71.54 ?r.19 63.?5

ÀvER- (C)

__l::__-__ ___... -. _-_-
31.39 23.92 930.3 6.29 0.153E 09 0.00000 33.?1
1â,11 21,O2 9A2,6 6,2A 0.159E 09 0.00008 26.36
36.90 24.09 9a{,1 6,2? 0.170E 09 C.00013 29.56
{1.r9 2,r.30 933,9 6,23 0.172E 09 0.00029 ì9.?ì
12,A9 23,O1 1005,2 6.r2 0.1?9E 09 0.00033 16.90
{4.0{ 25.?1 1021,9 6.0r 0.136E 09 0.00¡3r_ r5.?1
t5,16 21,12 1056,r 5.A0 0.20rE 09 0.002{5 !1.97
17,50 29,21 1r03.3 5.53 0.222E 09 0.00a0? r1.98
50.20 11.36 1r55.0 5.2É 0.244E 09 0,005?r ia.95
50. r? 33.13 1205,1 5.0r A,266E 02 A,AA21A ta.4l
52.2t 35.5r_ 1251,A 1,11 0.238E 09 0.00906 ì6.30
5{.2{ 33.a0 1329,9 4.aS 0.3r3Ê 09 0,0r ì33 r6.23
53.15 {1.22 11A4,1 1,22 0.3E2E 09 0.0136! 15.90
53.Aì {3.3{ 1¡60.2 4.0{ C.3?6E 09 0.01533 r6.11
61.99 a5,{5 1516.6 3.A3 0.{02E 09 0.01?07 16.2,i
61,O7 17,11 15?1.9 3.73 0.427E 09 0,018?0 16.32
66.54 rr,55 163r.2 3.53 0.{53E 09 0,020a6 r¿.99
66.9? 50.97 15?3,? 3.4€ 0.{?2É 09 0.02r61 r5.53
63.23 52.33 1714,ú 3.39 0,49rå 09 0.02242 r5.39
63.65 53.79 l?50.8 3.32 0,509E 09 0,02399 r6.2{
71.9a 55,20 r?89,3 3.2{ 0,52?E 09 0,025r6 15.r5
7?,06 56,61 1829.¿ 3.16 0.5468 09 0,02631 r5.33
r5 .!0 20:
67.5? 5r.55 r633.1 3.,t6 0.130E 09 0.02?13 15.6r 15.98 25,63 1t.5{ 20.?1 20.r?

HEÀr RATE 6À¡NED lv ÈÀ1ER = ¿2{4.4 BÀLÀNCE ERRoR È ?.32:
PRESSUR¿ DROP = 0,5546 ¡À.1 H2O IRICTTON FÀCTon - 0.020559 FREH. 23.{(.32

UPSTREÀ|¿ BULX IEMPERÀîURE = 23.93 DEG C DolrNsTRE^tl BULñ TEMPERAIURE . 60,57 oEC c
lrrLET BULri 1ÊllÞERÀlURE . 23.94 DEG C OUTLET - 60.51 oEC C

0. r8rE
0,182E
0.183E
0. r858
0,r938
0,202È
0.219È
0.21tÈ

0,296È
0.323E
0. ¡61E

0.430E
0. {618
0.492E
0.5258
0.546Ê
o.56aE
0.590E

0.5I ?E

0.555E

2B
21
2a
22
09
97

r6
68
62
3¡
06
68
1A

39
3l
22

05

2B

T¡ON CX C ÀvEn- (CJ
NO. ÀGE

0 0.0 34.5? 34,?0 ¡3.?3 14.14 23.93 911.2
r 1.5 36.65 36,83 36.07 36.¡1 24.r0 9{9.?
2 2.5 33.06 33.30 3?.69 11.91 21,11 95r.{
3 É.5 42.3A 42.7A 42,64 {2.51 24.{r 956.5
¿ 16.5 16.20 {5,1{ {1.22 43.¡¡4 25.ì9 911,0
5 25.5 4€.¿3 {3.9{ 42.5r 45.60 25.9? 992,1
6 {5.5 51.02 90.a0 4a.33 11,55 21,51 tO21,a
7 75.€ 5¡.13 52,11 1Á,06 {9.35 29.33 10?9.r
a 105.€ 55.29 5{.35 49.36 52.09 32.23 1134.9
9 135.5 56.A'¡ 55.?5 43.2a 52.29 34.57 1166.9

10 l€5.2 57.9¡¡ 57.30 51.74 54.6A 36.90 12t?.6
rr 20s.2 60.95 59.9{ S3.20 56.a2 10.02 I32a.0
r2 2{S.2 6(.50 ê7,86 58,22 6t.15 13.15 1{04.3
17 275,2 66,09 61.A5 S3.4S 6r.96 45,50 1464.1
ìa 305.2 68,55 63.45 62.39 €5.{4 {?.3{ 152?.3
15 331.3 ?0.59 10,99 a2,83 €6.Ar 50.01 1537.5
15 363.3 ?4.81 75,36 66,29 70.69 5?.39 1653.9
17 383.3 ?5.35 7a,49 61,11 ?1.0? 53.95 i693.4
't8 403,3 17,27 ?5.9? 68.30 ?2.{É 55.5r 't771,1
19 423,3 17,62 ?5.?0 69.38 73,O2 57.48 1177.7
2o 4¡3.3 S0.Si 61,43 12,32 16,12 58.6a 1419.7
21 463,3 19,91 61.1? ?3.19 ?6.88 60.2r r463,€
ÄVERìGE V^LUES ÎHROUCH SrÀrrONS 15 rO 20:

391,6 76,O1 15,61 51,71 ?1.?9 5{.60 1?1r,2



I¡PUT ELEC',TRIC FollER.-3951.2 !! !ÀîER - 37ri,9 ç HEÀ. BÀLÀNC' ERROR = É,r3i.
r.:Àss FrcH nÀTE . 23.81?0 G/S pnESSUrì: DROP = 0.135ê Mr.r HzC Fnrcli0N FÀC10n : 0,02.130É FnEÌ' = 29.05C¡

NEÈ = I19ã.2 êR]'I - C.63191E 03 UFSTREÀÙ BULÍ îE'4PERÀTURE = 2].31 DEG C ÞOWNS'TREÀH = 61.I? DÈG C
PRll = 4.103 RÀr¿r - C,31302E 09 ¡NLET IULä'¡EHPERÀ'IURE = 21.3S DEG C OUT¡,Eî r 61.11 DEG C

1c)
N0, ÀêE

15 32,52 32,19

11 21.12 21.11
12 18,12 1A,12
63 19.95 r A.32

6e 18,22 11,95
21 11,59 11,42
2ê 24,32 19.19
ol r9.55 r9,24
22 21,24 20,11
76 19.24 19.42

79 20.97 20.36
35 19.52 r6.93

1a 21,06 20.11
99 22,16 21,51
53 r9,?2 r9. r?
12 21.52 20.92

30,96 33.95

23,A4 24,A6
16, 50 16. ?2
1?.10 2r.20
14.02 2A,Ai
15.01 2 0.5a
r 5.41 21.31
15,12 24,ß6
1É.09 ?,:,95
15.56 2 2,80
11.1C 25,13
14.44 22.tr
17.3 r 25.95

1É.Aa 25.91
1{.!3 21.3!
1é. r0 2¡,36
1ê,29 26,2ø
1i ,94 2Ì ,19
t1,ê9 2t,46
15.91 26,41

0,213E 09

0.260E 09
0,244E 09

0, t 52E 09

o,{a2E 09
0,502E 09
!,52ì! 09

0.559E 09

ã;----;;;.;--;:;;
0r 315. ? 6,23
a9 811.2 Ê,27
33 82r.6 É.23
r2 316.9 6,r0
92 452.7 a.9A
50 33 i.7 5,75
a9 3 24,4 5.15
21 911,5 a.15
66 r0?4.9 1.3ì
0ì r0?6.1 1.50
r9 1r43,2 1.31

'13 1266,? 3,4Ê
r1 1321,r 3.É3
3? 13?.{, a 3.52
?5 r431,2 3.3',7
3a 14É4.1 3.25
93 1542.1 3.24
52 15,t0, (] 3.
rr 157 7. 2 3.03
1A \616.1 2.94

0ú r{31.9 3.25

À B C ÀVER- lC) À 3 C ----- AVERÀCE -----
ÀGE-;----;.;--3;.;;--;;:;;"i;:;;"i;:.;--;;.;;----;;;.;--;.;;--;.;;;;-;;--¿.;;;;;---;;:;;--;;:;;"i;:';-'t;.;'--ì':;;-"i;:;;

1 1.5 35,47 3ß,62 35,Ae 36.21 23,93 7A4.9 6.29 0.r71E 09 0.0001Cr 26.11 26,t6 2A,O9 2?,73 27.15 27,7!
2 2,4 31,A5 33.05 37,,15 3ì.?0 21,A2 181,4 6,23 0.1?2E 09 0.00017 21.25 23.9a 2{,99 21,5r 2,(.55 2{.5¡
1 5,6 12.02 42,26 12,1a 12,15 21,2e 192,3 ê.2ì 0,r?58 09 0.0003? 13.92 1A.6a 13.?3 t3.7A rA.73 ì3.73
{ r5.5 45.7? 44.66 40,A2 13.0? 25,18 303.9 É,09 0.rA4E 09 !.00r03 r6.25 17,01 2r.40 16.7r 19,02 13.A6
5 25.5 11.95 43.3? Ar.93 45.0? 26,0Ê 426.2 5.95 0.r93E 09 0.00r71 15.2? ta.9€ 21.01 1?.53 18.06 17.8?
6 45.5 50.{3 49.94 t3,19 46.97 21,41 459.2 5,70 0.2rrE 09 0.00305 ì{.7í 15.10 20.8! r?.a1 17.91 1?.66
? 75.5 S?.6a 51,12 15,61 {3,90 30.55 909.3 5,36 0.239E 09 0.00509 !{.9r ì5.62 2r.95 rA,O1 13.61 18.31
3 105.5 54.92 51.0t {9,25 51.37 33.23 961.3 5,0{ 0.26?E 09 0.007ì6 ì5.r4 r5.76 2A,5A 11,62 r7.93 1?.€0
9 rlå.5 56.A? 5€.79 aA.73 52.51 35,91 r015.r 4.?3 0.296E 09 ú.00923 15.60 r6.4r 25.15 19,65 20.73 20.rS

10 r65.2 53.33 5?.70 52.3ì 55.r5 33.5t r069.2 4.{6 0,125E 09 0.011¡9 16.41 r6.95 23.60 r9.5{ 20.r1 r9.3411 205.2 61,6! 64,61 5a,16 41,61 42.t4 t148.2 1,t1 0.363S 09 0.01a23 16,53 17.33 26,1a 20,75 ?1.36 2ì.30
12 215.2 ê5.74 6a,9¿ 59.68 62,42 45.?2 r22r.3 3.36 0,{rrE 09 0.0r7r2 r9,95 tÉ.63 22,92 19,O4 19.6r 19.33
l3 275.2 6?.6r 6ê,47 60,22 63.É2 43.40 r240.9 3.66 0.{{5E 09 0.01930 r6,53 1t.67 26,94 20.93 22,A1 21,1ê
l4 305.2 70.26 70.16 6¿.5r 6?.36 5i.03 r3{3,7 3.4',1 0.4arE 09 0.02ì5! r6.5{ 1É,62 21,62 19.t8 2A,10 19,19
15 333.3 72.75 73.22 65,SO 69.2¡ 53.59 r39A.9 3.33 0.5r4E 09 0.02356 t6.{9 16.10 26,53 20,19 2r.4r 20,30r6 363.3 7?.30 11.71 69,O1 73,29 56.21 145a.2 3.16 0.549E 09 0,02576 r{.9€ r4.64 21,61 1A.19 r9.?2 r9,1r
t1 343,3 16,22 77,10 10,25 ?{.03 5€,06 ì{98.4 3.03 b.513a 09 A,O212A 15,56 16,22 25,?3 19.64 2A,A1 20,23
ra {03,3 80.06 1a,ê9 11,12 75.,{5 59.8, 1539,6 2.99 0.596E 09 0,0268a 14,41 16,42 2?.03 20.0S 21,19 20,11
19 {23,3 40.69 18,9¿ 72,e0 ?6.30 61.6a r58¡,2 2.39 0.620Ê 09 0,030a2 16,36 I3.03 21,92 21,29 22,56 21,90
20 143,3 41,24 84,71 75.86 80.18 63.¡2 r625.9 2.3t 0.€45E 09 0,03r9r 1a,9! 14.60 25.0r 1a.55 19,AA 19,22
21 453.3 43.3€ Aa,aA 76,12 40.34 65.2ì t610,1 2.13 0.6738 09 0,03319 17,49 16,02 26,91 20,5A 21,16 2t,13
ÀVERÀCÊ VÀLUES ÍHROUGH SÎÀ1¡ONS r5 10 20:

391,6 7A.33 ?A.49 70.3r ?4.75 5A.Ar r5t',7.4 3.05 0.533E 09 0.02796 r5.63 i6,00 26.1,¡ i9.70 20.93 20.34

33.00 33.42
35.03 35.39
36.51 36.71
4 0.42 10.32
39.6É 4 ì.62
a0.65 4 3.43
¡2.43 4 5.32

{7.19 4 9.3€

s0.15 52.7 7

61.03 63.€3
61.€3 ét.14

66,95 1A, ê1

i\.52 7 t.e5
66.3 5 69.9¡

a333,
35,
3',36.90

0,02579 ì5,53 ì9.9r 25.6r 19.11 24.61 24.47

-========= E'tÞaR¡I¡ENT 0R33 --- JÀn. 4, 1933 =====:===r

INPUT ELECTRIC FOHER = 1291,2 RAÎE GÀINED Bv HÀîER - {031.2 EÀLÀNCE ERFOR . 6.i31
= 23.0r60 G/S PR¿SSTJRE DnOÞ . 0.4745 v,\ H20 FRrClro¡¡ FÀC10R = 0,0256?9 FRE¡r = 30,8156

REM = r200.0 6Rr.1+ = 0.r0ì17¿ 09 UPSlREÀrrr = 23.r5 DEC C ÐO{NSîREÀr{ sulri ?Er{pERÀlURE = 65,74 DEG C
PiI.I = 3,93{ RÀH+'0.399ì4E 09 INLE'T 8ULK ÎEXPERÀÎÜÀE = 23.80 DEC C OUTI,Ê1 BULK 'IEMPERÀ'TURE . 65.70 DEG C

: , oFB4 ---.r^N. 5¡ 1906 "Èr-ri,---
I

tHpul EIECîR¡C FO{ER = 15?ð.3 N HÉÀî RÀft GÀ¡NED Èy HÀîER = {295.9 BÀLÀNCE ERROR ! 6.1?X
x^ss FloH nÀ18 = 22.042A G/S PRESSURE DÂop = 0.{526 t4¡' fi20 ¡RlC'r¡ON FÀCTOR = 0,026{59 FREM - 3t.7¡¡{a

RE¡,| - 1199.4 GFJq+ = 0.12136È 09 UPS'llrÊÀM BULIi îEì1pER^TURE. 21.?4 oEG C DOHNSIhEÀM EULX ¡E}{PERArURE. ?0.46 DEG C
FRrl . 3.752 RÀr¡' = 0.¡5?16Þ 09 ¡NLE',r BUIX IEMpER^TURE = 23.40 DEG C OU,rLEl BU!r( îÈMFEiÀ'rUhE = ?0.{3 DEC C

251



.42

;:;;--;.;;;;-;;--;. ;;;;;---;;.;;--;;.;;--;;.;;--;;.;;
6.21 A.16SE 09 0.000ì3 21.14 21.4O 25.63 24.41
6.25 0.166E 09 0.00022 22,O2 21,84 22,A1 22,39
6.20 0,169E 09 0.00049 11,31 11,2A 1ì,2A 11,24
6.02 0,160E 09 0.00r39 r5, r7 r5,84 20,53 r?.66
5.3{ 0.r92E 09 0.00229 r(.23 r1.J0 24,24 16,61
5.55 0.2r38 09 0.00rr0 t1.21 11.63 21.15 r7,r?
s.12 0.2138 09 0.00536 r{,65 r5.23 22.ì€ 17.45
1.12 0.243E 09 0.00969 r4,9{ r5,59 24.41 11.63,t.39 0.320S 09 0.0r254 15,53 16,33 26.3r 19.6{
t.09 0,359E 09 0.01538 15,63 16,13 23,45 r5.11
3,?3 0,41¡E 09 0,0r926 16.03 r6,90 26,61 20.35
3,42 0,411t,09 0.02320 15.24 r5.96 22.35 14,31
3,23 0,5r3E 09 0,026r,¿ r6.3{ r7.35 26,43 20.64
3,01 0.556E 09 0.029r3 r6.2S r6.3{ 23,49 r9.37
2,3? 0.597E 09 0.032r3 i5.52 15.33 26,ìr 19.,¡3

2,62 0,6A0a 09 0.03?l? 15.63 16.32 26,11 t9.99
2,53 0.713E 09 0.03916 15.12 16.05 21,2A 19,83
2.44 0.7418 09 0,0¿r20 16,1a 11,14 2e,13 21,t2
¿.36 0.?3¡E 09 0,0¿322 14.63 1{.3¡ 24,64 1e,24
2,29 0,424Ê 09 0,0{526 17.30 16.04 2?.21 20,É6

2.59 0.69{È 09 0.03799 i5.23 15.64 26,21 t9.16

lroN cH c avÈR- {c,
NO, ÀCE
-;----;:;--:;:;;--3;:;;--:;:;;--3;:;;--;3:;;----;;;:;'
I 1.5 3?.3r 3?.4r 36.56 36,96 2a,46 s3?.9
2 2,5 74,12 38.34 38.r6 38.13 2¿.rt 539.{
3 5.5 {2.95 ¿3,r3 {3.0É 13.04 2a.52 594,1
4 r5.5 .r6.?r 15.42 a1.22 13,71 25.66 6r0.2
5 25.5 {9.ìt a9.3S 42.57 45,9r 26.Ar 621,1
6 {5.5 5r.30 50,11 11.O7 {7.5a 29.09 65?.5
? 75.5 53.96 53.09 t6.7r 50.1? 32.53 107,2
3 ì05.5 56.ôr 55.94 50.86 53.63 35.96 757,9
9 r35.5 59.30 58.33 5r.r5 51.96 39.39 410,3

1A tê5.2 62,20 6r,49 55.49 54.3? ¿2.?9 46t.6
rr 205.2 66.3r 65.40 53.42 62,11 17.3ê 933.5
t2 2rs,2 71,AA 70.90 55.16 63.,1r 51.91 10rê.0
t3 215,2 73.79 72,12 66,59 69.92 55.3t 10?2.4
t1 30s,¿ 71,22 77.1r rr.33 7{.?5 53.A0 1130.2
t5 333.3 8r.0? A1,42 13,a\ 11,33 62,02 1147,9
ì6 363.3 35.82 66,13 11,61 41.80 65.¡5 r2s0.6
1? 383.3 36.62 85,62 ?8.73 32.50 5?,74 1299.t
ra 403.3 39.4¿ 34.3r 30.73 AÁ.33 70.03 13{r.0
r9 {23.3 90,¿2 AA,?A 32.70 36.r5 72.32 r347.9
20 {{3.3 9{,5A 9{,99 36.¡¡5 90.62 7,{.60 142A.{
2r a63.3 93.7A 95.r0 37.63 9r.01 76.89 t4?1.4
ÀVERÀCE VÀLUES THROUoH S',rÀTroNS 15 10 20i

39r.5 87.99 97.53 19.96 93.87 68.69 131s.r

HEÀr RÀrE CA¡NED BY tsÀT¿R = 34?9.3 BÀLAñCE EÀRon * 5.29f
pRESSURE DROP . 0.4056 üX 820 Fn¡Cr¡oN FÀCToF = 0.0a6886 FREM. a2.3509

upslREÀs Bulri 1EÌ,1ÞEÈÀÎURE = 23,?6 DEG C DO!iNSîÂEÀ}4 BUL!{ îê}4ÞERÀ1ui¿ = 7?.00 D¿G C
:NLET EULñ îÈI.jFERÀ1UR¿ . 23.4¿ DEG C OUILET lULlì IEBPEnÀIURE . ?6.96 ÞÈG C

533.A 6,3r 0.117E 09 0.00000 2A,Ot 27,AA 30.95 29.37 29,1a 21.t1
535.A 6.2A 0.t4AE 09 0.00015 21,00 23.A7 25,19 21,59 21,71 21.7A
531,2 6,26 0.119E 09 0.0002a 2t,¿S 21,71 22,12 22,24 22,25 22.25
541.{ 5.2r 0.t52E 09 0.00054 t1,20 11,41 1?.11 17.14 11,14 17.11
555,9 6.03 0.162E 09 0.00152 1a.98 15.52 24,21 11,12 1?.?5 1r,59
571.1 5.a5 0.1?2¿ 09 0.0025r 1t.12 13.t3 19.90 t6.46 15.9? 16.71
593.? 5.56 0.192E 09 0.00a50 r4,08 1a,a4 21.00 16.96 tt.53 1?,31
543.6 5.14 0.223E 09 0.00?51 1{,51 15,16 21,16 17,61 t6.31 17.97
6A9,2 1,11 0.25{E 09 0.01062 r,1.85 15.46 24,61 11.44 r6.00 1r.7?
?35,9 4.40 0.267E 09 0.0r37¡ 14,49 1ê.24 2ê,09 19,12 20.93 20,35
?8S.? 4.10 0.322E 09 0.01685 15.r3 16.35 22,99 tB,89 r9.52 19,20
652,3 3.?5 0.3?0E 09 0.02ú0 15.!5 i6.69 25.98 20.0{ 2r.1S 20.59
921.7 3,41 0.422¿ 09 0,02541 r5.02 i5.69 22.01 r6.09 16.66 r3.36
913.2 3,24 0.¡60E 09 0.02863 16,2A 11,11 26,14 20.44 2r.56 2r.0r

1025.3 3.07 0.r98E 09 0.03r9{ 15. r6 16.28 23,11 19,29 20.00 19.6{
ì077.0 2.89 0,53{E 0t 0.03518 1€.3S 15.t0 2S.35 19,02 20.29 19.65
't133,3 2,11 0.5?8E 0t 0.038{7 1{.23 r{.11 23.A3 1?.A1 I9.0{ 13.42
't173,1 2,61 0.606E 09 0.0{06€ 15.03 15.?5 21.71 t9,25 20,55 19.90
't211,1 2,SS 0.637E 09 0.04239 t4.33 15.59 26.25 19,29 20,16 20,A2
1253.1 2,45 0.663E 09 0.045r4 15,?S 17,23 26,Aa 20,10 2r,67 2r.03
't29t,a 2.38 0.700E 09 0.047ts r4.3ì 14.0{ 23,74 17.76 tA.9A 13.37
t332.3 2,3t 0.7338 09 0,0495? i€.47 15.69 26.30 20.2{ 2r,5{ 20.39
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lroN cü c ÀvÊR- (c)
ÀGE

0 0.0 33.á1 t3.59 32.63 3i,r0 23.96
1 r.â 33.23 35.30 34.57 31,92 21.1\
2 2,5 t4,19 36.{' 15.9r 16, 1 2a.22
3 5.5 19.3- 39.99 19.93 19,93 21.5:
{ 15.5 {3.02 ,{2.30 33.53 10,59 25.65
5 25.5 15.00 49.23 39.75 12.43 25.19
a 14.3 a7.a? 46.57 10.99 13,39 26.91
1 ta,a at,12 ,t9.03 13.9? t6.61 32.24
3 105.5 52.51 51.33 a7.?3 a9,9',7 35.53
9 135.5 5â.03 5,{.29 43,50 51,5e 36.82

r0 16å.2 51.9? 47,12 52,9a 5!,31 {?.03
t1 205.2 61,91 6r.2a 55,95 5e,77 1É.Ã1
t2 21r.2 6,1.31 66.6E 62,1r 6á,55 50.3?
11 275.2 69,26 66.aS €3.55 66,2r 5r.ì6
r{ 105.2 72.59 12,52 6ì,93 ?4.21 51.15
15 33t.3 75.4C 76.63 10.11 73.3.r 60.5,í
r6 363.3 40.!9 44.12 11.00 77,32 65.63
;7 333.3 31.35 3r.06 ?5.36 7A,ir 66.02
ì6 403.1 44.50 33.60 ?7,55 40,30 65.2:19 +,i.3 3!.6r A1,41 19,31 3:,19 r..{?
20 4{3.3 39.2r 89.50 32,7¡ A6,05 ?2.6r
21 163,3 AÊ,ê1 39.31 83,?6 8é,50 ?1.31
ÁVERÀG! VÀIUES THROUGq S',¡ÀT¡ONS r: rO 201

39r.6 33.03 42.6Ê 76,52 79,63 65.9{

HEÀr RÀrE GÀtl!ÈD BY tlÀîER = 279?.9ll HEÀî BÀLANCE ERROR = 5.631
PRESSURE DROP = 0.?650 Mì.r ¡{20 FR¡Cî¡O|¡ ¡ÀCTOn = 0.05,{r52 

'REB 
= 38.053r

UFSTREÀH BULX IEHÞERÀ¡Un¿ . 23,37 DEG C IþhrNSTnEÀM BULK îEMp¿RÄ'¡URE = 30.81 DEG C
¡NLET ÈULìi î-,{ÞERÀîURÊ . 23.96 DEC C oUTLET BUL'( îEHPERÀ,IUiE = 30.?7 DEG C



¡NPlr'Ì ÊLECTRIC POiIER = 2506,( t¡
tlÀS! ¡Lo* nÀ1E = 10.1350 G/S

REH - 59?.? GRH) = 0,82?3¿E
PnÌ. 3.135 nÈ,$. = A,zgat2a

0R9 -.- JÀN, -. t933 =i===:i===

HEÀ1 RÀ'TE GÀINE] BY ÐÀÎER È 2316.0 BA¡,ÀNC' ÈRRON = 6,'0:
PRESSURE DnOP - 0.2i25 l'"Y H?O FRrC?rON FÀC',rOn'0.053601 FnEv. 45,02a2

0ê UPS?REÀ|¡ ÃULri ÎE|4PER,\'IURE = 23,36 oEc BULX IEHPERÀIURE - 79,3€ DEG c
09 lNLa'¡ 8UL{ îE¡IPERÀIURE ' 23.99 DEG c oU1LEl - ?9,30 DEG c
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17.55 ì1.56 r5,0? 1{,79
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19.6r 19,92 r6.50 16,21
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21,31 11,A2 1a, a? 16,31
2(t,2i 16,46 r?. r3 r6,34
22.91 11,12 r3.69 14.2r
r9.05 r5,63 r6. r5 r5,39
22.8a 11,46 16.76 rA.3r

2r.r3 ré, r2 1?.09 r€,60
20.5r !s,53 16.5{ 15,06
2ì,79 ì5,51 17.5 r 17.05
22.12 t6,61 17.12 17.11
22,A+ 11,61 16.53 16.r5
2C.rr râ.4t 16.32 1å.33

22.12 22.6(

ra.l5 13,06

r2.99 r3.43
12,41 12,32
r2.31 13, ì4
r3, r{ 13.66
13.1ì r3.A3

t 3.13 1t.26

r2.96 r3.53
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==r======= ÊXPERrMÊNî 0R92 --- JÀN. 7, 1!AA ,=.,.=....

ltEÀî RÀ18 GÀINED 3v uÀ'r5R - ì352.9 BÀL¡'NCE ERROR = 8.131
pRÊssgRÊ DRoP. 0.1400 Hr,r H20 FRrcTroN FÀcToR . 0.068752 FhEE = J3.7249

ÞOHNSIiEÀ}¿ EUIH TEllÞERÀlURE = ?5.57 DEG C
OUTL¿1 EULI( 1Er¡PÈnÀîUÃE È ?5.52 DEG C

rNPUî ELEC'IRrC FO"I9R = 203{.5 9r
HÀSS Fco'i nÀ?E = 3.6190 G/S

RE¡l - {90,5 GRM+ - 0.59?39E 03
RAùr È 0.2rl4rE 09

{ ----- ÀVERÀC! -----

2r.1? ?r,0a 23,6a 22,29 22,3ê 22,33
14.45 r6,36 19.73 19.05 19,0? r9,06
r¿,95 r6,46 17.73 r7.31 11,32 11.31
r3.63 rl.5,t r3.53 r3.53 r3.53 r3.54
t2.\2 12.50 r6.23 11.02 I1.30 ìt.r6
ìr.59 rì.47 16.20 13.47 13.46 ì3.67
11,â1 12,12 11,02 11,Oì 1{.5r 1{.29
12.13 12.63 1?.90 r4.63 15.11 r4.88
12.32 12,?a 1?.0r ra.13 ra,?î r1.60
r3,0r 13.56 2r.12 ì6.3C t1,24 16.74
r?,67 13.05 ra.r0 r5.03 r5.¿a r5.25
r3.lr rt.54 24.24 16.01 16.71 16.12
r2.ìr 12.59 17.6ì ì1.51 11.94 11,7+
11.{{ t{,02 2r.13 16.64 t1.13 11.01
13.01 r3.06 16.33 r5,42 15,96 r5.6!
12.10 r1.92 r9.06 14,73 15.53 15,13
11.40 r1.?0 r8.46 r4,¡6 15.11 ra,?3
't1,92 12.6É 19,16 r5,06 r5,47 r5,{€
rl.9r r2.50 r9.?0 r5,r0 15.94 r5,5{
r2.65 t3.59 20.r4 r5,49 16.65 r6,27
1r.65 ì1.{A 1A.20 r4.r{ 14,aA ra.5l

21.A1 17.06

l19E 09 0.0 r 36{

221E 09 0. 0{ 612

251¿ 09 A,04192
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30rE 09 0.06986
31?E 09 0.07 33 3
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313E 09 0.04r 9 r
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Figure 6.13: Wall Temperature Difierences (tø - t.) at Station 16


