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AB S TRACT

The pressure drop and heat transfer performance in

he1ica1ly coiled circular tubes has been thoroughly

investigated for selected coil geornetries in laminar water

flow. Two coils of close pitch !/ere cornpared with two

coÍ1s of substantial pitch" The investigation covered

isothermal- flow, the Neumann boundary condition via

resistance heating, and the Dirichlet boundary condition

via condensing stean. For each tested coil, the heated

section was preceded by a one dimensional hydrodynamic

entry section with a tangent connection at the point of

incidence with the coi1. No conclusive results \^/ere

produced under the Dirichlet boundary condition due to

equipinent limitations. A fifth coil was investigated

isothermally on1y, as discussed herein.

Pressure drop ûeasurements under isotherroal conditíons

v¡ere performed to verify the modified Dean number as a

correlation parameter and the results compared favourably

with other experimental correlations. Further pressure

drop results are reported for heat addition and showed a

free convective effect for the high pitched coi1s, as

discussed herein "



stations along

1oca11y and as

Nussel-t nurber

Heat transfer measurements r^rere taken at number of

the lengths of the coils and evaluated

fu11y developed " The fu1ly developed

results are studied thoroughly with respect

to the laminar flow regime and compared favourably with

correlations found Ín the literature " In a particular flow

range, it rrTas f ound that there ís a substantial ef f ect on

the Nusselt number based on the coil pitch angle and the

coil axis orientatÍon. A postulated geometric continuum

map r,/as given ínitial substantiation, and recorDmendations

are made for further investigations. No correlatj-ons T¡rere

developed, however, the modified Dean number was initiall

substantiated as a substitutive modification for exisËing

correlations, under their respective restrictions.
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NOMENCLATURE

English Symbols

Ac flow cross sectional area [*"]

As flow contact surface area I r"]

cp specific heat capacity [.]/tg"f]

D coil diarneter (centl e-centre) [m]

Dc coil diameter of curvature Ir]

d or di tube inner dianeter [m]

h coil pitch ( centre-cenrre ) [*]

hi tube ínner film coefficient IW/mz. f]

I electrical current [ampere]

k fluid thermal conducrivity IW/m.f]

ks tube thermal conductivity [I,t]/m.f]

L length of tube coiled [m]

; mass flow rate lkel s]

p static pressure [rrn]

R electrical resistance lohms]

Qe hear added elecrrically tI,J]

Qf heat absorbed by rhe fluid [ü]l

T temperature [ .C 
]

Tb bulk fluid ternperarure ["C]

Tba buf k average of f l-uid ['C]

Tbi bulk inlet of f l-uid [" C ]

x1



Tbo

Tbx

Twa

Twi

Two

u

V

x

Greek Synbols

P

tt

A

-/
12

e

Ce

v

D/d

rc/d

bulk outlet of fluid

bulk of fluid at position x

wa11 inner average

r¿a11 inner tenperature

wa11 outer temperature

fluid mean velocity ( 1-d )

voltage drop across coil

distance frour upper coil end

thermal diffusivity

coeff. of thermal expansion

pitch angle

change of a property or

measured quantity

dynamic viscosity

kinematic viscosity

densíty

electrÍca1 resistivity

standard deviation

['c]
["c]

locl

["c]

["c]

lm/sl

Ivolts]

lml

Im'lsJ

TT/ K]

I degrees ]

ltg/msl

Im /s]

Ikglrn ]

I cr /cm]

Non-Dimensíona1 Parameters

diametral ratio

diamet.ral ratio

x1]-



Dn

Dn*

E^

fs

Gr

Gz

h/d

L/d

Nu

Nux

Pr

Prx

Ra

Re

Rex

x/d

DefÍnitions

Grashof number,

Gr aetz number ,

pitch ratio

length ratio

Dean's number, Dn=Re J7- 
7T-

modif ied Dean's nurober, Dn*=neJ-ã7îã

friction factor: curved (eqn 3"3)

friction factor: straight, fs=16/ne

Gr= ++Jl{þt=&..

cz=T+RePr (d/ L)

AMTD

LMTD

transide

Fu11y Developed Nusselt No., Nu=hd/k

Local Nusselt No.

Overall Prandtl No., Pr= /cp/k

Local Prandtl No.

Rayleígh No. , R'o = ÇrPr

Reynolds No., Re=udþ

Local Reynolds No.

axial posítion from upper inlet

arithmetic mean temperature difference

logarithmic mean Èemperature difference

( tran-sT¿') v. to undergo a change of state

eg. " straight tube flow transides around a

Reynolds number of 2300"---see transition.

x 111-



Chapter I

INTRODUCTION

DurÍng any convective heat transfer process, the

actual heat transfer passage can provide a wide variety

of effects to the process based on the interaction of

geotnetric paratneters alone. This is completely aside from

the flow pararueters and the boundary conditions, and is

exemplified by the he1ica11y coiled tube " Although its

main attribute is its compactness, it is used in a variety

of applications ranging from sÈagnant batch heating to

dynamic distillation processes and has almost limitless

utility as a method of experÍmental and analytical

mode11Íng.

L. I Geometry of Coiled Tube Helices

In a coiled tube helix, there are tr.ro governing

geometric paraneters : the diametral ratio (l/¿ ) and the

pitch ratÍo ( h/d ) " The coil diameter D and pitch h are

non-dimensionaLized Ín terns of d, the inner tube

diameter for circular tubes and the hydraulic diameter for

non-circular tubes. Figure l. I illustrates the geouetry of

helically coiled tubes. Þ1osË coÍl-s used as heat exchangers
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are closely pitched at l<(h /d)<5 for compactness and have a

diametral ratio suited to the specific application. In

cross-f l-ow or in-l-ine tube banks, externally and internally

finned tubes have augmented heat transfer rates ín a

variety of domestic, cornmercial, and industrial

applications. I.iork in this area is af so progressing on the

use of twisted tubes of non-circular cross-sectÍon (ovoid

and rectangular for example ) " This is sti11 essentially a

he1ical1y coiled tube, but of zero diametral ratio and

moderate to extrerne pÍtch. GeneraILy, when either the coil

diameter or the coil pitch are taken to infiníty, a

straight tube will be produced as shown in Figure L"2"

Also, if the diaroetral- ratio is reduced to zeîo for a tube

of círcular cross-section, a straight tube is again

produced whereas a tube of non-circular cross-section wilI

form a twisted tube, as illustrated in Figur e L "2 f "

Aside from these two examples, there are other

coubinations of the diametral and pitch ratios,

irrespective of tube cross-sectional shape, as can be seen

in Figure 1.3 " Zone A represents the area for which

experimental work has been done to date in closely pitched

helica1ly coiled tubes. Zone B represents single plane

curved passages or pipe bends where the pitch is usually

zero. Partial coils of this nature have been in general
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(e) h/d = 50
D/d= 3

(f) h/d= 20
Dld= O

Figure 1.2 (cont'd)
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use for soae time in many applications " Zone C represents

the case of the twisted tube where the pitch has been

extended to al1ow for further contraction of the diametral

ratio below the norrnal mechanical lirnit " Zone D indicates

combinations of coil geometric parameters where üechanical

distortions of the tube cross-section are most likely to

occur , based on rnaterial limits " This nay be avoided by

actual moulding of the product at hÍgh tenperature, but

requires special machinery and possibly special materials.

Zone E covers a wide area of combination for the diametral

and pÍtch ratios allowing for the design of a variety of

applicable heat exchangers.

The broken arbitrary curve of unknown ordinate and

abscissa intercepts in Figure I.3, represents a boundary

beyond which straíght tube approximations will provide

excellent accuracy in hydrodynamic and thermod ynamic

analyses. This boundary is representative of tubes of non-

circular cross- secti-on on1y, since a t\^risted tube of

circular cross- section forms a straight tube. Thus, the

point Cr is used to denote an undetermined point of

departure for tubes of circular cross-section whereby a

seperate boundary begins formation. The location and shape

of these boundaries can only be determined by further

research in zones ArC, and E.



B

It is therefore necessary to cover the complete

geometric range of helical coils in order to model the

hydrodynauic and thermal flov¡ fields. This also requires

further research with respect to lamin ar / tur bulent flow

regimes, the possible inclusion of free convection via a

Gr/ne ratio, and the extent of the entrance region.

I"2 Fl-ow Physics

VisuaLj-zation studies of isothermal flow in helical

tubes f rom prior r.rork and this pro j ect Índicate the

presence of t\ro contra-rotating vortices within the tube

flow cross- section as shown in Figure 1"4" This

phenomenon is the result of centrifugal forces acting in

the plane of the he1ix, on the central core of the flow

¡,¡here the shear stress is sma11. The core mass tends to

flow in an outward spiralling (g1oba1 ) rnotion composed of

an axial flow and a 1oca1 cross fl-ow until coming in

contact r{ith what has been considered to be a boundary

layer of axi- tangential f1ow. 0nce in the boundary 1ayer,

the fluid particles then return to the core after

following the tubewall inwards to the coil inner flow limit

as shown in Figure 1"5. Although Ínconclusive, the present

visual study tended to indicate that the fluid particles
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i-nvolved in each vortex do not cross the line of symmetry

between the vortices. This phenomenon has also been noted

by other researchers "

The noted line of symmetry may be nodelled as a dipole

vector as shown in Figure I.6, and can be compared with

previously encountered dipoles in straight tube convection "

This observation immedÍate1y raises the possibility of

superposition effects when heat transfer is involved in the

flow inside helical tubes. For significant (Crlnez) ratios

it is foreseen that Ehe secondary flow due to free

convection üay augment, retard, cancel, or reverse either

the cross or axial core flow couponenÈs of hel-ical f1ow.

Figur e I.7 illustrates these various effects for both

vertical and horizontal axis helices, where the free

convectÍve component corresponds to the case of heating

while the centrifugal coxnponent is always in the outvrard

radial direction. The resultants of the superposition may

cause unwanted flow disturbances in the case of the

horizontaL axis he1ix, but tend only to directionally

rotate or shift the dipole vector in the vertical axis

he1ix. From the two extremes above come further questions

as to the intermediate effects when the helix axis

direction is between the vertical and the horizontal, and

the effect of the helix being top or bottom fed (verticaf
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(b)

Heticot Ftow ( Isothermal )

Stroighl Tube Cooling

Slroight Tube Heoting(c)

Figure t.6z Examples of Secondary Fl-ow Loops
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upward axis

effectívity

orientations

vertical downward

the (Gr / Rez) ra r io

or

of

axis ) . Also , the limit of

for the different helix

and fl-ow directions is presently unknown,

t " 3 Boundary Layer Concepts

Although the dipole model cover s the fu1ly developed

f1ow, additional investigations are required to define the

entry and exit regions of a hel"icaf geoBetry with respect

to both geometric paraüeters. In a straight tube, the

boundary layer grows from the tubewall to the tube centre

over the entry or development length. This length is

dependent on the Reynolds number assocÍated with the flow

and is influenced by the presence of heat transfer.

It is foreseen that the limitation on boundary layer

thickness, as observed in a he1ÍcaL geometry, uay vary with

the diametral and pitch ratios. As D/d.Þ o and/or h/d+æ !

what is observed in a straight tube must

helix a1so. As in a straÍght tube, the

a helix ís expected to affect the entry

it may also affect the thickness of the

since a straight tube is defined as Dn=0

simulated at low Reynolds numbers. The

be approached in a

Reynolds number in

length. However,

boundary layer

, which may be

Dean number being

n",y'ã7ó- r"y therefore be inadequate as a correlation
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parameter for finite pitched helices. The exact relative

effects between the two geometric parameters is still

undeterÐined and can only be found by a couprehensive

research effort i-n the area noted as Zone E of Figure 1.3.

Inclusion of soae form of the tube section chord angle may

produce compatibility between circular and non-circul-ar

tube effects, but is considered an unnecessary conplÍcation

at this early stage of research"

In addition, there is the relauinarization effect

Ítse1f where flow in a straight tube at Re=5000 encounters

a helical geornetry of D/d=20 ( critical Re=6000 ). In this

ins tance the fu11y developed linear flow undergoes

reversion as the twin vortices are generated. This author

believes this to be due to the diversion of turbulent

streau- wise energy and momentuü into the secondary flow

fie1d, and the energy vector in a particular direction is

reduced to a laminar magnitude. At the sarne time, the

fu1ly developed boundary layer is ro1led back from the

central stream axis to some 1Ímit based on the helix

geometry and the bulk Reynolds number. The ro11-back also

occurs in laminar fl-ow; and in both flow regimes some

effect may exist upstream of the helix point of entry.

Since the centrifugal force of the helical geometry does

not maintain the vortices downstrean of the co11, the
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vortices tend to damp out due to viscous drag, and theír

energy returns to augrnent the energy level in the primary

flow direction. As this energy leve1 accumulates past a

critical point, flow begins to transide to turbulenË form"

The entry and exit lengths r¡i11 be affected by the Reynolds

and Prandtl numbers, as in a straight tube, with additional

effects based on the relative significance of the Gr/ne

ratio "

1"4 Heat Transfer

The Nusseft number has been shown to exceed both the

constant flux (Neumann) and corlstant wa11 temperature

(Oirichlet ) values for a straight tube ( experimentally)

when encountering a helical geometry" A1so, a peripheral

variation in wa11 temperature is notable such that the

point of the tubewall outermost v/ith respect to the helix

radius has the lowest temperature of the cross-section

during an influx of heat, and the innermost point the

highest. This phenomenon is a result of the secondary flow

field as shown in Figure I"4, with the cross- flow momentum

causing a peripheral variation in the boundary layer

thickness and a correspondinE variation in the wa11 to

fluid temperature gradient.
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0vera11, a unified analysÍs nay reveal a widely

variable continuum effect based on both geo¡0etric

paraneters and f 1or,¡ parameters. The special cases of the

straight tube, the closely pÍtched helix, and the t¡*risted

tube provide the boundaries for such research"

I.5 Proj ect 0bj ective

The objective of this project is to investigate the

effect of substantial coil pitch relative to that of the

diametral ratio on the pressure drop and heat transfer

characteristics of helica11y coiled tubes. For a

particular diametral ratio, tv¡o test sections of

significantly differing pitch !¡ere compared experinentally

to confirm the effect of pitch change and to check the

val-idity of the Dean number as a correlation paraueter.

This vras repeated using two additÍona1 coils of a different

diametral ratio, but with pitches identical to those of the

f irst pair of helices. The t\,¡o closely pitched helices are

of diametral ratios 49 and 29. The test sections of

significant pitch both have a pitch ratio of about 60. This

allows for t\.ro corDparisons at constant pitch ratÍo and two

comparisons at constant diametral ratio. A fifth test coil

of diametral ratio 4 and pitch ratio 6l was invesÈigated

i"sotherually only due to its length being insufficient for
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use r,¡ith the equipment available.

Both the Neumann and the DÍrichlet boundary conditions

were investigated " The Dirichlet condition \4/as applied

using condensing steam at atmospheric pressul-e, whereas the

Neumann condi t ion \,ras appl Íed us ing tubewal l re s is tance

heating " Entry length and Íree convective effects are also

considered.
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Chapter 2

LITERATURE REVIEW

He1ica1ly coiled tubes, curved pipes, curved ( open )

channels, and pipe elbows have been the subjects of

occasional experímental investigation beginning prior to

the year 1900" Some work vras published up to I930, but

most of the findings are relatively recent, dating from

1950 and thereafter.

2.L Early trlork

In l9 10, Eustice t I I reported the results of his

pressure drop experiments in coiled tubes and oval-section

straight tubes. He noted that coiled tubes exhibited a

greater pressure drop per unit length than did straight

tubes, for the sane flow rate and cross-sectional area " He

also noted that over the straight tube laminar flow range,

there appeared to be no laminar-turbulent transition in

coiled tubes, whereas straight tubes exhibited a marked

change as they began to transide to\^rard turbulent f1ow. The

results of his f low visu aLization experinents t2l \./ere

published the followin g year , and de tail-ed diagrammatically
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the individual paths of coloured tracers in various sizes

of curved glass tubes and sharp elborvs " His results showed

that a dye filarnent split into a number of sub-filarnents

during axi-tangential flow near the tubewal1, and tended to

reform into a single fil-ament as the tracer re-entered the

region of axial cross-f1ow"

Later, Dean [3]r[4] produced perturbatíon analyses

for a toroidally coiled pÍpe of Larg,e (Dld), but noLed that

the theory \^ras quantitatively good only for nufÆ7õ- <¡A when

compared with the data of Eustice t i ]. In additíon, he díd

note that fc/ f.s ( friction factor ratio: coiled to straight )

appeared to be dependent on neíd-71-.

In 1929, White [5] tested curved pipes of O/d= 15, 50,

and 2050 using oil up to Re=500 and water thereafter, wíth

Iaminar flow in

resul t.ant graph

which he termed Dean t s number, and

rc/rs= fr- t i- (rr.6/Dn

where the Dean no. is given by

Reynolds no.

friction factor (straight)

friction factor (coiled)=fs

each test sectÍon.

of fc/ fs correlated

He noted that the

very welÌ with Rey'd7õ-,

that :

iut l'/.*t ] 
-l (2"i)

Dn=Re Fn r^rith

Re=ud/r¡

fs=16/Re

Taylor [6] confirmed the correlation parameter in 1929
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and experimented with flow visuat.í-zation using glass

helices. He noted that a Eurbulent entry flow

refaminarízed in the first turn of the coil for D/d of

18,7, and in the course of the second turn for D/d of 31.9.

0vera11, the early coiled/curved tube work consistently

refers to curvature in the t\./o dimensional sense without

noting any dirnensional disEinction " This neans that it may

have been acknowledged that the close pitched experiments

represented three dimensional curvature, due to the minimal

pitch, but this acknowledgement r¡ras never stated. The term

"curvature !¡as always used, but without beÍng fu11y

def ined.

2.2 Recent Experiraental Studies

2.2. L Flow Visual-ization

In L964, Koutsky and Adler [7 ] p.rblished coí1ed tube

data based on visualí-zation studies directed at minimízíng,

axial dispersion for chemical reactors" Their tests

covered twenty-one coils with 6.5<(D / d )< t0 " 8 for bo th

Laminar and turbulent flow regimes, using flexible tubing

in a tube ellipticity range of 1.094 to 2.7 4. The results

included a good correlation for axial dispersion and

nomographs relating pressure drop to dispersion for



2T

straighË tubes, coiled tubes, and packed beds" Also noted

j-s that coiled tube dÍspersion approximated that of

straight tubes at Reynolds numbers below 300, and that

increasing ellipticity produced a significant upward shift

in the f riction f actor ratio curve. The f Ína1 note r¡ras

that for equal axial dispersion, the coiled tube required

only about a fifth of the por^rer consumption required by a

straight tube 
"

In I984, Cheng and Yuen t8l presented photographic

sequences of the secondary flow field dispersement

downstream of an isothermal I80 degree tube bend of l/d=I0,

in comparison with Dirichlet applied free convection in a

horizontal straight tube. The photographs verify sirailar

dipole effects in the secondary flow field for a curvature

vector at exít consistent with the direction of buoyancy,

as compared to the straight tube, under the cornmon flow

range of 100(Re<i800. Also, for Dean numbers around 100,

an extra paír of vortices appeared to be generated as part

of the dispersement process, although bo th pairs are nearly

always damped out about 50 diameters downstream of the bend

exit. They do not, however, mention whether or not the

flow is fu11y developed at the bend exit with respect to

the different fl-ow rates tested, or that the dipoles are

opposÍte in dírection (a rnínor point).
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2"2"2 Pressure Drop During Isothermal Flow

In 1959, Ito t 9 I produced dara for curved pipes of

D/d= 648r 250,100, 40, and 16"4 from a low Reynolds number

of approximately 1500 upward through transition to

turbulent f lows of Reynolds number 100,000 " The data \.ras

presented in various graphical formats, notably fc vs. Re

and fc/fs vs. Dn for the laminar and transition regimes,

and became more conplex for fully turbulent f1ows. The

resuf ts were compared with the data of l,lhite [5 ] and showed

Whitets empirical formula to be in good agreement with the

laminar flow data" An ínteresting note was that the poÍnt

of transítion vras substantially delayed for an undisturbed

flow at the ínlet beyond that of a disturbed flow at the

in1et, but that the fully developed turbulent friction

f actors r¡rere the same. Ito also produced a criterion

for transition (critical) Reynolds number Ín curved pipes,

in the form:

"3LRe(crit)=20,000(d/D) (2"2)

However , beyond (D/d ) of 860 the critical Reynolds number

coincided rvith that of a straight tube. AgaÍn, the term

curvature eras used 1ibera11y without dimensional

distinction since only close pitched curved pipes were
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coil turn \¡7as tested f or each (D/d ) , although no specif ic

lengths of coil vrere mentioned " The entry length was

considered briefly and without any detail.

In 1979, Mishra and Gupta II0],IiI] collected data for

l-amínar and turbufents flow of water and water-glycerol

mixtures in sixty coils covering the ranges of

6.7<(D/d)<333, 0((h/d)<¡OO, and 150(Re<20,000. A

preliminary correlation for friction factor ratio for close

piLch data only was obtaíned, but r¡ras shown to be very

close to that of White [5]. Also, neither formula

accounted for substantÍa1 pitch unless the coil diameter

v/as replaced by the diameter of curvature, effectively

modÍfying the Dean number to:

Dn*=Re[(D /d) u+[(rrld)(r /¡r)(a/o)]z ]r-"' (2.3)

This modification vras first postulated in 1970 by Truesdell

and Adler Ï261 ( reviewed ín 2.3. I) , but had never been

verified experimentally" Mishra and Gupta [ 10 ] proposed

the following empirical- equation:

(f c/ ts-I )=.033 ( loBDn*¡{ (2"4)

This correlation agreed well wi th theír experimental data
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for high and low pitch with a standard deviation of 57: and

an overall deviation of ! I5'Á. Substitution of the modified

Dean number into I{hite I s equation by this author also

produced as good a correlation for high and 1ow pitch in

comparison wÍth Ehe correlation of l"lishra and Gupta. It is

noted by the present author that Mishra and Gupta's data

scatter is minirnal for the glycerine-water mixtures, but

somewhat larger (+I0% to-20'/. and rnostly 1ow) f or water. In

producing their correlation, however, Mishra and Gupta

plotted (fc/ fs -1 ) versus Dn* on a 1og-10g scale " In

approaching a straight tube case ( fc/ fs=I ) the ordinate

becomes zero which is not plottable on log scales thus

enhancing scatter of data for the 1ow flow rates " Mishra

and Gupta themselves noted that as the Reynolds number is

reduced below 300 the Hagen-Poíseuil1e line !/as approached

for coí1ed tube flow" A plot of transition Reynolds number

(observed) as a function of curvature was also provided in

comparison with the roodified form of the equation of Ito

[9] , using the three dimensional sense of curvature

incl-uded in Dn*. The experimental data for the covered

combinat.ions of pitch ratio and diametral ratio agreed to

with in ! ZO% with the modified equation.



2"2"3 Heat Transfer ¡^¡ith the Neumann Boundary Condition

In I963, Seban and McLaughlin tL2l published heat

transfer and frictÍon factor results for laminar oil flow

and turbulent v/ater f l"ow in coils of D/d= L7 and 104 "

Both coils \,/ere fabricated from approximately the same

length of number 32I stainless steel with the Iarg,e coil

consisting of one turn and the small coí1 of 6.5 turns. No

mention was made of coil-axis orientations, except that a

figure appeared to indicate a horízontal axís for the small

coil and a vertical axis for the large coil-. Alternating

current resistance heating \./as employed through both the

coils and their tangential entry/exít lengths of l0 to 20

tube diame ters. Wa11 therrnocouples vrere mounted on a

seperative surface layer of mylar tape on the outer

tubewa1l. The f luid properties \Árere evaluated at the aean

film temperature, and 1oca1 film coefficients evaluated

peripherally and axially using the analytical solution for

uni-form heat generation in a hol1ow externally insulated

cylinder. They noted that the larger coil produced more

scattered laminar friction factor data than the smaller

coí1, with the smaller coil consistently about 87i fow with

respect to Ëhe correlation of I,Ihite [5]. Both isothermal

and non-isothermal frÍctíon factors r"rere shown to approach

the Hagen-Poiseuille line símultaneously for Reynolds
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number fluids r,rhich are

to be expected for high Prandtl

more resístant to free convectÍve

viscosity effects" Low Prandtl number fluids, however,

would be expected to exhibit a hígher friction factor when

heated at low Reynolds numbers. Heat transfer results

showed that the Nusselt number on the radÍa11y outer coil

surface \{as higher than that of the radiaLLy Ínner coil

surface, and that both values substantially exceeded those

known for a straight tube. A correlation for the ful1y

developed Nusselt number r¡/as produced as:

l-s

diameter $/as observable, and that

application involved rendered the

ratio as unj ustifiable.

(2.s)

the tenuous theoretical

use of the diame tral-

Nu=" l3 [tr"lal Re¿P r]"t

This correlation uses peripheral averaging and the

asymptoÈic, ful1y developed Nusselt number based on the

Leveque theory, but it vras noted that the data scatter r¡ras

rnarkedly pronounced for the large coí1 compared to that of

the small coil. They also noted that cyclic oscillations

in the Nusselt number vrere apparent along the flow for

some runs, but offered no explanation. In addition, the

Dean ú/as not used in conjunction with any of the results,

since it ¡^ras claimed that 1itt, 1e or no effect of the coil
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In 1965 , Mori and Nakayama I l3 ] , I I4 ] collected laminar

and turbulent experimental data respectively in conj unction

with a theoretical- analysis of the hydrodynamÍc and thermal

flow fields" A single turn horizontal- axis coil of D/d= 40

and d= 35.6mm was heated via wire surface windings for a

flow range of 1900(Re(6325 to provide corroborative data

for the theoretical analysis, using air as the working

fluid" In addition, the axiaf hydrodynamic and thermal

profiles \,rere presented from traverse data taken

perpendicular to, and in the plane of the helix. The

figures presented illustrated a velocity and temperature

peak just outside what appeared to be the boundary 1ayer,

near the radially outer tubeÍra11, in the plane of the

hel-ix " However , a nearly f 1at temperature prof ile $/as

apparent from the traverse perpendicular to the helical

p1ane. In both velocity and temperature profiles, there

qras a substantial porÈion "missing" from the shape of the

axial profile in comparison to the paraboloids of

revofution found in laminar straight tube f1ow" No

experimental correlation \,ras of f ered, however, the concept

of treating an axi- tangential boundary layer seperately

from the core region of axial cross flow was postulated and

developed " No comparisons r¡/ere made with data f rom other

literature "

ln 197 I, Dravid et al, I I5 ] studied heat transfer
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characteristics for laminar viater flow in a coil of

D/d= 20 for 358(Re<8944 as well as higher Prandtl number

fluids, in conjunction with an analytical treatment of the

development of the secondary flow field. The higher

Prandtl number fluids were n-amy1 acetate, n-butano1, n-

amyl a1coho1, and ethyl-ene g1yco1. The tested copper coif

Þras resÍstance wire r^round with a straight unheated settling

length of 50 tube diameters, and instrumented wíth

thermocouples on the radially inner and outer coil

surf aces " No pressure taps \¡/ere used, and the inlet to

outlet bulk temperature difference \,¡as maintained below 20

C. No mention was made of the coil axis orientation, but

it was noted that the fluid properties were evaluated at

the mean bulk temperature. Free convection and gravity

effects rrrere found to be negligible as vrere the tubewall

temperaËure- paír differentials, although they attributed

the latter due to the thick tube¡,¡a11 and non-uniform flux

around the periphery of the tube section. The reported

data showed a very short entry length for water, termed the

Leveque region for comparison with the Leveque theory. The

Nusselt number data proceeded to oscillate for the duration

of the 560 diameter coil length (about 6 turns), and

asymptotic Nusselt numbers lrere estimated for each run,

although they give no reason for the estimate. A

correlation r{as obtained from the estirnated asytnptotic
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Nusselt numbers of the different flow rates

fluids tested, and presented as:

of the fíve

*"= f .65 on'/t + .7 6)
,17 I (2"6)

They reported that the data agreed with eqn (2"6) within

a maximum deviation of L47., and a standard deviation of 6"A.

However, statistical analysis requires 991l of the data to

fal1 within ! Z"g60- or, for this correlation, about + I8"/..

They concluded by postulating the oscillatory phenomenon

to be a result of a non-mixing core flow region and non-

uniform convective propagation of energy"

In 197 4, Singh and Be11 t i6 I reported their heat

transfer data for coils of D/d= 20.2 and 4I.7, effected by

direct current resistance heating. They tested \,rater in a

flow range of 700(Re<7600 and Dowrherm- G ( tOO<pr(200 ) in

a flow range of 6(Re<2450. Both coils had vertical axes,

r¡rere bottom-fed, and had approximately 200 tube diameters

length, resulting in 1.6 and 3 turns. The internal

diameter of the test sections r¡ras I2.6mm. No pressure drop

data qTas reported and a Grashof number range of

24I(Gr<922,000 was covered although no indication v/as given

of how the fluid properties s/ere evaluated. Selected

stations were investigated using an eight point periphery,

with consideration to entry length and free convective

Pr
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effects. The results of the peripheral examínation showed

that the radially inner/outer coil film coefficient

differences v¡ere enhanced at high Reynolds numbers and

relatively mÍnoî al low Reynolds numbers, as expected since

1ow Reynolds number coiled tube flow phenomena must

approach straighl tube flow phenomena. However, it r,ras

noted that for 1ow Reynolds numbers, the tube cross-

section's bottom station had the highest film coefficient

of the periphery, which indicated a free convective

effect. This corresponds to a rotation of the secondary

flow field dipole vector without entrance effects since the

particular station was well beyond the entrance region at

l-ow Reynolds numberso An eight point average of the

peripheral film coefficients v/as used to evaluate the

Nusselt number for an entry length cornparable to published

curves of Hausen and of Sieder- Tate for straÍght tubes"

Using only Dowtherm-G data, the corDparison indicated the

previously noted oscillatory behaviour of the Nusselt

number over the tube length. A correlation was obtained as

a piece-wise product by consÍderation of data of minimal

free convective effect seperately" The fÍna1 form for the

fu11y developed Nusselt number was:

wr= f. 224+r.36 g(dln)i 
1n"t'to¡+'3r8(d/D)l ]{r++.8tr-
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The claimed agreement was an average absolute percentage

deviation of about I27 f.or nearly 2000 data points 
"

However , this could easily point to a data scatter of ! ZO"l"

since an average is typically weighted by the number of

data points averaged. Also, it was claimed that the study

corresponded to neither Neumann nor Dirichlet, but an

i-ntermediate, unspecified boundary conditíon due to the

peripheral teBperature gradient.

In 1978, Janssen and Hoogendoorn I I7 ] reported their

f indings f rorn f aminar tests of f our coils of D/d= 100,

62.5,42, and I2 for water- ELycerol mixtures in low flow

ranges selected from 20(Re<4000. No mention was made of

how fluid properties were evaLuated or how the coils vrere

oriented or f ed. A f i1m coef f icient accuracy of I5"/, \{as

noted and no f rictÍon f actor data \¡ras taken. A correlation

for 1oca1 Nusselt number in the entry region v¡as obtained

ro t 20"/" as :

exp( -.00946 (Gr /nnz ¡( D/d ) ) J) r ,vt(/ollr)"* (2.7 )

Nux= (.lz+3 (d/Ð) )Re./zp r""(o/ri'r r'e(¿/o\ 
( 2. 8)

for 30<Pr1450, and for fully developed flows

ltt- .b
Nu ="9(Re-Pr) 20 (Dn< r 00 (2. e)
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?2

100(Dn<830 (2.10)

No error estimations were reported. They also conclude

that the therroal entry length would be determined by a

particular number of secondary flow circulations. However ,

they admit that this conclusion has no experimental

support.

In 1979, Abul-Hamayel and Be11 I i8] presented results

of a study of laminar water flow, and two other fluids of

higher Prandtl number, f or a coil r¿ith D/d= 20"2 in a f 1ow

range 30(Re<5500. Their coil consisted of 9.5 turns of

number 304 stainless steel, resistance heated with a

vertical coil axis, and fed at the bottom connection. The

inËernal diameter of the tube I¡Ias 12.6nrn. The coil-'s

pitch was h/d=L.4, the enËry/exit lengths v/ere unheated,

and the f luid properËies \.rere evaluated at each station's

l-ocal bulk temperature. The data was reduced using the

method of Singh and Be11 [t6], but used only four

peripheral points instead of eight. The analysis of the

results proceeded similarly as Singh and Be11 to obtaÍn a

ful1y developed Nusselt number correlation as:

Nu= {4 .36+2.84(crlnez i'tu}i.r+.0 276on'7çpf '"¡7t*

.9348(Gr/nnz )"tt""p(-1.33Gr /on'¡¡ 7rþ*)'t1 (2. rt )
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This correlation predicted the data with an average

percentage deviation of about 9"/", which Bay produce a

total scatter of + t8%. An error ratio graph of their

data showed that for the water data, the results were

consistently zero to l57.1ower than predicted for the

laminar range. A1so, other correlations tested using

average absol-ute percentage deviation \.rere found to be

substantially different, the closest noted to have an

average absolute percentage deviation of at least II7., and

none of the previous correlations approached the straight

tube asyupto tic value , They recomuended further work

to involve curvature ratios, horÍ zontaL helix orientation,

and cooling rather than heating.

Also in 1979, lloshfeghian and Be11 t l9l reported the

findings of experiments on four I80 degree tube bends for

water, Dowtherm G, and ethylene g1yco1, in the flow range

of 4(Re<27000, with D/d= 25"62, L2.32, 7.66, and 4"84"

While the results \Á/ere not compared to helically coiled

tube research, it Íras no ted that the tirne delay in

secondary flow field decay downs tream of the bend produced

enhanced heat transfer well beyond the exit of the tube

bend. Two correlations for the decay of enhanceuent were

developed, however, nothing vras reported as to whether the

bend exÍ t f low \^ras f u11y developed or no t , and at what f 1ow
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rates"

In 1983, ManafzadeÌr', Chow, and Simon [20] presented

data for laminar air flow in a coil of diametral ratio 153,

and for laminar r^rater flow in a coil of diametral ratio

18.8 (3800(Re(23,000 ) " The coils were preceded by

straight, heated settling lengths, with the air coil axis

mounted horizontally and the \,¡ater coil axÍs mounted

vertically. Fluid properties lrere evaluated at the loca1

bulk temperatures. The 1oca1 bulk temperatures r^rere

calculated based on the corresponding local wa11

temperature, heat flux, the bulk inlet temperature, and the

loca1 position. It vras noted that the pitch ratio (h/d) Lras

about L. I, and that the investigation was primarily

concerned with the entrance region and turbulent f1ow.

Correlations \,Jere developed for the entry region

oscÍllation \^7avelength, and for the Nusselt number in

turbulent flow.

2"2"4 Heat Transfer with the Dirichlet Boundary Condition

In 1950, Berg and Bonilla [ 21 ] publÍshed the results

of the (apparent) first heat transfer experiment for

helicaIIy coiled tubes. They tested three coils of

D/d=17 "21, 6"08, and 5.3 with tube pitch ratios (h/d) of 3,

2"3, and 3 respectively, for laminar and turbulent f1ow.
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The boundary condition vras applied using atmospheric

pressure steaü, and the subsequent analysis involved use of

the arithmetic nean temperature difference (eUfO) rather

than the logarÍthmic mean temperature difference (l¡lfl)"

The fluid properties r^rere evaluated at the average bulk

temperature f or the f luids ( air , \,rater , and an oi1) that

rÁrere tested. Correlations r¡rere attempted, however, it r^ras

noted that the average devíation for water was 20"A and for

air \¡/as l0%. No use was made of the Dean number , or the

Reynolds and Prandtl numbers per-se.

In 1964, Rogers and Mayhew t22l presented results of

experiments which utilized coils of D/d= 20. l2 (4"5 turns),

I3"3 (6"S turns), and I0"8 (8.5 turns), with a pitch ratio

( h/d ) of about 4, f or turbulent \.rater f 1ow. The coils I¡rere

illustrated to have been horizontally mounted in a steam

chest wíth a partially heated, IB0 diameter tangential

settling length which protruded from the coil point of

incidence to the exterior of the steam chest. The flow

range covered was 3000(Re(i00,000 for city \,rater at mains

temperature, and both frictíon factor and heat transfer

data vrere analysed, with the fluid properties evaluated at

boÈh the mean bulk and uean film temperatures. The results

presented agreed well with Ito t9] for the isothermal

friction factors o The heat transfer results, evaluated vía

LMTD lrere about 107. J-ow with respect to Seban and
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McLaughlin tI2) (Neumann boundary condition) and I0'/. to 20'/"

high with respect to Kirpikov (not reviewed herein). It was

noted that the validity of the nean film tenperature under

the Dirichlet boundary conditÍon was tenuous, and a mean

bulk based correlatÍon for the overall average Nusselt

number produced as:

,øl .¿r . .,
Nu=.023Re Pr (d/D) (2 " r2)

In 1966, Kubair and Kuloor t23] reported results for

horizontai- axis coils of diametraÌ ratios 27, I7"8, I3.5,

and 10.3 of tight pitch with 7 to L2 turns for E1-ycerol

solutions in the flow range of 60(Re<5000" In addition,

results f or tr^ro Archiroedian ( f lat ) spirals were presented ,

however, it is questionable as to whether fully developed

flow is obtainable for a diametral ratio that changes v¡ith

the axial distance from the inlet " In other words, the

entire coil- or spiral may be in developing flow. The fluid

properties hrere evaluated at an unspecified bulk

temperature for heat transfer coefficient calculation on an

AMTD basis" A correlation \,¡as obtained for the overall

Nusselt number as related to curvature and the Graetz

number as :

Nu=[1.98+].8( dlD))Gz'7 (2. t3 )
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They claimed an a1reement of + S"l" average deviation. A

graph presented indicated considerably wider scatter (! I6"/.)

and included both helical coil and Archimedian spiral

data. No mention or use was made of the Dean number.

In 197 6, Oliver and Asghar l,Z+1 presented their

resulrs of resrs for coils of D/d= 30"4r 26.6r 22.6,20.I,

I9" 3, 15" I, 13. l, and 12"2, each at unspecified pitch with

3 to 4 turns. Two complete turns \Árere f u11y ínsulated to

a11ow for fu11 developinent of the secondary flow field

prior to heating in a constant temperature agitated \^7ater

bath. I,Iater and water-glycerol mixtures \{ere used as a

datum for tests of viscoelastic fluids, wÍth a common flow

range of approximately 25(Re<7000. Correlations \{ere

obtained for the overall Nusselt number as:

Nu=l .75crlt(r*" rtsDJá )(vaþ*)'te 60(Re <2000 ( 2.14)

Nu=I .75crt6(r+.36oDrr'/+) ça/V*)'t+ 4(Re(60 (2. r5 )

The correlations r¡rere based upon the Graetz-Leveque

solutÍon for a straight tube, however, the curves

illustrated with data suggest a scatter bandwidth of + 207",

No distinction was made between the results for water and
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the resul-ts for the other Newtonian fluids " They did note,

however, that both AMTD and LMTD calculated results t,¡ere

almo s t the same .

In 1978, Janssen and Hoogendoorn [ 1i ] collected

Dirichlet boundary condition results in conj unction with

their Neumann boundary condition investÍgation ( reference

section 2.2"3) " For coils of diametral ratio 100, 4I "6,

and I5"4 they tested the saûe range of flow rates for the

oils previously tes ted , by use of a steam j acket. Nusseft

number results r{rere produced using LMTD to an accuracy of

! ZOZ and were compared with:

(2.16)

They noted the comparison to be in reasonable a1,reement

which enabled them to conclude that the choice of the two

boundary conditions produced 1ittle difference with respect

to the heat transfer results " However, at 1ow Reynolds

numbers they did not note that the difference should have

increased toward the different asymptotic straight tube

Nusselt nurnbers, which may have been a result of the+ 20"/"

scatter bandwidth. Resul-ts vrere pl esented in support of the

comparison, but showed dístinct trends that were not

para1lel with the integrated correlatÍon "

L
0

Nu= (I/L) J (eqn 2.8)dx
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2.3 Analytical Studies

Curved passages have also been subj ected to

significant atËention with respect to analytical and

nuüerical treatments " These studies are covered briefly,

by nethod, with additional depth as required " The Eube

section under study is to be taken as circular unless

otherwise noted.

2"3" I Perturbation

The perturbation method of Dean [3 ] , [4 ] T¡/as util ízed

by Janssen and Hoogendoorn tlTl in 1978, but it was

concluded from experimental data that the method showed

validity only for Dn(17 and that, in this regÍrne, the

effect of free convecËion Íras unseen "

2"3"2 Boundary Layer

In I965 and 1966, Mori and Nakayama II3],[14],[25]

presented an analysis based on seperating a boundary layer

of axi-tangential flow from a core region of axÍal- cross

f1ow, with respect to velocity distributions used in the

monentum and energy equations. Their second order

approxi-mation agreed r^'e11 with their experimenÈa1 heat
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transfer air data for 200(Ðn(I000. They also concluded

that the analytical results for both Neumann and Dirichlet

boundary conditions were indistinguishable, related to

Dn)200 for experimental- agreement. TheiT aÐalysis,

however, \.¡as criticized in 197I by Dravid et a1. [15 ] f or

integrating the energy equation over the hydrodynamic

rather than the thermal boundary layer. This vTas noted to

have produced an er roneous Prandtl number dependance.

2"3"3 Finite Difference

In 1970, Truesdell and Adler t26l solved the Navier-

Stokes equations usíng a finite difference method employed

in a toroidal (zero pitch) coordinate system. The results

r¡rere I{rithin 207" of the I,¡hite [5 ] correlation up to Dn=300,

and they postulated a corrective substitution for finite

pitch.

In 197L, Dravid et a1. [15] solved the energy equation

by an alternating-direction-implicit (ADI ) finite

dif f erence method " The results {¡rere compared to the

Graetz- Leveque straight tube solution, and reflected the

axial oscillations in heaE transfer that had been noted

experÍmentally by themselves and others. Radial

temperature prof iles \"/ere also produced, but not compared

with other published data "
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In 1972, Patankar and Spalding lZll presented a

procedure for calculation of heat, mass, and rnomentum

transfer in three dimensional parabolic flows, which was

later used in a numerical study on coiled pÍpes by

Patankar , Pratap, and Spalding t 28 ] . The method was applied

using finite difference method, and the axial velocity

profiles agreed r.¡e11 with nost of the experimental

traverses of Mori and Nakyama I t3 ] , but highlighted some

significant discrepancies. Nussel-t number results tended

to a4,ree with Dravid et a1.Ii5].

In 1974, Colfins and Dennis t29) solved the equations of

viscous flow for steady motion in toroidal coordinates by

finite difference, with friction factor results in good

agreement with those of I^Ihite [5 ] f or 100 (Dn(3000.

Secondary flow field contours were also presented, but not

compared with the literature "

In 1975, Joseph, Smith, and Adler [30] repeated their

groupts previous rvork, but. for a tube of square section.

It r,ras noted that at a low enough Dean number, the two

contra- rotatÍng vortices became four which uras

subsequently confirmed by flow visu aLization, and that the

friction factor ratios agreed with l^lhite [5] only for

Dn(200. Secondary flow field contour plots vrere also

presented, but wíthout comparison to the literature "

In 1979, Masliyah and Nandakumar t3l] solved the
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Navier-Stokes equations and the energy equation for zero

pitch of coils of semi-circular cross-section, by a finite

dÍfference method, for Dn(300. Their results for Nusselt

number and enhancement factor agreed r+ith other numerical

data.

In 1980, Manl apaz and Churchill [ 32 ] produced results

of nurnerical studies which included finite pitch, and used

the correlation of Mishra and Gupta II0], among others, as

basis of isotherrnal flow comparison. They introduced

correlation parameter (denoted the helical number) which

vras identical to the modified Dean number of Mishra and

Gupta I l0 ] , ¡+hich in turn used the finite pitch correction

of Truesdell and Adler t26). A ne\í friction factor ratio

correlation qTas presented and shown to agree well with the

experimental data of I^Ihite [5 ] and Ito I9I to within zero

to 5%, and deviated up to -I0% in comparison wÍth

l'lishra and Gupta I l0 ] . The new correlation intersected the

equation of l"lishra and Gupta [10] at fc/fs=6 and fc/f.s=1.2,

with the plot abcissa represented by the product of the

modified Dean number with an ai-g,ebraic relation including

radius of curvature. Coroparison was also made with the

results of other nunerical studies.

In 198 I , Manl apaz and Churchill [ 33 ] extended their

earlier work to heat transfer results of both Neuuann and

Dirichlet boundary conditions. For each boundary condition,
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in the ranges " 1(Dn*<2000 and .005(Pr<1600, a graph of Nu

vs. Dn* r,ras produced and compared to data points of other

research groups" For the Dirichlet boundary condition,

f ive sets of points \,/ere compared, however, only the f ew

points of Dravid et-a1 t I5 I and Mori and Nakayama t I3 I were

experimental, These comparisons índicated the neer

correlation to be of the order of I0"/" 1ow for a single

water data poinL and over I5"/" low for a few air data

points, in the range 200(Dn*<600. No oEher experÍnental

data \{ere compared under thÍs boundary condition, although

other numerical results over the total Dn* range tended to

support the ner,r correlation.

For the Neumann boundary condition, only the

experÍmental data reviewed herein were compared. In thÍs

instance the air results are in very good a4,reement, but

the prediction for water !/as up to 30"/" high whil-e for some

of the other test fluids of Dravid et a1. II5], much worse

and 1ow" Again, the experimental comparison vras l-imited,

to the range 200(Dn*<2000 for this boundary condition,

whereas the numerical cornparison extended for

. I (Dn*< 10 r 000. The correlations are not reproduced here

due to their cumbersome and over- complicated nature.

Exclusive use of Dn* in their results did not allow

conclusions to be drawn for the effect of significant pitch

by itself .
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Also in 198I, Murata et al.[34] presented a

finite difference solution for isothermal flow in coils

incorporatÍng helix pitch in the original continuity and

Navier-Stokes equations. It was noted that Ehe analysis

was for a vertical axis, bottom- fed helix, and the results

were in the form of secondary flow field contour

plots " The plots indicated that for Larg,e pitch angles,

the Iocation of the vorËex centres shifted slightly as the

dipole vector was rotated to become more aligned with the

radíus of curvature vector of the he1ix. No experimental-

data has been reported in the literature lo verify either

the phenomenon or its indicated magnitude.

Again in I9B I , Prusa and Yao t 35 ] reported numerical

results of theiî zero pitch study involving free and forced

convection, which indicated signifícant dipole rotation ( 45

degrees) for ReRa=500 and Dn=26. Their najor result was a

chart to indicate regions of applicability for forced,

free*forced, and free convection dominatÍon" This showed

for ReRa(20,000 that no free convection was sígnificant for

Dn)75. Zonal boundary equations v/ere supplied for the

range of investigation indicated.

2.3"4 Boundary Vorticity and ADI

Since I971, Akiyama and Cheng [36],[37],[38] and
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Akiyama et a1. [39] have produced numerical results which

utilized a boundary vorticity method , and ADI techniques.

Their results appear to be limited to Dn(200 for both the

developÍng and fully developed fl-ow regimes of tubes of

circul-ar and rectangular cross-section. Results presented

included polar plots of Nusselt number for the tube

periphery, secondary flow field contours , and graphs of

Nusselt number related to the Graetz number. Limited

experimental results vrere compared, although some numerical

cotnparisons r,/ere also made.

In 197 2, Tarbell and Samuels t 40 ] reported findings of

an ADI study, but noted their friction factor ratio

correlation to be limited Ëo 20(Dn<500. Their Nusselt

number correlations were also consístently 1ow in

comparison to oËher numerical studies; as much as 20"/.

for 1ow Prandtl numbers.

In L97 9 , Rabadi, Chow, and Simon [ 4i ] presented

results of an ADI study ( to increase alg,orithm efficiency)

that had good numerical aF,reement, but r¡/ere not compared

experimentally. The flow ranF,e covered was 100(Dn<1300, for

toroidal coordinates and Pr(5.

2"3"5 Secondary Stream Function with Vorticity

Since 1972, Kalb and Seader [42],[43], and Austin and
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Seader t44l have presented their results which combined a

streaE function and vorticity in the secondary flow fie1d,

for I(Dn<I000. The Nusselt number results were in

aq,reement with other numerical treatments, and also for

experimental air data, but vrere significantly high for

Pr)I" Axiaf vel-ocity and thermal fields r¡/ere illustrated

using three dimensional surfaces under various conditions.

2"3.6 Boussinesq Approximation

In 1980, Chilukuri and Humphrey t45l produced results

of their study on curved square ducts, which utilr.zed the

Boussinesq approximation to aid in studying the effects of

buoyancy-induced recirculation. The duct modelled r¡Ias a 90

degree bend at moderate Reynolds number and high Grashof

number. They concluded that when buoyant forces r"Iere

aligned with the secondary flow field's dipole, heat

transfer was consÍderably enhanced "

In 1983 and 1985, Lee, Siraon, and Chow l46l rl47l

produced nearly identical papers which reported the

findíngs of a numerical study of curved tube buoyancy under

the Boussinesq approximatÍon " The results agreed in trend

with other nuürerical studies, and represented an extension

of the work by Prusa and Yao t35] by enlargement of the

Dean-Grashof map of forced, free*forced, and free
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convection doroinance regions " The nevr range r^ras 0(Dn<150,

0(Gr<60,000 for toroída1 coordinates, however, no boundary

equations vrere provided for the region limits.

2" 4 General Comments and Evaluation

WÍth respect to the experimental heat transfer

references reviewed I I2 ] to 1.241 , it is evident that many

combinations of rel-event parameters, for example Re, Pr,

D/d, etcetera, have been investigated, and in different

qrays " Some researchers use distilled water for turbulent

I l2 ] or high Reynolds number tests only I t6] , t 201 whil-e

others used mixtures I tZ I , [22] , or air t l3 l. The observed

range of diametral raÈio was 5.3 <(O / d )< 104 with tube

pitches h< 5d (where mentioned ) , except t l0 ] which covered

h>5d in a purely isothermal investigation. Most

investigators declined to Eention the helix orientation,

f eed direction, or how the entry length r^/as attached I,tZ1

to [15], [17], Irs1, [2I] to lz+1" some researchers heated

the straight entry length in whole or in part II2], [22],

while one research group allowed two coil turns to fu1ly

develop the secondary flow field prior to heating 1241"

Most investigators make rnention of how the fluid properties

erere evaluated, whereas a few do not If3], [16], II7], and

the resul-Ès produced generally fit correlations in
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bandwidrhs of + 16"/" to t ZO"l "

For the Neuuann boundary condition, the Dean number is

the mosÈ widely accepted correlation parameter although

only one Nusselt number correlation reduces fo the forced

convective value of 4"36 for flows and/or geometries

approaching the straight tube linit " For the Dirichlet

boundary condition, it appears that the accepted parameter

is the Graetz number r{ith the Nusselt number based on either

AMTD or LMTD. The Graetz number has also been utilized

for analysis of the Neuuann boundary condition, however,

it has not appeared in the associated correlations.

Probably the most important poínt in respect of the

experiuental heat transfer investigations is that no

research group has (yet) undertaken experimental work with

high pitched helices. Also , no previous researchers have

evol-ved the concept of the geometric continuum map

postulated herein (Figure 1"3).

In terms of the analytical/numerical references

reviewed l25l to 1471, only ï321, [33], and t34l include

the effect of pitch. All others assume toroidal

coordinates, ¡,¡ith t26) suggesting a correction f actor f or

finite pitch coils " The inclusion of nany of the non-
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experimental work revÍewed hereín is for the sole purpose

of completeness of subj ect material, to emphasi-ze some

interesting results at the conceptual 1eve1, and to

identify relevant correlating parameters.

An additional note is that a number of correlations,

whether experimental or analytical, utilize ratios with

respect to straight tube phenomena. For example, use of

the friction factor ratio fclfs where fs=16lRe (or 64/Re)

or the Nusselt number ratio Nuc/Nus where Nus=4.36

(Neumann ) or 3.66 (Oirichlet ) is quite common---especially

in numerical work. These ratios are somer¡hat tenuous for

coiled tube flow of Re=5000 (for example: 1a¡ainar for

D/d<70) when fs and Nus are laminar based, yet at this

Reynolds number the straight tube flow should clearly not

be laminar "
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Chapter 3

EXPERIMENTAL INVESTIGATION

The flow parauìeters in this investigation cover the

laminar range from nn=RelÑO=ZO to the parti-cular test

sectÍon's calculated point of transition. The working

fluid is distilled water, 3(Pr(6, wírh a bulk inlet

temperature of 40"C, or 20" C, and a bulk teuperature rise

of up to 20oC, dependent on the flowrate and the heat

inpu t .

3. I System Design

An experimental system in the free convection 1ab of

the University of Manitoba engineering complex has been

modified to accommodate the objectives of Ëhis project by

running helical coil test sections in a circuit paralle1

to the exÍsting internally finned tubes experi-ment.

Instruulentation readouts r¡rere shared as only one of

the t\,no experiments Ì'üas ín operat ion at a par ticular tine .

Figure 3.1 Íllustrates the shared portion of the

experimental system, !¡ith both the closed circuit working
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fluid 1oop, and the open circuit cooling 1oop.

3"2 Test Ffuid and Cooling Loops

The cooling loop provides a sink to remove heat

gained by the working fluid passing through the test

section connected to the test fluid circuit. A tap-fed

reservoir of cíty r,rater v/as pumped through a f lor{rneter,

follov¡ed by two double-pípe heat exchangers before being

discharged to a drain. The flow rate was controlled by two

gate valves such that the flow in excess of that required

for adequate cooling returns to the reservoir.

The working fluid circuit consists of an insulated

reservoir of distí11ed water which v/as circulated by a

centrifugal pump through a filter to the test sectÍon

circuit. Choice of test section circuits was provided by

two three-way ball valves, one in each of the working fluid

supply and return 1ines. The working fluid returns via one

or two flow controlled double-pipe heat exchangers and a

flowueter bank to the main reservoir, closing the circuit.

Both the heat exchangers and the flowmeters may be bypassed

completely, and all piping was fully insulated excepting

flowneters and line pressure gauges. All flo¡¡meters were

calibrated in-sj.tu by timing a volume flow for the
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graduated markings gÍven, and measuring the fluid

temperature. The f lowmeEers used \¡rere calibrated at 8" 3,

4"2, 17 "9, 62"5 g,rams/second of distilled water. The f 1ow

rate to the test sections was controlled by t\,/o F,ate valves

such that excess fluid flow r{as returned to the

reservoir by way of a bypass line. The test fluid system

was capable of providing flow rates corresponding to

Reynolds numbers in excess of I2,000 for a I3 rnm i.d.

straight tube which was more than adequate for the present

project. A note from prevÍous research in this facility

vras the lower flow limiÈ of Re=325, beyond which system

pressure fluctuaËions negated steady flow throughout the

working fluid circuit. However, instal-lation of 1ow

capacity flow meters with integ,raL needle valves has since

e1i-minated thÍs limitation r¿hen using the procedure

described herein. Both the working fluid and cooling

circuits \"/ere fil1ed by pumping cont.inuously from their

respective reservoirs and drained from the noted points in

Figure 3"1.

3.3 Test System

The helical coil test system, as sho\.rn in Figure 3.2,

has been designed to al1ow for an "open-ended" versatilÍty

in that a wide range of test coil geonetries can be
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accommodated using an exacting standard

of the same inner

s¡ater was supplied through a flexible

rigid plastic hydrodynamic entry length

diameter as the coí1ed tube, prior to

The distilled

plastÍc hose to a

entering the test coil " At the coil exit, the water passed

through a shorter version of the entry length, followed by

another flexible hose príor to entering the system return

1ines. The flexible hoses a11ow for the different angles

of the entry and exit lengths due to variations in test

coil geonoetry, and the entry/ exít lengths conform to a zero

degree angle of incidence requireüent at connection to the

test section. The test coil, exit lenBth, and part of the

entry length r^rere mounted r¡ithin a dual purpose insulated

canister designed to accomrnodate the noted variations in

coil geometry while providing a receptacle for atmospheric

steam and, alternatively, a safe containment for

substantial levels of resistance heating current as

required. All píping, hosinB, and the entry/exít lengths

were fully insulated. The test coils were insulated during

the Neumann boundary condition tests on1y"

3"3.1 Entry/Uxit Lengths and Coil Connections

Due to the use of tubewal-1 resistance heating, non-
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conductive entry and exit lengths r¡/ere used Eo connect

with the test coí1 via brass fluid fittings" The

electrical connections to the coils \¡rere automotive battery

cables and brass lugs nounted on the brass connector

fittings using an extra nut provided with each of the fluid

fittings" The entry and exit lengths rrere about I60 tube

diameters and 60 tube diameters respectively, and connected

after insertion into the particular coil end fittings.

The connecting surfaces \¡rere sealed against the coil end

using a film of silÍcon sealant. The entry length was used

as a hydrodynamic settling length after measuring the inlet

bulk temper ature. The exit length hras similarly

instrumented, but of a shorter length since hydrodynamic

settlÍng is not necessary do$rnstream of the test coil. A

rnixing cup v¡as considered unnecessary downstream of the

coí1 since the secondary flow would provide adequate mixing

as it encountered a thermocouple probe inserted into the

main flow stream. A pair of brass fluid fittings were

silver-soldered to each test coil and remained with that

coil thereafter. The fluid fittÍngs !üere reamed to provide

good concentricity between the coil and entry/exit lengths;

and approxímately three tube inner diameters of the coil

proÈruded into the fitting at the time of soldering" This

allowed the coil end to sit radially beneath the electríca1

1ugs. Extreme care r./as exercised to ensure that connection
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of the entry and exit lengths to any test coil maintains

zero degree angle of incidence in space (colinearity) as

indicated in Figure 3" 3" This removed any possibility of

adverse entry effects prior to the flow encountering the

helical coil, except those forced upstream by the coil

geometry itself.

3. 3 " 2 Housing/Mounting Chamber

The test coil assembJ-y was mounted inside a dual

purpose Ínsulated chamber, accoûrinodating as r+ide a variety

of coil geometries as possible while remaining handleable

for in-situ servicing and dis-assembly. The chamber had

three axía1 flange-connected sections with an instrumented

flat 1id. As shol{n in Figure 3.4, a1I sections need not be

used at once unless the test coil geomet.ry demands it.

Design considerations also allowed for t\,ienty flange bolt

positions so that the access slots in the chamber

sections' wa1ls need not always be aligned. Different

entry to exit length angles (in the plane of the helix) may

therefore be accepted by assembling the

after rotating them to suit the intended

canister sections

test coi1. The

1id of the chanber is

outlined in Appendix

stand for steam trap

flat and carries instrumentation as

A. The overall unit is mounted on a

clearance, r{as externally insulated
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Coil Point of

Coil

Angle of lncidence

Volloge Ring
Connector

ffi:ffi^
Power Busbor

Figure 3.32 Coil- Connection Details
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lo Condenss

Access Port

lnlel Porl

lnstrumenloiion

Figure 3.4, Steam Environment Chamber
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for the Dirichlet boundary condition, and internally

instrumented with wa11 mounted copper -constantan

therrnocouples. The instrumentation \./as identically mounted

for interchangeabilíty of positions as required. The

sidewall access slots were closed off after installation of

the test section and enËry/exit length connections such

that no steam leakage occurred (nirichlet boundary

condition only).

3.3.3 Coil Support

I"ihether the coiled tube was prior insulated (Neurnann

condition) or not (nirichlet condition), the test section

v/as mounted using a vertical rod and laboratory-standard

adjustable finger-c1amps, as shown Ín Figure 3"5. This

system allows for any tube geor0etry since it is a building

block concept in frame construction. The rod fits into

holding cups aÈ the top and bottorn of the mounting

canister" The top cup üras welded to the underside of the

canister 1id while the bottom cup was tripod rnounted to

alIow for proper condensate drainage when needed. The

support rod itself is sectioned to a11ow for use of one,

two, or three canister sections as necessary.
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Figure 3,5, Coil- SupPort SYstem
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3"3.4 Boundary Condition Equipment

The Neumann boundary cond i t ion \,¡as appl ied us ing

direct current heating between the coil end fittings by use

of a Hewlett-Packard Harrison 6260A dc po\,rer supply (0-10V,

0- l00A) and automotive battery cables " The Dirichlet

boundary condition \^ras applied by use of atmospheric steam

delivered to the housing canister through a sÍdewall

f itting " A sma11 3 kl,I electric steam generator

delivered sËeam in an open circuit with a downstream valve

set to allow only excess steam out of the canÍs ter .

3.4 Coil Manufacture

Test coils were manufactured from 6.35 mm 0. D" x

.889 nm wa11 thickness, circular section 11304 stainless

steel tubing. To preserve cross-sectional shape, 25 mm of

one end of the length to be wound \,ras crimped shut by use

of a vise, and the tube r¡/as f illed f rom the open end with a

fine g,rain sand" After shock cornpacting and topping off

with additional sand, the open end \{as also vise-crimped

shut. It should be noted that the length to be wound

included an extra 150 mm to 300 rnu to account for end

crimping, and short end lengths which could not wind into
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shape properly due to mandrel and winding tool attachment.

The tube Iength may be wound either mechanically by 1athe,

or manually by hand" The manual method is preferred due to

the minimal set-up and winding time, and also since there

is no limitation on the size of the mandrel or the space

required to perform the windíng process. In either rlethod,

mechanical spring- back of the tube must be accounted for

by undersizing the mandrel, allowing the coil to spring

back to the desired size and shape upon rel-ease.

The simplest method of wÍnding a coil to a specific

pitch is to draw the winding path as straight lines at

pitch anglu rÊ, on a f lat sheet of paper and to \^rrap the

sheet directly on the rnandrel. This ú/orks well f or the

manual winding method where one end of the prepared tube

length is securely clamped to the end of the mandrel and

the tube \¡round on the lines drawn, under a slight tension.

At the same time, the mandrel may be rotated in the

opposite directíon " It is of the utmost importance to keep

the tube in tension at all times during winding since a

release of tension wÍI1 initiate premature springback. To

obtain a result within 3 to 5 tube diameters of the desired

geoDetry, the pitch angle is drawn undersized to .8 h/d and

the mandrel ítse1f undersized to .85 D/d" For close

pitched helices the underdrawn pitch angle is not critical "
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However, the springback phenomerron is essentially a

rotation in the plane of the helix ( refer to Figure t. I )

and its error increases significantly with pitch.

Dependent on the tube diameter and wa11 thickness, the

wound product may be malleable enough to al1ow correction

of small errors by hand. It is not reconmended to attempt

modification of maj or errors under any circumsËances since

this rnay result in significant distortion of the coil

geometry or the tube cross-section "

After winding, the tube end lengths not conforming to

the desired coil geoloetry t.rere cut off, and the compacted

sand removed by tapping the coil while rotating it about

its axis. The cut coil ends qrere filed square to the tube

centreline at the respective ends, and deburred without

scarring the inner surface of the tube" The coil electrical

resistance \¡ras neasured prior to attachment of brass fluid

connector fittings by passing a one ampere direct curr ent

through the tubewall and measuring the voltage drop across

the coil. The coil and tube size T¡rere measured at the ends,

and Íts diameter and pitch in four locations chosen at

random. The described nethod of coil manufacture has been

determined by test trials associated v¡ith the present

project and may be applied successfully under sirnilar
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conditions " Samples \Árere wound manually on dif f erent

mandrels to determine springback and subsequently cut down

to check for dlstortion of the tube bore" The final four

Lest coils \¡rere manually wound in a twenty minute concerted

effort by three people. LIhile this method has only been

applied to tubes of circular cross- section, ovoid and

rectanguloid sectÍons of similar size and wa11 thickness

are expected to be equally successful.

3.5 Instrumentation

Heat transfer and pressure drop data r^/ere obtained

using thermocouples and static pressure taps attached to

the test coi1s. The statÍc pressure tap holes which

access the f luid f 1o\^/ \,/ere .635 mm to .762 mm in dÍameter

to allow proper pressure neasurement from the 6.35 mm 0"D.

x .889 mm r,¡a11 thickness tube " The holes r{ere electrically

discharge machined using a brass wire electrode

approximately "695 mm diameter by 25 mm 1ong. This ensured

that no burring would occur on the hole edges inside the

tube coil and negated the necessity of de-burring which was

difficult for this application. Drilling of the pressure

tap holes is not recommended due to the production of

internal burrs and the possibility of breaking numerous
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drill bits. Sample holes vrere machined and inspected to

conf irm that no internal burrs r,Jere produced.

The tap holes r^rere electrically discharge machined

before j-nstallation of the tap tubes, as illustrated in

Figure 3.6" To avoid tap hole blockage during silver-

soldering, the holes vrere temporarily filled using a

composite clay known as a high-fire body. This material is

stable to approximately I2B0' C (cone ll 9 on the ceramic

pyrometry scale ). The composition of the clay used in this

project and details of the pyronetry scale are provided in

Appendix B. Tests showed that silver-solder would not flor¡

over the ceramic surface during tap tube attachment. After

the pressure tap tubes rìrere soldered in p1ace, the ceramic

!ras chÍpped out of the hole using the prior noted brass

electrode wire, and the debris was flushed clear of the

coil . Placement of the tap tube r.ras at tempted prior to tap

hole machining during a prelirninary test, but required an

excessive electrode length" The electrode buckled as a

slender coluton and arced against the tap tube wa11 creatÍng

a hole in the tap tube " Each pressure tap station \^ras

connected via 3.2 mm bore tygon plastic tubing to a valve-

selective multi-port manifold. The manifold allows various

combinations of pressure taps to be accessed for

measurement of pressure differentía1s, with appropriate
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Figure 3,6, Pressure Tap Drifling Process
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ends connected

pressure ports

via the same tubing to Èhe high and low

of pressure transducer The tubing \,ras

secured at the coil tap using an epoxy resin glue and was

sealed at the manifold and transducer fluid fittings using

sÍlicon sealant.

The transducer used was a Rosernount l151DP Alphaline

differential pressure transmitter, electrically supplied by

a Lambda LL-905 regulated dc po\,¡er supply, The pressure

transducer was set for calibration E (4me to 20mA) and

calibrated in-siLu to read I to 5 volts linearly across a

for 0 to 30 inches (762 um) of

po\4rer supply (O to 120V, 0 to

with the current unlimited to

250 ohm, I/8 vratt resistor

distilled water (ttOtt). The

65 nA) was set at 24 volts

allow the transducer to operate within its specifications I

range while drawing what current it may require at various

pressure differentials. The I to 5 vol-t transducer output

was read on a Keithley 177 Microvolt digital multimeter set

for the 0 to 20 vdc range.

Tubewall thermocouples Írere no t at tached directly to

Ehe tube coil surface due to interference of the resistance

heating method. The tube was f irst r¡rrapped in a single

layer of Scotch brand electrical insulating tape, and the

thermocouple bead taped to the neLr "tube surface", as
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suggested by Bergles and Rohsenow t 57 ] . A pair of copper-

constantan, 24 gauge thermocouples r^rere mounted at each of

twenty axial stations by winding approximately I20mm of

each in the coil-upstream direction until the bead end

came into contact with the wrapped coi1. 0ne bead made

contact on the outer radial coil surface and the other bead

on the opposite surface across the tube diameter. The

winding negated thermocouple errors due to thermal

conduction in the thermocouple leads and all thermocouples

were covered by electrical tape to keep it from unwinding,

as shown in Figur e 3"7. The thermocouple pair \¡ras then

slid over the tube coil to its selected position and taped

in place ensuring initial bead contact on opposing

surfaces. The unÍt vüas then fully covered wÍth electrical

tape.

The copper and constantan leads have spade lugs of

their respective materials soldered Ín place and \¡rere

connected by copper-constantan terminal blocks to turo

rotary selector swiËches. The output of the switches

was connected to a Leeds Northrop digital Numatron 938

temperature readout accurate to "l degree on the Fahrenheit

sca1e. All thermocouples r^rere calibrated agaínst a

precÍsion theruorBeter at a number of temperatures and the

corrections accessed from a data file during actual data
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conver s 1on "

The test coils \,¡ere fully insulated prior to

thernocouple calibration and Neumann boundary condition

tests using an adhesive-backed insulative tape 50 mm wide,

doubly secured by duct tape. A pressure tap leak check \^¡as

run between isothermal friction factor tests and the

insulating of the coils. For the Dirichlet boundary

condition, the coils vrere completely stripped of

insulation, thermocouples, and electrical tape.

Detailed geoüetric and instrumentation data for the

tested coils is supplied in Table 3. i ¡vith an analysis of

equipment specifications and associated errors affecting

data conversion provided in Appendix C.

3.6 0perating Conditions

0perational conditíons were determined based on

calculations involvÍng distilled water (HOit) at 40" C,

passing through a " 180 inch (4.57 mm) internal diameter

tube. The laminar flow range of 100(Re<6000 was selected

based on Eqn (2"2 ) for the transition points to turbulence,

and based on the chosen coil diametral ratios operating at

a Dean number as low as 20" The cl-ose pÍtched helix range
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Instrumentation Specif icat ions
Coi]- Number
Díametral Ratio
Pitch Ratio

7

29.
5.

23+5
29" 49" 50" 4"
60. 5" s8" 61.

Pressure Tap Locations
(x/ d from upper connection )

5. 5. 3" 3. l.
100. It5" t67" 175" 286"
r93" 225" 32r. 337.
287. 332" 475" 494"
379. 439" 529" 525"
472" 525"
52r.

Total
Pitch
Numb e r
Entry

Exit

Tube, L/d 526. 530.
4.7 46.
5.6 4"
6.8 7"
0" 0.
6.9 6.
0. 0.

Length of Coiled
AngIe (degrees)

of Coí1 Turns
Fitting Deprh
Squareness
Fitting Depth
Squareness

532" 528" 286.
I 3"0 30.1 82.
7 3"4 3.r 4"
r 6"5 6"6 6"

0. 0. 0.

5

5

3

7 6.9 6.4 s.9
0. 0. 0.

Therurocouple Locations
(x/ d from upper connection)

10. 7.
2r. 19.
33. 29.
44. 39.
56. 46 

"67. 60.
78. 88.

r07. 126.
r33. r47.
r 53. t7 2.
r83. 206.
213. 244.
242. 27 4 .
273. 304.
330. 333"
367 " 36s.
440. 406.
465. 446 "502. 496.
5r8. 525"

6. 6.
r.6. r6.
25" 30"
35. 43.
46. 55.
57 . 69.
70. 80.
90. 91.

1t5. tt5.
r35. r38.
155" 162"
178. 179.
217 . 20r.
249. 224.
289. 246.
307. 297.
383. 34r.
46r. 424.
5r0" 498.
527 . 524.

Note: (i)
(2)

Isotherual tests covered coils 1 to 5.
Neumann boundary condition tests covered coifs
I to 4 with thermocouple stations detailed
abo ve .
Dirichlet tests covered coil 2 onl-y due to
equipment limitations, and used six randomly
placed wa11 therurocouples not detailed above.
Coil 2 was shortened to L/d=335 for the
Dirichlet boundary condition to allow it to
fit into the steam chamber.

(3)

(4)
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provides the widest field of conditions since the high

pitched helices are expected to be limited somewhat closer

to the straight tube laminar regime.

The tube coil electrical resistance \,ras calculated

based on resistance data for the same tube materÍa1, but

different geometry, as in use in the vertical two phase

f 1ow 1ab (n- 325). Using the f ormuf a R=¿re L/A yields a

resistívity of :

e"= 7 " 023 I0-5 t c^z/c^ (3.1)

Thus, f or a 4.57 mm internal- diameter tube of .889 mm v¡a11

thÍckness with a 2 metre length, R=. t07JL. The required

por¡rer input at the highest nass f 1ow f or 40" C vrater with a

temperature increase of 10o C \¡ras 589 Watts based on

Qf=rírcpÁT. At the 1ow flow end the required input was 8 W.

Using qe=I2R, the maximum required tubewall current was

close to 75 amperes. Similar calculations for distilled

water at 20" C showed that the maximum required current

would rise to 100 ampereso For this reason, the inlet bulk

temperature of the working fluid was maintained at a

value near 40"C for all high input poq¡er test runs" The

actual tubing used for manufacturing the test coils q¡as

number 304 stainless steel, 4"57 mm internal diameter at



74

.889 E¡m wa11 thickness. Af ter

tested as outlined in

resis tances between

2"275 n and 2"350 m.

corresponds to (r =7 "

5"/" off the published

Appendix

manufacture,

D and found

llOJLand .ll6-n-for tube lengths between

A check calculation showed that this

37 Ig x IO-racmt /"^, which is less than

values for nurnber 304 stai-n1ess steel

the coils were

to have

3.7 0perat ing Pro cedure

Test coils qTere tested under

and Dirichlet boundary conditions

the isothermal, Neumann

3"7 . I Isothermal Boundary Condition

Iso thermal- Les ts ¡.rere conducted to evaluate the

friction factor in the laminar flow regime. For each coil

the pressure drop Þras recorded between pressure tap pairs

at various Reynolds numbers between Re=147 and Re=7000.

I,Iider intervals of Reynolds numbers urere used in the

larninar regime than in the estimated zone of transition to

turbulent flow (ne>3500 ). Inlet and outlet bulk

texûperatures were recorded to prove that no heat r^7as added

and to determine \,rater propertíes used in calculating the

mass flow, Reynolds number, and friction factor.
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Indívidual tap-to-tap values

overall value was cal-culated

f c lrere calculated. An

the average after deleting

of

as

the readings for the inlet and exit

possible.

of the coi1, where

3"7 "2 Neumann Boundary Condition

Prior to running the Neumann boundary condition, the

insulated coil tubewall thermocouples were calibrated in-

siru against a precision thermoneter at four fixed

temperature leve1s " This hTas accornplished by submerg,ing, a

1500 watt heating element in the distilled water reservoir

and running the working fluid system until steady state \.ras

reached. The actual temperature !Ias read from a previously

calibrated thermocouple inserted into the fluid flow.

Corrective differentials for each thermocouple I¡/ere

determined for each temperature level between 20" C and 70" C

and entered in the thermocouple calíbration data file for

conversion programming access. The maximum correction

observed r^ras 3.5"C at the highest calibration 1eve1, with

much smaller correctÍons in the 20"C to 50'C range.

Each of coils 1 to 4 was tested at several Reynolds

through that

turbulent flow.

numbers covering the laminar flow regime

particular coil's point of transition to
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The heat input was set to produce a 10"C to 15"C bulk

temperature rise across each coil, usíng a bulk

inlet teû¡perature around 40"C for each flowrate, Each test

run \,/as allowed to continue until steady state was reached

prior to data recording. Steady state was deterüined by

the stability of Lhe pressure transducer, thermocouple, and

flowmeter readings. The following, data vras recorded on a

rav/ data sheet and later entered into a personal computer

rar^r data f ile f or conversion:

I Inlet and outlet bulk tetnperatures in " F

2 Tubewall temperatures in o F

3 Input current in amperes

4 Coil voltage drop in volts

5 Pressure differentials in volts

6 Flowmeter reading ( sightglass graduations )

7 Miscellaneous coil identification and condition data

3.7 .3 Dirichlet Boundary Condition

Prior to running the Dirichlet boundary condition, all

test coils are completely sÈripped of insulation,

thermocouples, and electrical tape; and mounted in the

atmospheric steam housing chamber. Six randouly placed

tubewall thermocouples were attached directl-y to the tube



77

surface using electrical tape, without winding. Steam was

delivered to the chamber at atmospheric pressure by a 3 ki^l

steam generator. Condensed steam \¡ras dÍscharged to a drain

through a bottoû-mounted stean trap. Each coil hras tested

at various Reynolds numbers using a bulk inlet temperature

of abou t 25o C, however, results \¡¡ere only obtained f or the

shortened coil 2" The follov¡ing data was recorded upon

achieving steady conditions :

I Inlet and outl-et bulk temperatures in o F

2 Environmental teüperatures j-n oF

3 Selected tubewall temperatures inoF

4 Flowmeter reading (sightglass graduations)

5 Miscellaneous coil identification and condition

data

3.8 Data ConversÍon

Raw experimental data was converted using a specially

prepared software package developed in Fortran 77 using the

UCSD-p operating system as illustrated schematically in

Figure 3.8" The software package $ras run on an IBM

personal computer with serial ports linked to an Epson FX-

100 dot matrix printer and a Hewfett-Packard 7475A

plotter" Raw data was entered tnanually from the
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experimental data sheet into a unique rar¡r data fÍ1e for

that particular run. The program then converted the data

according to the isothermal, Neumann, or Dirichlet boundary

condit ion no ted in the rat,r dala file , and outputs the

converted data to a matchingly unique converted data fi1e.

During data conversion, the program also accessed other

data f iles for r.rater properties, f lowmeter and thermocouple

calibrations, and coil data on geometric parameters and

instrumentation locations "

Raw data, converted data, and conversion prograrnming

v/ere stored on three separate, I2.7 cm magnetic discs to

maximize experimental data storage versatility. The

different discs lrere inserted by Èhe user when prompted by

the running data conversÍon / pLotting prograrDs. Further

software details and program listings are provided in

Appendix E in a user ulanual forroat. A sample run

calculation for all boundary conditions is provided in

Appendix F detailÍng calculatíons common and exclusive to

each of the different boundary conditions. The following

briefly summarizes the data conversion process and details

the general equations utilized by the software package.

I All thermocouple readings were corrected using the

thermocouple calibration data file.
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2 Mass f1o\,¡rate r{as determined using the flor^/rleter

calibration data file (ref. 20"C), and corrected for

density to the actual average bulk temperature for

that particular run.

3 The station to station pressure drop determines the

friction factor, fc, using:

u=ñ/ g Ac

fc=.5g (d/ax) Á,p/uo

Á p Ín mm of water

u in m/s

(3.2)

(3.3)

4 The heat povrer absorbed by the fluid is calculated

dù.

qf=åcp(Tuo-Tbi) warts (3.4)

5 During all- calculations involving \^rater properties,

a single degree Íncrement data file is accessed,

scanned, and linear interpolation employed to

determine the properties between consecutive data

points listed. The data points were deÈermined by

plotting published data t Eraphically fitting an
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appropriate curve, and

curve in increments of

visually digi tízing, this

lo c.

For the Neumann boundary cond i t ion :

The electrical por,Jer input I^Ias calculated

Qe=VI l^Iatts (3"5

is the measured coil voltage drop in volts

is the current set for the test run in amps

The percentage heat balance hTas calculated

HB=(Qe-Qf)xr00/Qe (3.6)

The observed heat balances r,¡ere such that the

average value \./as about 3"57! with over 907. of

runs falling within B%. A heat balance of less

than 8"/" was consÍdered acceptable.

The 1oca1 bulk temperature at any axial position

\,ras evaluated by linear interpolation between Tbi

and Tbo since it is assurned that no heat addition

occured along the acrylic entry and exit lengths"

V

I
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The thermal conductivity of number

steel was evaluated from Í57 l:

ks =( " OO++S

W/m. K

the average

readings.

Twa + 8"46

of all inner

304 stainless

) x 1.7306

(3 "7 )

surfacewhere Twa is

thernocouple

t0 The coil inner tubewall surface temperature I¡ras

evaluated at any axial position using the

measured outer tube surface temperature and the

following relation:

Twi=Two- .0289 9 xQe / ( l-. ts ) (3.8)

Equation (3"8) is the solution to the classic

insulated tube problem using an internal heat

generatíon teru, and simplifying for the present

tube geonetry. It assumes radial heat conduction

only through the tubewa11, uniform heat generation

in the tubewa1l, and perfect insulation at the

outer surface" Two is the average of the two

measured outer surface tenperatures at the axial

position under consideration.
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1 t The Iocal Nusselt number was calculated as :

Nux=(Qf/As)(d/k)/(rwi-Tbx) (3.9)

Qf was used rather than Qe because Qf was the heat

actually absorbed by the fluid whereas some of Qe

r^ras lost externally" 0ther local paraneters such as

Reynolds (Rex), Prandtl (Prx), and Grashof (crx)

numbers were cafculated also at local fluid

properÈies; wÍth the Grashof number using the

relation:

Grx=g () di3 ( Twi-Tbx ) (3.t0)

I2 xFu1ly developed paran

-ùz

eters r{ere calculated as

average of axial stations

3 to l8 inclusive

eval-uated at average bulk

temperature

evaluated at average bulk

temperature

using fu1ly developed Re

and Pr numbers

average of axial stations

3 to I 8 inclus ive

using fully developed Re

(a) Nusselt noo (¡tu)

(b) Reynolds no"(ne)

(c) Prandtl no. (Pr )

( d ) Gr aetz no . (cz)

(e) Grashof no. (cr¡

(f) Dn and Dn*
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For the Dirichlet boundary condition:

13 The logarithmic mean temperature difference was

calculated as:

LIITD=( Tbo-Tbi ) /Log [( rw-rui ) / ( Tvr-Tbo ) ]

(3"ir)

Tw was the average of six randomly placed outer

surface tubewall thermocouples. Variation was

accepted within IoC. LMTD is used throughout

industry in heat exchanger design and evaluation"

I4 Fully developed param

(a) Nusselt no. (l{u)

(b) Reynolds no.(ne)

( c) Prandtl no. (rr ¡

(d) Graetz noo (cz)

(e) Grashof no. (Gr)

eters hTere calculated as:

eqn (3.9) substituting LMTD

in place of (twi-tUx)

evaluated at average bulk

temperature

evaluated at average bulk

teuperature

using fully developed Re

and Pr numbers

eqn (3"10) substituting LMTD

in place of ( fwi-fbx )

using fu11y developed Re(f) Dn andDn*
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A coEplete listing of all converted data files ís províded

in Appendix G.
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Chapter

RESULTS AND DISCUSSION

In this chapter, a preliminary analysis is discussed

based on the literature review of chapter 2 and some of

the theoretical concepts of chapter 1. This is followed

by pïesentation and discussion of the present results of

pressure drop wÍth and without heat transfer, and the

Neumann and Dirichlet boundary condition Nusselt number.

Comparisons are made with other results available in the

literature when possible 
"

The Dirichlet boundary

condition dara is highly limited due to technical

difficulties with the available fací1ity.

4"I Preliminary Analysis

I"Iith respect to the coí1 geometries considered, and

the possibility of investigating the boundaries of the

geornetric continuum map postulated in chapter I, a

preliminary analysis is presented as fol1ows. Utilí-zing

Equation (2"2) and the correction of Truesdell and Adler

I26l as used by Mishra and Gupta [10], contours of constant

criËical Reynolds number are plotted as a map of (l/¿)

versus (h/d), as shown in Figure 4.1. This vras done by
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selecting (h/d) and calcul-ating (D/d) for a given crítical

Reynolds number " This is duplicated in Fígure 4"2, on

¡,¡hich the previous experímental coils are noted ¡.¡ith

appropriate references, and the coils pertaining to this

investigation ( I to 5 ) are also marked.

An initial consideration of Figure 4" I is that the

overall foru Índicates not only contours of critical

Reynolds number, but contours of constant curvature or

equivalent geometry. This ís logical, based on Eqn (2.2)

and substituting (nc/a ) for (D/d ) , and has been

substantiated in terns of isotherrnal transition and

pressure drop by Mishra and Gupta [ 10 ] ( refer to section

2.2"2). However, it remains to be proven or dísproven for

heat transfer in the present investigation. From coils' I

to 4 Iocations investigated in the present study, it

appears that 1itt1e effect of pitch is expected due to

similar curvature. Therefore, if the effect of pitch is

ímmeasurable within the limits of experÍmental error, the

first step in non- isothermal substantiation will have been

gained " This means that the modified Dean number , Dn*,

wil-1 be partÍa11y accepted as an appropriate correlation

paraneter for he1ica11y coiled tubes, pending further

research. If, however, the effect of pitch is substantial

for coils 1 to 4 , an initial trend raay then be
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esEablished wÍth respect to the "correct" heat transfer

contour shapes to be rnore rigorously defined by further

research. The aforegoing may not, however, apply to free

convection flow regimes which are also considered " Also,

an initial substantiation of the geornetric continuum map of

Figure 4.1 nay a11ow this concept to be extended into the

third dimension as shown in Figure 4"3, with two projected

views as sho\rrn in Fígure 4.4 and Figure 4.5 respectively.

The inertial flow regimes are typical of the continuum

effect which are postulaËed as due to the geometric

parameters and the flow parameters of he1ical1y coiled

tubes "

Another aspect of the geometric continuum map of

chapter I is that for significant pitch and a zero

diametral ratio, a rectangular/oval twisted tube or a

straight circular tube phenomenon üay be produced. To test

this theory in light of Figure 4.1 and Figure 4"2, coil 5

of pítch ratio 6l and diametral ratio 4 v¡as employed, but

on an isothermal basis on1y" The latter restriction !/as

due to the test section length (f/d=286) lacking sufficient

resistance to a11ow application of the Neumann boundary

condition, and the length being too long to fit in the

avaílable steam chamber,
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The five coils tested under the present study are

def ined parametrically in TabIe 4.1, and \¡rere examined

the laminar flow regime up to each test sectionts

calculated point of transition ( refer to Eqns 2.2 and 2.3)

4.2 Pressure Drop Results

This section is divided into subsections for separate

examination of isothermal and non-isothermal pressure drop

measurements. The experimental procedure employed was as

described in chapter 3 with the friction factor calculated

based on the measured mass flowrate and the tube inner

dianeter. The f luid properties r¡rere evaluated at the

average bulk temperature. Coils I to 4 had one

pressure tap per turn whereas coil 5 had only inlet and

outlet pressure taps " For coils I to 4 , the first and

last pressure differentials vrere ignored in calculatíng the

average friction factor for the run¡ The majority of the

friction factors t,rere within about 5"/" of the average value

indicating a very short entry length, always less than one

coil turn if observable at all"

4 " 2" I Isothermal Flow

1n

The iso thermal friction factor as a function of
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Toble 4.1, Test Coil Porometric ond Test Doto

Coit No. D/d h/d Dc/d' *.(.r)' Dn(cr)3 Dnx(cr)a L/d r)td6
I

2

3

4
5

29
29
49
49
4

5
60
5

58
6l

29.1

41.6

49.r

5 6.O

98.3

6802
6067
5755
55r7
4608

I 263
n27
822
788

2304

r 263
948
822
738
465

526
5285

532

528
286

a-
r5 4.t

NoTes: I Dc/d = D/d {' * t }t'12 } Truesdell & Adler t26l

2 Re (cr) = 2O,oOo toc/dl '32 tto [9] & note I

3 Dn (cr) = Re(cr) O/dll/Z

4 Drr*(cr) = Re kr) (ocn)-l/Z

5 L/d of 528 reduced to 335 for Dirichlet ?ests.

6 Lenglh of one turn ¡n "d'r -¡s1 volid for high pitch.
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Reynolds number is presented in Figures 4"6 to 4" I0 along

with the accepted straight tube laminar Hagen-Poiseuille

1ine. As expeeted, all five test sections approxirnated

straight tube flow at Reynolds numbers less than 300,

irrespective of their coil geometries " This is directly

attributable to the weak centrifugal force fíe1d being

unable to generate significanË secondary flow vortices at

1ow Reynolds numbers o As the Reynolds number increases ' it

is seen from Figures 4.6 to 4. t0 that the friction factor

is increasingly in excess of that in straight tube 1amínar

flow. The initiation of transition to turbulent f1ow, as

noted by Ito [9], is usually a minor change in slope for a

standard f c vs. Re plot. As shown i-n Figures 4"6 to 4" I0,

the point at which each test section begins to transide is

not readily identifiable wiÈhout further tests in the

turbulent regime. However , transition point tests would be

redundant as discussed by Ito t9 ] and l'lishra and Gupta

ti0l.

The friction factor ratio, fcl fs, is plotted against

the Dean number for comparison with Eqn (2. I ), and is

presented in Figures 4" lI to 4"15 " As illustrated, the

data the data is usually below the correlation 1ine, with

the data of the high pitched coils being generally l-ower

than the data of the 1ow pitched coi1s" For 1ow Dean
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nurnbers, the friction factor rat

that straight tube laminar flow

approaches 1.0, meaning

being approxímated due

to

1S

to weak secondary fl-ow vortices. The data is presented

ag,ain in Figures 4"L6 to 4"20 using the rnodified Dean

number , Dn*, for comparison with Eqn (2.4) " As can be

seen, the data is usually 1ow, but generally falls in a

bandwidth of +5"/" to -I5% for coils I ro 4 and somewhat

more for coil 5 " This is an acceptable comparison since

the actual !rater data of Mishra and Gupta fal1s into a

scatter bandwidth of +107! to 20%, and also due to the

linited amount of data taken in this study.

It should be noted that in coiled tubes a straight

tube flow approximation is general-ly approached for an

increasing diametral- ratio (l/d) or pirch rario (h/d).

However coil 5 , when compared to the oEher coils of high

pitch, exhibits the sarne trend for a decreasing dÍametral

ratio, although its three diuensional curvature parameter,

(Dcld), is seen to be double that of the other test

sections, as previously noted in Table 4" I" This

information, with the noted position of coil 5 in Figure

4.2, demonstrates the general validity of the modified Dean

number with respect to isothermal- f1ow. This is also

confirmed by the composite friction factor plots of coils

I to 5 in Figures 4"2I to 4"23. These figures also
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fi6
illustrate the close similarity of geometry for coils I

to i . The data for coil 5 , however, in exhibiting a

larger deviation from Eqn (2.4 ) than coils I to 4 , may

be indicating that the modified Dean number alone is

insufficient as a correlating parameter 
"

A final test of the modified Dean number is to use it

as a substitute for the standard Dean number and

effectively modify Equation (2. I ) for direct comparison

T{ith Equation (2"4)" Figure 4"24 shows that there is no

appreciable difference between the modífied l^ihite

correlation and the correlation of Mishra and Gupta. This

ís not surprising since Mishra and Gupta noted that when

their correlation vras used with the Dean number, Dn, the

result \,Jas in very close ag,reement with the correlation of

I{hite "

4.2.2 Neumann Boundary Condition

The isothermal and non-isothermal friction factors for

coils I to 4 (top feeding) are compared as a function

of the Reynolds number in Figures 4"25 to 4"28. Similar

data for the botton feeding runs was not taken. As can be

seen in Figure 4"25 and Figure 4"27, the close pitched

coils ( I and 3 ) exhibit no noticeable change in
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friction factor during heating under thís boundary

condition. However, the high pitched coils ( Z and 4 )

demonstrate that there ís an effect of pitch at the lower

Reynolds numbers as sho\,rn in Figure 4"26 and Figure 4"28"

For coil 4 , the increased friction factor effect is

evident at Reynolds numbers below 300, and is insignificant

above Re=400 " Coil 2 exhibits an increased friction

factor at Reynolds numbers up to 600. From Table 4.I it is

seen that the three dimensional curvature paraneter of coil

2 lies between that of coils I and 3, thus

elimÍnating the diametral ratio as a possible influence û

Since the heat ínput per unit mass flov¡ was the same for

each of the four coi1s, the effect of heating on the

friction factor is therefore directly attributable to the

magnitude of the coil pitch, for a vertically oriented coil

axis" The effect is most 1ike1y caused by arr increase in

buoyancy which, for increasing pitch in a verticat axj-s

coil, will increasingly add to the wa11 shear stress and

hence augment the friction factor. The heating effect on

the friction factor is also seen to persist to higher

Reynolds numbers for coil 2 than coÍ1 '4 
" This may be

attributed to coil 2 having a larger pitch angle than

coil 4 , yielding a Iarger proj ection of the buoyancy

vector in the upstream direction for coil 2 . It is

important to note that this phenorDenon is seen only aÈ 1ow
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Reynolds numbers where, as previously noted, the secondary

flow vortices are very weak, and where the flow is

approximately parallelling the tube centreline ("one

dimensional" flow). As the Reynolds number increases, the

vortices strengthen and the centrifugal forces dominate the

( now) relatively weak buoyancy forces. In the closely

pitched coi1s, the augmented frictÍon factor is not seen,

probably due to the buoyancy vector being almost

perpendÍcu1ar to the flow direction, even at low Reynolds

numbers. It is to be expected that no increase in friction

factor will occur for a highly pitched coiled tube of

horizontaL axis" Since its geometric progressj-on is

towards a horizontal straight tube, the buoyancy vector

will again be perpendicular to the approximate flow

direction. Thus, in spite of the relatively minor changes

in Dc/ d amongst coils 1 to 4 , coil orientation and

pitch are sho\,ùn to be able to augment the f low phenomena.

Sirnilar effects rnay be seen in the progressive inclination

of a straight tube from horizontal to vertical orientation.

4"3 Heat Transfer Results (Neumann Boundary Condition)

The experimental procedure employed was as described

in chapter 3 r,¡ith uost runs conf orning approximately to:
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Qe/Ër = cp dT :- constant

Thís restriction vras employed to Iimit variation of the

fluid properties between different runs and coil test data,

and to prevent 1ow Reynolds number flows from boiling since

Eost bulk inlet temperatures \^rere near 40" C.

4 "3. I Circumferential Wa11 Temperature Variation

The circumferential variation of tube wa11

temperatures \,Ías not significant in this study due to the

snall tube diameter of the test sections. Herein, only the

locaf average is reported in Appendix G based on the

innernost and outerûost tubewall points in the direction of

the three dimensional curvature. The maximum observed

variation in a thermocouple pair at any axial location \¡ras

about 1"C. This r¡ras observed in the high mass flow tests

and decreased to zero to\47ard the low mass f low tests, f or

all coils " The parameter governing this variation is, of

course, the strength of the secondary flow field vortices,

which in turn is proportional to some function of the

Reynolds number or mass flow rate " This variational

phenomenon fa11s directly "in-1ine" with the previous

results for friction factor at 1ow Reynolds numbers.



'1 
'É.

The results

the top feeding

4"3"2 Ful1y Developed Nus sel t Number ( top Feed irg )

as an average of

for the fu11y developed Nusselt number in

(downward) flow direction \,rere calculated

axial stations numbered 3 to l8 since the

hydrodynamic pressure drop results indicated an extremely

short developing length" The results are presented as a

function of the Reynolds number in Figures 4"29 to 4.32 as

compared to the straight tube correlations of Sieder and

Tate [58]. The Sieder and Tate curves have been calculated

using the present experiment's observed ranges of Prandtl
"14number and the viscosity ratio f actor, lAþ w) , and f or

two different coil lengths. The observed average Prandtl

number varied from 3 to 6.3 while the viscosity ratio

factor varied only between 1.00 and 1.02, since the maximun

wal-l- to bulk temperature difference was 3"C. As illustrated

in Figures 4.29 to 4.32, the laminar flow Nusselt number is

in considerable excess with respect to both the laminar

correlatÍon of Sieder and Tate t58] and the accepted

analytical 1amínar value of 4"36. These figures are

presented to show the basic Nusselt number data, and also

to illustrat.e that ratios of Nuc/Nus, as previously noted

in chapter two, can be misleading since Nus is usually

taken as 4"36. Figures 4"29 to 4"32 also indÍcate that,

for Reynolds numbers above 5000, there may be 1itt1e
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difference betvreen the coiled tubes of

and straight tube heat transfer. This

subj ect to further discussion later in

the present study

point, however, is

this subsection.

The Nusselt number results for coí1 pairs of constant

diaroetral ratio are presented as a function of the Dean

33 and Figure 4"34 to provide a datum

v¡ith experimental correlations found in

number in Figure 4"

príor to comparÍson

the literature. As can be seen, no effect of pitch is

evident for coil pairs of constant diametral ratio. The

results are compared with Eqn (2.6) ín Figure 4.35 and

Figure 4.36, after being re-formulated in such a !¡ay as to

eliminate the effects of properties. The correl-ation is

plotted along with an indicated bandwidth of * 20%,

although the estimated error in the present Nusselt numbers

is only + 15"/" as noted in Appendix C. As illustrated in

Figures 4"33 to 4.36, there appears to be little, if anyr

difference in Nusselt number betrveen the high and low

pitched coils at constant diametral ratio, within the

limits of experimental error. This substantiates the

expectations of the preliminary analysis based on Figure

4"2. In cornparison with the correlation of Dravid et a1.

[15], the data is seen to be in good agreement at lower

Dean numbers, but becoming increasingly less in aF,îeement

(on the high side) as the Dean number rises to¡+ard its
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critical (transition) value. It should be noted, however,

that this may be due in part to the increase in the

üagnítude of the thermal entry length as the Dean number

increases. Since the Nusselt numbers shown are averages for

the r espective test sections, they may contain some bias

toward the high side of the fu1ly developed va1ue, due to

progressive inclusion of the thermal entry length.

Therefore, as the Dean number Íncreases, the thermal entry

length in becoming longer causes the Nusseft number to

contaín a higher bías compared to the Nusselt numbers at

lower values of the Dean number" This, however, is not

expected to cause Iarge discrepancies because the flow was

seen to be hydrodynamically fully developed over most of

the coil length.

It is also recalled from chapter 2 that the

correlation of Dravid et a1. I i5 ] is based upon estimated

asymptotic Nusselt numbers rather than the actual data

obtained, so to eliminate the effects of the thermal entry

length. In an attetnpt to comfirm this further, a

thermocouple station near, but not at the exit of coil I

and of coil 2 are compared with the average fu11y

developed values of Nusselt number, under the sane

conditions. Nusselt nunber results for station 17 at

xld=440 of coil I and staËion I8 at x/d=446 of coil 2



n6
aî e presented

respectivel-y.

in Fígure 4"37 and Figure 4.38,

As can be seen, there is a

decrease in the value of Nusselt nurnber at

numbers, with the differential decreasing

Dean number increases toward transition "

significant

lower Dean

to zero as the

ThÍs índicates

that using a particular stationts Nusselt number can

lead to better açreement with the asymptotic correlatÍon

of Dravid et al . Ii5 ] . Further evidence of this rrlas f ound

by averaging only stations in the centre third of the coil.

The majority of the ner¡/ averages were found to be in better

aF,reernent with Eqn (2"6) by up to 5"/".

I^Iith respect to the Nusselt number data above the

critical Dean numbers indicated in Figures 4.35 to 4.38,

the larger deviation illustrated may be due to a different

trend in the Nusselt number for turbulent or transitional

f1ow. 0vera11, the data of the present experiment is seen

to be in good agreement with Dravid et a1. II5].

Another comparison \^ras made with the correlation of

Abul-HamayeJ- and Bell II8] Eqn (2.11), as demonstrated in

Figure 4.39 and Figure 4"40, for the average fully

developed Nusselt numbers. The correlation of Abul-Hamayel

and Be11 [t8] has been reduced to a shorter form by

deletion of all terms ut iLízír-g, the ratios Gr/Dnzand Gr /Rez
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due to the very low magnitudes of these pararneters observed

in the present study. As can be seen, the ag,reement is

similar to that with Dravid eË a1 " I I5 ] except that the form

of the correlation of Abul- Hamayel and Be11 tlSl tends to

excessively pronounce the data scatter at low Dean numbers"

This may be due in part to the differentía1 of 4"36 in the

correlation equation, and in part to the different exponenE

for the Prandtl number"

The data of the present study is next compared to the

only available correlation to include the influence of coil

pitch. The Nusselt number results are presented as a

functÍon of the modified Dean number in Figure 4"41 and

Figure 4.42, and compared with the analytical correlaËion

of l"tanl apaz and Churchill [33 ] . Due to the excessive

complexity of the correlation, an envelope bounded by the

curves of Prandtl number 3 and 5 is plotted with a

bandwid th +207, of the upper bound and '20"/. of the lower

bound. As can be seen in Figure 4.41 and Figure 4.42, the

açreeoent is very good for high Dn* and satisfactory for

1ow Dn* for all test sections. However, the high bias

found in comparison with Dravid et a1,[15] would suggest

that this numerical correlation contains some high bias

itself, since the minor variation in Dn* for the four test

sections is seen Ëo produce negligble differences in the
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overall Nusselt number results. The correlation of

Manl apaz and Churchill [ 33 ] may therefore be acceptable for

laminar r,rater flow of 70(Dn*<600 for a coiled tube length

ratio of about L/d=530, whereas the estimated asymptotic

results of Dravid et a1. I l5] are better in consideration of

the fu11y developed Nusselt number generally.

Fina1ly, the Nusselt number data for the four coils is

presented as a function of the Dean number in Figure 4"43"

It is evident from this figure that 1itt1e effect of

geometry is to be expected on heat transfer for sirnilar

Dc/d, within a high/1ow ratio of 2"0 and the present l-eve1s

of experimental error. This point lends further

substantiation Eo the preliminary analysis of this chapter

and establishes the reLative magni tudes of geoüetric

progression required to produce observable trends for heat

transf er "

4" 3" 3 Fu1ly Developed Nusselt Number ( Bottom Feedirg)

The results for the overall Nusselt number in the

bottom feeding ( upward ) flow direction $/ere also examined "

Due to the lack of differentiable results between the two

diametral ratios tested for top feeding fLo\¡rs, only coils

1 and 2 were tested with bottom feeding f1ows. The
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results for Nusselt number as a function of Reynolds

number, for each coi1, in both top and bottom feeding florvs

are presented in Figure 4"44 and Figure 4.45 as compared

with Sieder and Tate t SA 1 . As illustrated , coil I ( low

pitch) exhibits negligible differences between top and

bottom feeding flow, wíthin the level of error for these

experj-ments. However, coil 2 (high pitch) exhibits a

radically augmented Nusselt number at low Reynolds numbers,

in bottom feeding f1ow. The enhancement is about 601l for a

bottom fed flow at Reynolds numbers below 300 and decreases

to zero as the Reynolds number increases to about 3000.

This phenomenon is not surprising since the progressíon

tor,/ard high pitch for a vertical axis coí1 will approach

that of a vertical- straight tube whereas the progression to

a high diametral ratio produces a horizontal straight tube

effect. As was the case with the non- isothermal friction

factor ratio data, the coil axis orientation and the pitch

angLe are seen to produce notÍceable effects in 1ow

Reynolds number flow heat transfer" The effect of the feed

direction reversal is simply a 180 degree shift in coil

axi-s orientation " As noted in TabIe 4. L, the range of

Grashof number encountered in the present study \^zas 300 to

5000 which is generally insignificant in horizontal

straight tubes and coils of close pitch. This is

corroborated by calculation of the Gr/Dn2and Gr/Rezterms in
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the correlation of Abul-I{amayel and Be11 [ t8 ] , whose coil

uras of vertical axis, close pitch, and bottom fed.

The data for Nusselt number in

both top and bottom feedÍng f1ows, is presented as a

function of the Dean number in Figure 4"46 and compared

with Dravid et aI. II5] in Figure 4"47 " Again the

substantial enhancement of the high pitch Nusselt number is

seen for low Dean numbers in reverse flow, and decreasing

to zero enhancement as the Dean number increases through

Dn=300. Ho¡vever, the close pitched coil shows negligible

difference in Nusselt number for reverse ffow, within the

limits of experimental error. The coil of Dravid et-a1

[15 ] \¡7as of close pitch, but no mention vras made of its

orientation "

0vera11, the relative significance of the Grashof

nurnber's rnagnitude will have to be a f unction of the

modified Dean number to include pitch, and the coil axis

orientation. Dependent on the possible combinations of

these parameters, different regions of force dominance will

govern the heat transfer characteristics within the flow

geometry. For weak vortex flows ( 1ow Dn*) the level of

heating may cause the buoyancy forces to dominate whereas,

as the vortices strengÈhen, a region of mixed dominance of

coils I and 1n
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buoyancy and centrifugal forces wilI occur. At higher

vortex flow strengths, however, the centrifugal forces will

outweigh the buoyancy forces completely. It should be

noted that the uranifestation of buoyancy is usually a pair

of contra-rotating vortices, but with a vertical dipole

vector. Therefore, as one doninant force is equalízed and

replaced by another, the dipole vector will simply rotate

from the buoyant orientation to the centrifugal orientation

(in three dimensional space). This phenomenon r¡ras reported

f or a t\,¡o dimensional- rotation ( in close pitched coils )

experimentally by Singh and Be11 [ l6 ] , and numerically by

Prusa and Yao I35 ] and Lee, Siuon, and Chow 1,47 I " The

experimental verification used an eight point peripheral

therroocouple station, and the numerical analyses used

perturbation and the Boussinesq approxÍmation,

respectively. The Grashof number results of the present

study are compared to the numerical results of Prusa and

Yao I35l and Lee, Simon, and Chow t47l in Figure 4"48"

The boundaries v/ere developed frou a figure presented by

Lee, SÍnon, and Chow. The experimental envelope

illustrated is for all the data of the present study, with

the broken lines demonstrating the effects of flow reversal

observed in coil .2 . As can be seen from Figure 4"48, the

present study is expected to 1ie well within the region of

centrifugal dominance accordíng Èo both numerical analyses.
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These analyses, however, do not account for the pitch of

the coil or the coil t s overall orientation. It is also

notable that the bottom feeding flow Grashof curve of coil

2 ís below the top feeding flow Grashof curve. This

indicates that the enhancement in Nusselt number rrras due to

a reduction in (twi-Tb) rather than an increase in the

1evel of heatinE, for a given Reynolds number. This

phenomenon is caused by the operational restriction that

Qe/ir = constant, in conj unction with the direction of flow.

4.4 Heat Transfer Results (lirichlet Boundary Condition)

The experimental procedure rr'as as described in chapter

3 with coil 2 shortened to L/d=335 to enable it to

fit into the available stearo facility. Due to an inability

to obtain a constant wa11 temperature to within lo C,

however, the obtainable data was limited to high Reynolds

number flows of coil 2 in top feeding f1ow. Hence only

Iimited coûments can be made on the results.

4.4"I 0vera11 Average Nusselt Number (top Feedirg)

The results for the overall average Nusselt number in

the top feeding flow directíon are presented in Table 4.2

and conpared therein to the correlations of Sieder and Tate
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Toble 4.2' Dirichlet Test Results - Coit no. 2
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[58], Dravid et a1. [15], Berg and Bonilla l2Il, Kubair and

Kuloor t23) , and Manl apaz and Churchil I [ 33 ] . For the

rarLges 4500(Re<7000 and 900(Dn<1250 the data aq,ree well

with the correlation of Dravid et a1. IJ.5 ] , to within t 20%.

However, it should be recalled that the analytical

asymptotic Dirichlet value of the Nusselt number in faminar

flow is 3.66, or about i6Z less than the corresponding

Neumann value of 4.36. Also , as demons trated during

discussíon of the Neumann boundary condition, the Nusselt

number results obtained at high Reynolds nuubers will

contain a high-side bias due to the elongated thermal entry

length. In this instance the high bias will be greater

than that exhibited by the Neumann boundary condition

results due to the 372 reduction in L/d for this test

section. Therefore, as can be seen from Table 4"2, the

obtainable results of the present study agree to withi-n ! 20"/.

of both the Neumann and Dirichlet boundary condition

correlations available. In addition, it should be noted

that all of the Dirichlet boundary condition correlations

include the effect of the thermal entry length due to the

nature of the allowab1e measurements "

In terrns of force doninance, there appears to be

substantial increase ín the Grashof number for coÍ1 2

under this boundary condition. This stiIl places the
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present operating conditions rvell r.¡ithin the centrifugally

dominant regions of Prusa and Yao t35] and Lee, Simon, and

Chow L47 I , as illustrated in Figur e 4" 49 " However, as

noted previously, the numerÍca1 boundaries are only

applicable to zero coí1 pitch.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

An experimental investigation rras carried out to study

Ëhe pressure drop and heat transfer characteristics in

he1ica11y coiled tubes of substantial pitch, for their

respective lami,nar f l-ow ranges " Both unif orm axial heating

tests and uniform wa11 teDperature tests v¡ere performed.

luleasurements of wa11 temperature, and calculation of

friction factors and Nusselt numbers rì7ere obtained over as

wide a range of condítions within the constraints of the

current facilities " From the present study, the following

conclusions can be drawn:

i. The isothermal friction factor results for

laminar flow verÍfied the validity of the modifÍed Dean

number, Dn*, as an isothermal correlation parameter using

the correcËion of Truesdell and Adler t26l also used by

Mishra and Gupta I i0 ] .

2" Use of the nodified Dean number as a substitutive

modification for the correfation of White [5 ] showed that

the ¡¡odified version of I,lhite was practically equivalent to

the correlation of Mishra and Gupta t10].
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3" The non-isoEhermaJ- fr iction factors showed that,

for high pitch in a vertíca1 coil axis orientatfon, there

is an augmentation of the friction factor at lower Reynolds

numberso This v¡as postulated Lo be a direct result of the

buoyaney vector's siinilar orientation to the coil pitch

ang1e, or the magnitude of the buoyancy vector I s proj ecEion

in the tube axis direction "

4" The Neumann boundary condition Nusselt number

results for top feeding flows, in agreed well with

published correlations and showed 1itE1e effect of pitch

for the siuilar diametral ratios tested. This yields an

initial- substantiation of the modified Dean number as a

general correlation parameter for heat transfer in all

he1ica11y coiled tubes.

5. The numerical correlatíon of Manl apaz and

Churchill [33 ] , f or the Neumann boundary condition, r¡/as

shown to be an adequate representation of the overall

Nusselt number Ín the normal flow direction, for laminar

water f l-ow in coils of L/ d about 530 "

6" The Neumann boundary condition Nusselt number

results for boÈtom feeding flows in a high pitched
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he1ica11y coiled tube re-emphasized that buoyancy effects

may be significant depending upon the coil axis orientation

and coil pitch angle.

Based on the literature review and the present results,

the author offers the follor,ring recommendations for further

s tud y:

L" Additional lrork should be carried out to further

substantiate the va1Ídity of both the rnodified Dean number

and the geometric continuum mâp, for isothermal and non-

isothermal performance in general.

2" The effect of coil orientation should be

investigated more thoroughly, in comparison to straight

tubes in different orientations.

3. The true relationship between the hydrodynamic

entry length and the modified Dean number should be

determined.

4" The relatíonship of thermal-to-hydrodynamic entry

length as a function of the Prandtl number, for two and

three dimensional f1ows, should be verified to a1lor¿
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distinction between developing and ful1y developed flows.

5. Extensive free convection surveys should be

conducted for different coil orÍentations and geometries,

to a1low representation of force dominance regions using

the format of Figures 4"I to 4"5"

6 " The 1imíting boundaries of the geometric

continuum map should be invesEigated more fu11y, including

such geometries as Archimedian spirals of zeîo to

substantial pitch.

7. The process of relaminari-zation should be studied

more thoroughly in coiled tubes of appropriate geonetry.

8. The process of secondary flow field decay

downstream of different coiled tube geometries should be

studied further.

9" The Dirichlet boundary condition ín general

should be further investigated upon upgrading of the

present facilities.

10" Recoumendations I to 9 should be repeated for

turbulent and transitional flow regimes.
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I I. Recommendations I to 10 should be repeated for

various non-circular tube cross-sections and possibly

internally finned tubes "

L2" Recommendations L to lI should be repeated for

varíous test fluids to accurately measure the Prandtl

nuruberts effect on various phenomena.

13. Recommendations I to 12 should be repeated for

boiling, multi-phase flows and complex mixtures.

I4. Better analytical /numerical models should be

developed in an attempt to provide a single, unified

analysis covering the entire geometric continuum map with

respect to the different aspects of the above-mentioned

conclusions and recomüÌendations"
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APPENDIX A: Steam Chamber Specification

( I ) Maj or components rnanufactured and I quantities ] supplied :

(l.r) Lid ttl
(I "2 ) upper tank sections
(t.¡) Lower tank sections

(2) Accessories installed and

(40" día" x I/4" plate)
2l (36" i"d " x 20" híeh)
il (:0" i.d. x 20"+ high)

quantities]:
2.L) 0-10 psig pressure gauge t I I -1id mount
2.2) Low setling pressure relief valve I t ] -1id mount
2"3) Air release valve tl] -1id mount
2.4) Carryíng handles t2l -1id mount

(2.5 ) ttrermome ter / thermocouple well t I I -1id mount
(2.6) Steam inlet fitting Ii] -1ower section mount
(2 "7 ) Steam trap c/ w drain valve t i ] -1ower section uount
(2.8) Nut & bolt pairs for flange connectíons [60]
(2.9) Nuts for studs at slots [60]
(Z.tO)Stu¿s for section slots [60]
(2.LI)Curved plates I4" x 5" t31
(2. f2)Red rubber inter-flange gaskets t3l
(2" L3 )ne¿ rubber cover plate seals [ 3 ]
(2.I4)I I/2" mount couplings (pipe rhread) I5l

(3) Canister üaterial:
l0 gauge galvanized steel on corrosion treated L/4'
ioild steel f langes.

( 4 ) Canister sections and 1id individually weighed
and weights recorded on external surface 1abe1s.

(5) All 1id accessories placed at a radius of 6" or
greater.

(6) Steam inlet fitting placed 90 degrees horizonLally from
s1ot, in counter-clockwise direction ( looking down into
tank).

(7) Flange hole locating tolerances provide for 20
different mating positions, between any two maj or
components, Ín any standard orientation "

(8) Canister operation 0-200o C and 0-2 psig.

( 9 ) All accessories rernovable for maintenance and
interchangeable via identical mounting couplings.
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APPENDIX B: Non-Engineering Materials Specifications

Two material forms not normally employed in
engineering applications have been used in this proj ect,
namely brass wire and a high fire clay.

Electrical Discharge Machining Electrodes

Brass wire is normally used to hang pictures and in
other ar tisan applications, and the particular wire
obtaÍned has an averaEe diameter from .635mm (.025 inch)
to .762nm (.030 inch). The use of the brass wire as
electrical discharge machining electrodes in this proj ect
required that nurnerous measurements be taken. After
cutting each electrode to a length of 5cm, the ends \¡rere
filed round, the wire straightened, and the diameter
checked at both ends to ensure that all electrodes were
closely similar " Each electrode was used to machine only
tvro pressure tap holes since the electrode Ítse1f wears
away during this process. The electrodes vrere mounted in a
pin-vise, which itself hras mounted in a specially
constructed clamping bar " The clamping bar resembles a

tuning-fork such that the pin-vise can be located anywhere
along the open-ended sfot prior to clamping. This entire
assembly vras then mounted ín the electrical discharge
machine for processinE of the test coils, as illustrated in
Figure B. 1. The test coils \^rere f lushed clean of the EDM

coolant oi1 after the machining process hras completed.

Tap Hole Clay Plugs

During attachment of the pressure tap tubes via silver
soldering ( temperature=l I00Þ F r 600'C ) , the tap holes r,rere
temporarily fi11ed q¡ith a high fire clay to avoid plugging
the holes with solder and to avoid contamination of the
inner tube surf ace. The clay used \'¡as a rnixture of the
following:

1. A. P. Greenware fire clay 45
2" 01d Mine 4 BaIl clay 20
3. G.H. Goldart clay l0
4 " Custer Spar clay 5

5. Grog * 4

proportionately by weight 84
* pre-fired clay which is ground to a specific

grain size.

I^Ihen ¡nixed with II kg of city water, the resultant clay \^/as
found to be a high fire body rated at approximately cone ll 9
on the ceramic pyrometry sca1e" This indicates that the
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clay retains its consistency and does not deteriorate below
1280" C (2336"F) " Subsequent tests r,rith silver solder
showed that the clay withstood the tap tube attachment
process, and that the silver solder would not run over the
clay surface. After tap tube attachrnent, the dried clay
plug \,ras removed by chipping the hole open using spare
brass electrodes which also served to check the tap hole
bore. The debris Tras then flushed clear of the test
sections using compressed air,

The ceramic pyrometry scale is based on the 0rton
standard and covers the temperature range from 635'C to
1431o C. The general instrurDenting process is illustrated
in Figure 8.2, and Ìdas substantiated by first processing a
number of samples and subj ecting these specimens to
microscopic examination of the inner Ëube surface. For
further details on ceramic naEerials, the reader is
ref erred to:

tl] Nelson, G"C., Ceramics: A Potters Handbook,
5th ed., Ho1t, Rinehart, hlinston, 1984.
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APPENDIX C: Uncertainty Analysis and Equipment Error

Uncertainty has been evaluated for this proj ect using
the method of Kline and McClintock I f ], as described by
Hofman L2). This method essentially predicts the magnitude
of uncertainty for a calculated quantity using the error
magnitudes of the experimentally measured data" Generally,
R as a function of n variables, each with its associated
error marBin, w, has an uncertainty, E, f ound as f o1l-oI./s :

R=f, (xr rx ¿rx! r...x ". )

E=f"(w,rwzrv3r.""tn ) using R in:

E={ [(an/¿ x, 
^o*) 

(w, n-.) Jz +. . . . . t(àn/a xn,o^) (w^"..y) J" I""

Equipment Specifications

Kiethley 177 Dl"tM at 5V .003V error to 27"C
at I0V "005V error to 27"C

Leeds Northrop 938
Numatron 4lX

Lambda Regulated
Power Supply LL-905

RoseDount Il5t DP
Alphaline Transducer

HP 6260A DC Power
Supply

Examples

.5"F error

.004V error

" 008V error

"026A error

llI Q=VI

¡=$ t(àqe/ðy )(.005)12+ ,,a1"/ar )(.026)l Ì
={ [(aox.oos)" ] + [(ro*.026)L ] ]''"

E=.477 Watts or .051l

ll2 p=Q/I

E=f [(uo^/ae" )(,+ 77 )]- + l{àR^þt)(.oz u))' 1"'
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={, [(t/tz )(.477)]z+ t(-Q/13 )(.ozo))t|t'
=q [(i/Q" )(.qtt))'* l,(-L/r )( .ozo)r"\""

=f. oooooo28 + . ooooooro ul"t

E=.000578 ohms or .5"/"

Uncertainties LÍsting

The fo11owíng listing outlines the uncertainties for
the maj or parameters calculated during the data conversion
process:

Qe: "05"/"R z "5 7i,

fc: 8" 7.

Qf : 4. "/.

Re: 4. 7"

Gr: 15. "/"

Nu: 15. "/"

References

t 1 ] K1ine, S. J. , McClintock, F.4. , "Describing
Uncertainties in Single Sample Experiments ",
Mechanicaf Engrg", January, I953.

l2l HoIman, J. P., Experimental Methods for Engineers,
McGraw-Hi11, t978.
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APPENDIX D: ll304 St.ainless Steel Resistance Tests

To check the selected tube length for its resistance
va1ue, the following resistance experiment \.ras run:

A random sample of uncoiled test section tubing
was given a U bend of arbitrary radius in the
region of its mÍdpoint, and a símilar arc-bend
of around 50 degrees near one end"
The tube \,ras sand-fi11ed during bending and
enptied before Èesting, similar to the
IDanufacture of the he1ica1ly coiled test sections
( ref. chapter 3, section 4) .
The test sample hras marked of f in 30.5cm
(tZ inch) increments from one (datum) end.
The tube r17as connected as sho\^rn in Figure D.l
to the equipment noted therein"
A current of I.0 aiuperes r^ras passed through the
test sarnple and the voltage drop read betr.reen
the datum end and the various Ealug,e points
marked" Since V=IR, the 1.0 arnpere setting
essentially permitted a direct readout of the
selected gauge resistance wíthin the limitations
of the equipment.
The results are presented graphically in
Figure D.2 along with data calculated from
published values of 11304 stainless steel
resistivity and the same test sample geometry"
Based on the equipmenË specifications, the
current and voltage (resistance ) errors are
.00f anperes and .0002 volts (ohms) respectively.
The el-ectrical resistivities published are
compared with that obtained from this experiment
as f ollows:

( ttri s expmt . )
i
2

J

References

l"

,)

3"

4"

5.

6.

7"

8.

7.372 x l0-5 ¡-cmz/cm
7"2 x I0-l-¡.cm2/cm
7 "023 x ICI-5 -acmz/cm
7"0 x l0-l-,rcmt/c^

tll

I2l Vijay, M.M., "A Study of Heat Transfer in Two-
Phase Two-Component Flow in a Vertical Tube",
PhD Thesis, University of Manitoba, I978"

Sourcebook on Industrial A11oy and Engineering
Data, A. S.M., 1978"

l3l Peckner, D. , and Bernstein, I.M" , Handbook of
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Equipment

Volloge differentiol probes

Eq uipment' Tektronix TM5O4 c/w ,

(2) DMSOZA DMM's (outoronging)
( l) PS503A Duol Power Supply
(2) Leods (pt. probe 1o bonono plug)
(2) Leods (bonono plug lo olher)
f = I.OOO to l.OOl omperes
V is lo .lo/o of reod volue +.O57" of

full scole (2OOmv)
V is t .Zmv (DMM limit)

Figure D.1: Resistance Test Set-up
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Resistonce of #3O4 Stoinless Steel vs Gouqe Lenoih

t.o

Gouoe Lenoth (metres)

-€- This experiment
Colculoled from

-[F Colculoted +3"/o
published dolo
inner diometer error

Figure D,2z Resistance Test Resul-ts
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Stainless Steels, LlcGraw-Hi11, 1977 "
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APPENDIX E: Data Conversion Software

The data conversion requirements of this proj ect
evolved into a f u1l sof tT^rare package, developed in
Fortran 77 under the UCSD-p operating systen. It is run on
an IBl"f personal computer having two disc drives for I2"7 cm
flexible magnetic discs, and serial ports linked to an
Epson FX-100 dot matrix printer and a Hewlett-Packard
7 47 5^ six pen plotter ( although the plotting routine is
monochroroatic ) " The overall sof tr¡are package is
illustrated schematically in Figure E. I, differentiating
between the accessÍb1e data files and the actual programs,
while outlining the disc-to-disc storage of the software
components. Also indicated are the points of user-access
to the data files and the points of user-interaction with
running prograrnS. Every effort r.7as uade to maintain
simplicity of usage for the seperate software components.
It is assumed for brevity that the reader has prior
familiarity r,rith either the UCSD-p system or the IBM
personal computer---preferably both. Under these
conditions, the software Ís defined as user-discernable
rather than user-friendly. Complete prograrn listings and
user Ínteractive notes are provided after the following
discussion of the individual softlrare components.

Programs

Program CREATOR text /code is used to create eupty raw
data files in batches as required by the user, for entry
and storage of experimental data from the raw data sheet
records. It is for Ëhis reason that the record sheets and
Èhe rar\7 data files closely resemble each other in format as
shown in Figur e 8.2 and Figure E. 3 respectively" The
textfile denoted N.TEXT is a dummy file aiding in the
creation of raw data fi1es"

Program RDC text /code is the actual data conversion
component in the software package" Through user-
interaction, it accesses the rar{7 data f i1e to be processed
and converEs therroocouple, pressure drop, and boundary
condition data to rron-diuensional heat transfer and fluid
flow parameters " The program functions for isothermal,
Neumann, and Dirichlet boundary conditions. User prompts
are built-in since the program, and the raw and converted
data files are stored on three or üore seperate üagnetic
discs" During data conversion, RDC accesses other data
f iles f or therrDocouple and f lowneter calibrations, \¡rater
properties, and test coil specifications which include
instruûrentation locations" Fol-lowing completion of data
conversion, the program then creates a converted data file
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Helicolly Coiled Tubes Reseorch - Doto Sheeï 184

l. Coil ldenlifico?ion

2. Dote

ccr

yymmdd

c : coll no.

r : run no.

y : y80r

m = monlh

d=doy
n : flow mgt6r no.

n = I 45cc,/min.

n = 2 215cc,/min.

n = 3 l0gOcc,/mln.

n = 4 42oocclmin.

FlO,8 f = reoding (o-l5o)

b'= boundory condltlon
l= Ne ononn
2= Dirichlsl
3: Isolhermol

p = pressur6/current

v : vollogø (doleie dec.

F5.2

T6

3. Flowmeter Reoding

4. Eoundory Condilion Doto

bpp

5, Pressure Drop Doto

I

2

3
4

5

6
7

6. Temperoture Dolo

4

(oF )

& TfmTbi

Tbo

Remorks
Figure 8,2:

F5.3
nf ff

pvvvvv

lronsducer reodings ¡n volls
F5.3 with OX

pr.)

3

between

oll temperoture motr¡x F5.l with OX
between

t- ro
il-20
2t-30
3f-40

7.

Sample Data Recording Sheet
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.00
000000

.000
" 00000000
.000
" 000 .000
.000 .000 .000
.000 .000 " 000 .000
. 000 " 000 .000 .000 " 000
" 000 .000 " 000 .000 .000 .000
.000 .000 .000 .000 .000 .000 . 000

.00000

.0 .0 .0 .0 .0 "0 .0 "0 .0 .0

.0 .0 .0 "0 .0 ,0 .0 .0 "0 .0

.0 .0 "0 .0 .0 .0 .0 .0 "0 .0

.0 .0 .0 .0 .0 .0 .0 .0 .0 .0

.0
CT7 5. TEXT

Figure E.3z Sample Raw Data Fil-e
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and stores the converted data along with specific coil and
run conditÍon data " The storage procedure uses a
convenient layout format allowing for later hardcopy
production by simply transferring the file ( by name ) to the
linked printer, A sample layout of a converted data file
ís shown Ín Figure E.4.

Data Files

The decision to make extensive use of independent data
files in this software package was made to facilitate ease
of data handling while minimizing the risk of typographical
errors and loss of data. Thus raw data files are accessed,
converted, and stored in unique files based on the test
coil and run conditions. The main data files are labelIed
R or C for ravr or converted, followed immediately by a
three digit number representing the single digit coil
number and the tvro digit run number, sequentially. In
addition, a data file is used to list the test coil
specifÍcations and instrumentation locations non-
dimensionally, with respect to the tube inner diameter
( C¡i . TEXT Or CD2 " TEXT ) "

To avoíd cumbersone and approximate equations for
thermocouple and flowmeter calibrations, and water
properties cluttering up the maín data conversion program,
data files are also enployed " For example, vrater
propert.ies are usually calculated based using a number of
equations coveríng different temperature domains, for each
property. These equations are products of curve-fitting or
other routines based on published experimental data. This
has been avoided by fitting a simple graphic curve to
plotted experimental data, and visually dÍgitízíng, the
curve in single degree Celsius increments. Thus the data
published in five degree increments has been " fi11ed out"
to the point where a sinple linear ínterpolation equation
can be applied after scanning the tenperature domain a1one"
Similar procedures are applied to the instrumentation
calibratíon data " Examples of the rar.r and converted data
files have been provided previously in Figure E" 3 and
Figure E.4 respectively. The actual converted data files
are provided in Appendix G.

Examples of the
proper ties data files
E.5 through Figure E.

User Notes

specifications, calibration, and
are províded following, in Figure

8 (inclusive), respectively.

Program CREAT0R



1Rry
-v I

Coil Number: 4
Run Number: I9 "
Flowrate:
Inlet Velocity:
Res idence Tine :

D/d: 50

"006044 ks,/ s
.3715 m/s

8s

h/d: 58
h/D: 1"160

T(bu1k
T(bu1k
T ( bulk

L/dz 528
Dc/ d 56.8

inlet): 37 "4Coutlet): 49.IC
average):43"3C

Boundary Condi tion : Ne umann
WPower Input : 294"O

Power Absorbed: 295"5 !l
Heat Balance: -.5 %

srn xld Twi(c) Tb(c)
l 6 39.7 37.6
2 L6 40"9 37"8
3 30 41.t 38.r
4 43 4r.4 38. 4
5 55 4r.3 38"7
6 69 4r"4 39"0
7 80 4r.7 39.2
8 9L 42.r 39.5
9 rr5 42.8 40.0

10 138 43.6 40.5
1 1 162 44.5 4t.0
72 r79 44.5 4r"4
13 20r 44.9 4r.9
14 224 45 .4 42.4
15 246 45.9 42.9
L6 297 47 .2 44 .0
17 34r 47 " 6 45.0
18 424 50.2 46.8
t9 498 52.0 48.5
20 524 52.r 49"0

Tube Resistance: " lf8 ohms
Tube Conductivity: 15.50 LllnK

Rex
2450.
246r.
2477.
249r.
2505.
2522.
2534.
2546.
2573.
260r.
263r.
2650 "
2674.
2699.
27 22.
2783.
2828 "
2919.
3004 "
3035.

Prx
4. 58
4.56
4.52
4.49
4 .46
4 .43
4.41
4 .39
4.34
4.28
4 .23
4"20
4. 16
4.rr
4 .07
3. 98
3.90
3.77
3"66
3.6r

Grx Nux
.155E+04 28.62
.2288+04 19.70
.219E+04 20.86
" 225E,+04 20.67
" 202F.+04 23.42
. l93E+04 24.92
. I97E+04 24"76
.212F.+04 23 .35
.231E+04 22"12
. 268E+0 4 19 .61
.306E+04 17.74
" 282E+04 r9 " 66
.27 9E+04 20.42
. 288 E+0 4 20 .31
.2998+04 20. 00
.333E+04 19.12
.2818+04 23.69
.4ItE+04 17.77
" 459E+04 r7. i8
"410E+04 19.78

Static Dífferential Pressures and
r . or29 " 0000 .0000
2 62.3 "0126 . 0000
3 .0 57"3 .0t28
4 .0 .0 56.8
5 .0 .0 "0 .0
6 "0 .0 "0 "07 "0 .0 "0 "01234

Friction Factors
.0000 .0000 .0000
.0000 "0000 "0000.0000 .0000 .0000
.0000 " 0000 .0000

" 0000 .0000
" 0000

.0
67

.0

.0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

2743"
388.

4"04
,2648+04

2r. L5

f c:
f c/ f s:
Dn*:
GrlRe:

Gz:

"0128
2. L9

364 "

" 963E+00
r 6 " 48

Figure E.4: Sample Converted Data File
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Diametral Ratio
Pitch Ratio
Pressure Tap Locations

Total Length of Coiled Tube
Pitch Angle (degrees)
Number of Coil Turns
Entry Fitting Depth

Squarenes s
Exit Fitting Depth

S quar ene s s
Thermocouple Locations

,o ,o
LJà LJ.

5. 60 "5. 5"
I00. 1t 5 "r93. 225"
287 . 332 "
379 " 439 "472" 525"
52r . 0.
526. 530.

4.7 46.r
5"6 4"7
6.8 7.r
0. 0.
6 .9 6.7
0. 0"

10, 7 "2r. i9.
33. 29.
44. 39.
56. 46.
67. 60"
78. 88.

1 07. 126 "
1 33. r47 "
153 . 17 2.
r83. 206.
2r3. 244.
242. 27 4.
27 3. 304.
330. 333"
367 " 365.
440. 406.
465. 446 

"502" 496"
5 18. 525.

49" 50.
5. 58 "3. 3"

167. 175"
321 " 337 "475" 494"
529 " 52s "0. 0.

0" 0.
532. 528.

3.0 30 "3"4 3.
6.s 6.
0. 0.
6"9 6"
0. 0.
6. 6.

16. 16.
25. 30.
35. 43.
46. 55.
57 " 69.
70" 80.
90. 91"

ir5. II5.
i35. r38.
i55. 162.
r78. 179.
2r7 . 201.
249. 224.
289 " 246.
307 " 297 .
383. 34r.
46r. 424 

"5i0. 498"
527 " 524 "

I
I
6

Temporary End of File

Figure 8.5, Sample Coil Data File
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n
a{
o

._1

P
cd

õ
dg

CJ

a
a
cd
r-l
b.0
P
h0

.-{
U)

20"
30.
40"
50"
60"
70"
80.
90.

100.
-r10"
r20 "
130.
140.
i50.

0.000170
0" 000230
0" 000290
0 " 000350
0.0004 r 0
0" 000470
0. 000530
0. 000590
0.000650
0.0007r0
0.000770
0. 000830

Fl-owmeter #t

0" 0006s0
0 " 0009 50
0 " 00 r.200
0.00r550
0.00r850
0.002r50
0. 00 2450
0. 00 27 50
0.003050
0.003350
0.003550
0.003700
0.003950
0.004150

Jl.)
1r L'

0. 003400
0. 00 s200
0.007000
0. 00 87 50
0.010000
0.0r2300
0.014i00
0. 0 r 6200
0.0r78s0
0.
0.
0.
0.
0.

tr)

0.0i4500
0"02r500
0"028500
0"035500
0. 042000
0.049000
0.056000
0 " 06 2500
0.
0.
0"
0.
0"
0"

#4

0.
0"

Figure 8.6 z Sample Flowmeter Cal- ibration File
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.8 0"8 3.5 3.6 .0
"9 0.9 3.9 4.4 .0
"9 0"9 4,2 4"3 .0

r"4 r.4 5"7 6.2 "0I.I l.I 4"6 5"0 "01.0 1.0 4"7 5.r .0
"7 0.7 3.7 3"8 .0
"8 0.8 3.8 3.9 .0
"8 0"8 3.5 3"7 "0r"2 r"2 4"r 4"2 .0
.0 0.0 0.0 0.0 .0
"4 0.4 2.8 2"8 .0

u)
r-t
d.-l
P
c
c)
f-l
o

q-r
tH
.-l
Ê
o)

..1
P
C)
c)
É{
t{
o()

.8 0.8 3.7 3"9

.8 0.8 3.7 3"8

.7 .7 3.r 3.0

.4 0.4 2.4 2"2

.8 .8 3.0 2.9

.0 .0 .0 "0r.7 r"7 3"7 3,9

.0 0.0 0.0 .0

.7 0.7 2.8 3.r
"7 0"7 2"4 2"7
.5 0.5 2.4 2.7
"7 0.7 2.7 2"9
.6 0.6 2.5 2"7
.6 0.6 2"4 2.7

r.2 r.2 4.r 5"7
t"l t.t 3.7 4"r
"8 0.8 2"9 3.r
.8 0"8 2.8 2"9

i"0 r.0 3.0 3.7
"9 "9 3.i 3.6
.8 0.8 2.8 3"3
.8 0.8 2"7 3"2
"6 0.6 2.5 2.7
.6 .6 2.4 2"6

r.3 r.3 4"3 4"8
r"4 r.4 4.4 4"9
r.6 i.6 5.0 5"9
i"6 1"6 5.0 6.0

.0

.0

.0

.0

.0

.0

.0

.0

.0
,0
.0
.0
.0
"0
.0
.0
"0
.0
.0
.0
.0
"0
.0
.0
.0
"0
"0
"0

"4 0.4 0.5 1.0 r"0
"4 0.4 0.5 r.0 1.0
.4 0.4 0.s i.0 i.0

68.0 90.0140"0155"0180"0 Temperature of cal-ibration (n)
0.0 0.0 0.0 0.0 0"0

Figure 8.7¿ Sample Thermocoupl_e Cal_ibration Fil_e
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20"998"5
2r"998"2
22"998.0
23.997 .7
24"997 "4
25"997 "2
26"996"9
27"996"6
28.99 6 .3
29.996"0
3u.995.7
3i.995.4
32"995. i
33.994.8
34.994"4
35.994"L
36.993"7
37.993.3
38.992"9
39 .992.6
40.992.2
4r"99r.8
42.99 r .4
43.99r.0
44.990.6
45 .990 .2
46.989 .7
47.989.3
48.9 88. 9

49"988.5
50.988"0
51.987.6
52.987 .2
53.986. 6

54 .986 .2
55.985.7
56.985 .2
57 "984.8
58.984 " 2
59"983.8
60"983.3
61"982 " 8
62"982"2
63.981..7
64"98r.1
65.980.5
66.980.0
67.979"4
68.978.8
69"978"2
70"977 "7

4r82 " 04r81.3
4i80.7
4r80"3
4179"8
4179"s
4179"2
417I " 9
4178.7
4178.5
417 8.4
417 8.2
417 8.2
417 8. L

4178"r
4178.0
4r78"0
417 8.0
417 8. I
417 8.2
417 8.3
4L78"5
4r78"7
4179.0
417 9 .3
417 9 .5
4179"8
4r80.1
4r80.4
4180"7
4r8r " I4lBr.4
4r8r"B
4r82 " r
4182.5
4r82 .9
4r83.3
4r83 " 7

4r84 " 2
4184 " 6
4r85.0
4i85.5
4r86.0
4r86.5
4r87"0
4r87 " 5
4r88.0
4188"5
4r89. r
4r89 " 7

4i90.3

r0"05 .60r0
9"80 "60259.60 .6045
9,38 " 6060
9"14 .6075
8"94 "60908"72 "6rr08"52 "6125
8. 35 .6r40
B.r5 .6r55
8. 00 .617 0
7.85 .6i85
7 " 65 .6200
7 .54 .6210
7 .39 .6225
7 " 22 .6240
7 .09 " 6255
6 .95 .6240
6. 8i .6280
6.67 .6295
6.s4 .6305
6"40 "63206"28 .6330
6. 17 .6345
6.05 .6355
5. 9s .637 0
5.85 .6380
5.7 5 .6390
5. 6s . 6400
5. 55 .64r5
5"45 "64255.37 " 6435
5. 30 .6445
5 " 20 .6455
5. 12 .6465
5 " 07 .6480
4 " 97 .6490
4.90 " 6500
4.82 .65r0
4"75 "65204"67 .6530
4"60 "65454"52 "65554.45 .6560
4.37 .657 5

4"32 ,6585
4"25 "6595
4" t8 .6605
4 " t2 . 66 i 5

4 " 07 " 6625
4.03 .6630

7.00 2"050 1.0r0
6"85 2.175 ,981
6.6s 2.275 .96r
6"s0 2"375 "9406.30 2"475 "916
6. r5 2"575 "8975.9s 2"675 .875
5.80 2"775 .855
5"6s 2.850 "838
5.55 2.950 .8rB
5"40 3"025 .803
5.25 3. r25 .7 89
5. r5 3"225 .767
5"00 3.300 .758
4.90 3.400 .743
4.80 3.475 "7264"70 3.550 .7r4
4 " 60 3.625 . 700
4"50 3.700 .686
4.40 3.775 "6724.30 3.850 .659
4 " 20 3.925 " 645
4.r0 4.000 .633
4.05 4.07 5 .623
3.95 4.r50 .6rr
3. 85 4.225 . 60 I
3.80 4.275 .59r
3.70 4"37s "5813.65 4.425 . 57 r
3.55 4"500 .561
3.50 4"575 "5523.45 4.650 .544
3.40 4.7 25 .537
3.35 4"775 "5273.30 4"850 .5i9
3"25 4"925 "5143.20 5.000 .504
3.15 5.050 .498
3.r0 5"r25 .490
3.05 5"175 .483
3. 00 5.250 " 47 5
2"94 5.300 .468
2.90 5. 350 . 460
2.85 5"425 .453
2.80 5"475 "4462.75 5"525 "44r2"72 5" 600 .434
2"67 5"650 "427
2"63 5,725 "42r2"60 5"775 "4162.57 5.850 .4r2

Figure E.B: Sample l¡later Properties Data File
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1. The user is asked to input the file numbers of the
first and last file to be created, in format 2f3"
Example: 40I450 requests creation of files

R40 I . TEXT through R450. TEXT
The program will signal the console at completion"
It is suggesEed that the user create smal1 groups of
raw data files at a time, noting that a run-time error
will occur if the volume directory is fi1led up. If
this happens, the last couple of files shoul-d be
destroyed and a sub-volume created using the remainder
of the disc rnemory" Doing otherwise wí11 limit the
disc to approximately seventy-five data fi1es, which
requíre less than half the disc capability.
For further details refer to the operating system's
manual.

t
3"

4"

Raw Data Files

t. To enter rar{ data into a data file the user is
requíred to load the particular file into the system
vrorkplace while in the FILER mode and then transfer
through to the EDIT mode. The user may then enter the
experimental data by EXCHANGING the zeroes in the file
for raw data.
The zeroes are emplaced at creation of the data file
to indicate to the user the required format for input
to the data conversion program.
It is strongly recommended that only the exchange-edit
function be used to input the raw data and that it is
done carefully so not to delete any zeroes.
Any raissing positions in the ra\^r data f i1e, whether
zeroes or real data, will cause a run-time error in
the main conversion program.
After ra\^7 data entry, the system workspace is updated
and the file is saved back onto the rar{ data disc"
It should be noted that a1l data files are to be
accessed in this manner for editting purposes. This
includes the files:

2"

3"

4"

5.

6"

TC I. TEXT
CDl . TEXT
FC. TEXT

HOH . TE XT

ro TC4.TEXT, TC.TEXT
and CD2 " TEXT

Program RDC

The user is first asked to input the name of
data file to be converÈed, and to replace the
conversion disc in the right drive by the raw
file disc containing the particular ra\,r data
If the particular rar.¡ data file is part of a
sub-volurne on the disc, then it is hoped that

1" lhe raw

data
f iIe.

the
')
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user has had the foresight to change the right drive's
identification prefix prior to initiating conversion
program execution. If this has not been done, an
error r¡i11 result and the prefix change must be
effected before proceeding.

3 " The program will provide a console prompt to swÍtch
back to the conversion disc when necessary"

4" The process of I. and 3. is repeated later when the
progran is ready to store the converted data on the
conver ted data disc .

5. After the data is stored, the progran asks if another
file is to be processed. An aff.írmative response
returns the user to l. r.¡hile a negative response will
begin to terrninate the program.

6. During data processing, if one thermocouple of a pair
is entered as faulty (denoted as a zero readirg), the
progran automatically duplicates the other member of
the paír. This yields a fair peripheral temperature
average since both of the Índependent thermocouple
calibrations are sti11 employed.

7 " If both thermocouples of a pair are faulty (entered
zero), the station is skipped for all further
calculations excepting bulk temperature.

8. Note 7 . is also applicable to zero- entered pressure
drop readings, but denotes that the combination is
not read rather than an instrumentation fault.

References

t I I Grant, C.W. , Butah, J. , Introduction to the UCSD
p-Sys tem, Sybex , 1982.

1,2) Fortran Reference Manual, SofTech Microsystems,
t 98 I "

Program Listings as fo11or¡rs:
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PROGRAM CR
CHARACTER F* I I
R=0.
I=0
wRITE(o,'(A@)')'First and last file nos. to be created?(2I3)'
READ(O,'(2T3)')K,L
oPEN( t,nILE=' N. TEXT' )
I.IRrrE ( 1, 6 ) (.1,.1=K, L)

6 FORMAT(I00('R"13,'.TEXT'/))
CLOSE ( i )
oPEN( I,FILE=f N" TEXT' )
DOz JJ=K, L
READ(I,'(AII)I)F
0PEN (2 rY ILE=F, STATUS='NEW')
I^IRrrE (2,4) R, ( t, J=l ,6 ), (n, J=l ,72) ,JJ

4 F0RMAT(rS"Z/6rr/F5"3/Fr0"8/Fs.3/2F5.3/3F5.3/4Fs"3/5F5"3/
*6F5.3/7F5"3 / F9.5 / 4(t}F5. I /)rS" r/',C ' , 13, ' .TEXT')

2 CLOSE(2)
WRITE(*r'(A@)')'Creation completed in less than 7 days!'
END
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PROGRAI"I RDC

RE¿rL T(43),CD(5, 36),P(l,l ¡,TB(20),PR(8,8),L(2L, I0),
* FC ( 2 ,5 ), LMTD ,l'f X, NU (25 ,50 ) , TC ( 5 ,44 )

CHARACTER C*l l,R*1 l,CH*t
A=.0000r64r7
DI=. 00 457 2

DO42 J=l ,50
DO42 I=I,25

42 NU(r,J)=0.
IJK=0
OPEN(3, rILE=' PRIlttnR:' )

39 DO32 I=1,7
DO32,J=I ,7

32 P(I,J)=0.
IJK=IJK+I
HB=O "
I,TIRITE(*,'(A@)')tRaw Data File Name?(tnsert raw data disc)t
READ(*,'(Ali)')R
OPEN (2 ,v I LE =R )
READ (2, T)CI, IY, IM, ID,FI"l, BC, ( ( P ( I,.I ), J=l, I), I=T,7 ), TI, ( T ( T ), I=I,

*40),T0,c
r FORMAT(rS.Z /3T2/F5.3/rtO"8/F5"3/2F5.3lZrS"3/4F5"3/5F5.3 /6F5.3/

*7Fs "3/F9"s/ 4(rOFs. r/)rs" t/Arr )
CLOSE ( 2 )
I,JRrrE(*,'(All)')C
WRITE(n, t (A@)')rlnsert conversion disc and "RETURN" t

READ(*,,(Att),)R
IF=FM
F¡,1=(FM-IF)*1000.
IB=IFIX ( BC )
rF( rB. EQ.0 )Goro25
BC=( Bc-rB)*1000"
CC=C I
IC=IFIX( CI )
NU(l9,IJK)=cC
cr=( cr-rc )* 1 00.
I^IRrrE (*,' ( F6. 0 )' ) Cr
R=' CD I . TEXT I

IF( IB / 2*2. EQ. IB)P=, CD2 "TEXT'
OPEN (2,r ILE=R)
rF( rB/ 2* 2. NE. rB ) READ (2,3 ) ( ( Ct ( t,.l) , r=t ,4 ), J=J. ,36 )
rF(rB/ 2*2.EQ"rB)READ (2,60)( ( cr(r,.1), r=I, 5),J--i, i6 )

3 FORMAT(36 (33x,487.2/))
60 FORMAT(16(33X,5F7 "2/))

CLOSE(2)
I^TRITE(O,' (A8)' )' CD INPUTI
AS=3. 14I59*DI*DI*CD( IC, I0 )
DC=CD( rC, I )*( i.+( Cn (rC,2)/CD( rC, I ) / S. t4159)** ( 2 " ) )
R=' TC I . TEXT I

IF ( IC. EQ. 2 ) n= | TC2. TEXT I

rF( rc" EQ.3 )R='TC3. TEXT I
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rr ( rc. EQ.4 ) R='TC4 " TEXT '
IF ( I B / 2* 2. EQ " T¡ ) N='TCD " TEXT I

oPEN (2 ,r rLE=R )
READ (2 ,30 ) TC

30 FoRMAT (44(3x, sF5. I / ) )
closn ( z )
I^JRITE(*,' (A8)' )' TC INPUT'
TFM=( rt-rloer ( rFtx(Tr*t0 " ) ) / t0 " )* 10000 "
rF(TFM.LT"TT)TFM=TO
TI=FL0AT ( rrrx Tr*r0"))/r0.
T(41)=TI
T(42)=TO
T(43)=TFl"t
D031 I=1 ,43rF(r(r).rq.o.
rF(r(r)"EQ.o.
D031 J=l ,5
IF(T(I).GT.TC

AND. I/2*2.EQ. I)T(t)=t(r-i )
AND. r/2x2"NE. r)T(l)=t(r+1 )

J+l,44 ).oR.T(r).1n. r0" )coro3l
rF(r(r ) . cn. rc(J,44) .AND. r. LE. 40. AND. rB. EQ. 1 )T( r )=( r( r )+*(T(r )-TC (t ,44)) / ( rc(¡+1,44 )-TC( J ,44 ) )*( rc(J+l , r)-TC(J, r) )*-32.)x5"/9.
rF ( T ( r ) . er. TC( J, 44 ) .AND. r. LE. 40. AND. rB. EQ . 2)T( r ) =( r ( r )-*(T( I )-rc (J ,44 ) ) / ( rc(J+l , 44)-TC(J ,44)) *( rc(J+I , r )-TC(J, r) )*-32. )* 5. / 9 .
rF( r( r ) . c¡. rc( J, 44) .AND. r. cr. 40 )r( r )=( r( r )- (r( r )-rc( J, 4 4)) I

*( rc (J+1, 44 )-tc(J, 44) ) * ( rc( J+I, I)-TC (.1, t))-ZZ. )* 5. / 9 .
3 I CONTINUE

K=0
TWA=0.
IF(IB. GE.3.OR"T( i ) "LE.IO. )GOTO6I
D034 T=2,36
IF(T( I ) .LE. 20. )GOTO34
TI^IA=TIrrA+T ( r )
¡ =i(+ I

34 CONTINUE
TWA=TI^]A/FLOAT(K)

6I TI=T(4I )
T0=T ( 42 )
1,p¡.1=1( 43 )
TA=(TT+TO)/2.
TMF=(rwe+14¡72"
oPEN ( 2 , rILE= ' FC " TEXT' )
READ (2,14 ) ( nC( 2, J), J=I, 5 )

14 FORMAT ( r'¿. O ,2X,4F 1t . 6 )
DOi5 I=1,13
D04 J=l ,5

4 FC(1,.1)=FC(2,J)
READ (2, 14) ( FC( 2, J), J=1, 5 )
rF( FC (2, r). cE. Ft'{)COrOr 0

1 5 CONTINUE
16 CLOSE(2)
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'/ I

WRITE(*,'(A1O )')'FC SCANNED '
MX=( FM-FC( I, I ) )/ (rc (2,r)-FC( t, I ) )
FM=( FC(2, rF+I )-¡'c( I , tF+L ) )*rqx+rc( i, rF+l )
0PEN (2,rtLE= t H0H. tnXt' )
READ (2, 13) (PR( 2,K), K=Ì, 8 )

13 F0RMAT (F3.0,F5, I ,F7 " r,F6"2,F6" 4,F5.2,2F6.3)
D0I8 I=I ,46
D0t7 J=t,B

L7 PR(l,J)=PR(2,J)
READ( z, t3 )(Pn(2,x),K=l, 8¡
IF'( PR (2, T ). GE. TA)GOTO I 9

I 8 CONTINUE
I 9 CLOSn(2)

WRITE (* , '( AI i )' ) 'HOH SCANNED'
TX=(TA-PR(t, r)) / (PR(2, I )-PR( l, r ) )
DO22 I=l ,8

22 pR ( 7 , r ) =( pR( 2 , r )-pR( I , r ) ) * rx+pR ( I , r )
FM=FM*(pR( 7,2)+(re-r¡'lt)* "27 ) / 998 " 5
QF=F|,t*PR( 7,3 )*ABS (T0-TI )
U=FM/ A/ pR (7 ,2)
RT=CD ( tC, i0 )*Dr- / U* r . 25
oPEN (2 ,rtLE= | HOH. TEXT t )
READ (2, t3 ) ( pn( 2, K) , K=t ,8 ¡
D043 I=1,40
DO44 J=Ì ,8

44 PR(I,J)=PR(2,J)
READ (2, 13) ( Pn(2, x.),K=I, 8)
rF( PR( 2, I ) . GE. TMF ) COTO+Z

43 CONTINUE
47 CLOSE(z)

WRITE (o , ' ( At I )' ) 'HOH SCANNED '
TX=(TMF-PR(1, i ))/(pn(2, I )-pR(1, I ))
D045 I=I ,8

45 pR( 8, r)=( pR(2, r)-pR( t , r) )*tx+pR( i, r)
K=0
F=0.
rF( Tr. GT. To " oR. rB. EQ " 2 )cOTo49
D05 I=l ,7p(t,r)=0.
D05 J=I r I
rF(P( r, J) .EQ. o. )coro5
P( I, J)=190. 5*(P(r, J)-1. )
p ( J , r ) =p ( r , J ) * 4. 9 033 / ABS ( cD ( r c,2+ r )-cD ( rc, 2+J )) / u / u / r 000.
rF( r. cr. ( rFrx( cn( r c,L2 ) )+1 ).0R. J" cr. ( rFrx( cD( rc,12 ))+i ) )coros
F=F+P(J, I)
K=K+ I

5 CONTINUE
F=F/FLOAT(K)

49 coro(24,2,4r,4I),rB
2 DT I=TWA-TI

DT2= TI,JA-TO
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D=ALOG (OTZlDTT )
LMTD=(DT2-DT I )/D
Ar"1TD=AB S ( nr r+ DT 2) / 2 "24 rF(rB.EQ. I )LMTD=TWA-TA

4I NU(L,IJK)=FM*DI/AlPR(7,4)*10000.
NU( 2, rJK)=NU( I, rJK)*Sqnr (t " I CO ( rC, r ) )
NU(3, rJK)=pn(7,4)*pn(7,3)* "000r /pR(7, 5)
IF
NU

IB.GE"3)GOTO26
4, rJK)=9. 8066*pR(7, 7 )*(Dr**3. )*LMTD /pR(7,8) / pn(7, 8)

**100000000.
NU ( 5, rJK ) =QF*Dr /AS /l-¡rrr /pn( 7 , 5 )
rF(rB.EQ "2)GOTO26
QE=FLOAT ( rrrX ( BC ) ) * ( nC-rFrX ( BC ) ) * r.0 .
rF( BC. cr. 85. ) QE=FL0AT ( rFrx( BC ) ) * ( ¡C-rFrX ( BC ) ) * I 00 "
RS=QE/rlo¿.r( rrrx( BC ) ) /¡'loer (rrrx(BC ) )
SK=. 013862 *TI^IA+14.887 34
HB=( QE-QF) /QE*IOO.
NU(20, rJK)=HB
NU( I5, rJK;=qn*DrlAS/l,UrO/pn( 7,5 )
DT=. 02899*qn/ cD ( rc, l0 )/Dr /sK
D040 I=L,21
D040 J=I ,9

40 L(I,J)=0.
D0I2 J=l ,20
TB( J )=( rO-Tr )*CD ( rC, J+ L6 ) / CD( lC, I0 )+Tr
L (J , 5 )=T (2*J )-DT-TB ( J )
L(J,6)=L(J,5)
rF ( r ( z *.i ) . cr. T ( 2 *J- r ) ) L ( J, 6 ) =r (2*J- r )-DT-TB ( J )
rF( T(2*J ).LE. r (2*J -l ) )L(J,5 )=T (2*J- r )-DT-TB(J )
T ( J ) = ( r ( 2 *J ) +r (2 *J- L ) ) / 2. -n.r
rF( r(.r ) . lr. rB ( J ) )cororz
oPEN (2,v rLE= | HOH. TEXT t )
READ (2, t3) (pn (2,X),r=1, 8)
DO20 I=I,8

20 PR(5,I)=PR(2,I)
D07 I=I,46
rF ( PR( 5, I ) . C¡. TB ( J ) ) COTO r t
D0t0 K=I,8

i0 PR(4,K)=PR(5,K)
I I D06 K=l ,8
6 PR(1,x)=PR(2,K)

READ (2 , L3 ) ( pn (2 ,X) , K=l , 8 )
rF(PR( r , r ) . cr. TB(J ) ) COTOZg
DO28 K=J. ,8

28 PR(5,K)=PR(2,K)
29 rF(pR(2, I).cs.TB(J).e¡in. pR(1, I).LT"TB(J))r¡x=(r¡(.1)-pn(4,r)) I

*(pn(5,1)-PR(4,1))
rF ( PR ( 2, r ) . Cn. T (J ) ) COTOA

7 CONTINUE
8 CLOSE(2)

I.JRITE(*,' (AII )' )'HOH SCANNED'
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rx=( T(J )-pR( i, I ) ) / (pn (2,r)-pn( r, r ) )
D09 K=1,8
PR( 6, K)=( PR( 5, K)-pR( 4, tc) ) *rnx+pR(4, K)

9 pR( 3 , x) =( pn (2,x)-pn ( I , x) )'trx+pR( I , K)
L(J , I )=FM*oI / A/ Pn( 6,4 )* I0000 "
L(J , 2 )=pR (6 ,4) *pR( 6, 3 )* " 0001 /pR ( 6, 5 )
L(J,3 )=9 " 8066 *pR( 6,7 )* ( nl**3 " )*( T(J )-TB (J ) ) /pR( 6, B ) /

*PR(6,8)*100000000.
L(J,4 )=QE*Dt/ (t (J )-rB(J ) ) /pn( 6,5 )/es
rF( L(J, s ) . LE. TB( ¡ ) . on. L(J, 6 ) " LE. TB ( J ) ) coro+a
L(J, z )=QExDr /2. /pR(6,5 )*(1. / L(J,5 )+1. /L(J ,6))

48 L(J ,8 )=L(.1 ,3 )/lUrt*ABS (rO-rr) / CD ( rC, t0 )
L(J, 9)=( (pn(6, 4 )/pn(3, 4 ))**. t4 )

I2 CONTINUE
Do46 I=t ,9
K=0
DO23 J=3, I8
rF( r(.r ) . le. rB( J ) ) coroz¡
ç=(+l
L(21, r )=L (21 ,r )+l(.1, r )

23 CONTINUE
L(2L, r)=L (2r,r) / FLoAT (K)

46 CONTINUE
NU(4,rJK)=L(21,3)
NU(5,rJK)=L(21,4)
NU ( I2 , rJK )=L(21 ,7 )
NU(i4,IJK)=f(21,8)
NU(f6,IJK)=L(21,9)
NU ( 21 , IJK )=L(21 ,2)

26 NU(6,rJK)=F
NU( 7, rJK)=NU( 6, rJK)*NU( 1, rJK) / t0 "
NU( 8, rJK)=pn(8,4 )*pR(8,3 )*.0001 /pR(8,5 )
NU( 9, IJK)=9. 8066 *PR( 8, 7 )* (Ol**3. ) *LMTD /PR( 8, B ) / pn( 8, B )

**I00000000.
NU
NU

NU
NU
NU
NU
NU

I 7, rJK)=l¡U( 4, rJK) /nU( l, rJK)
I8, rJK)=nU (3, rJK)*l¡U ( 4, IJK)
t 0, IJK ) =NU ( 9, IJK ) / i-Uro*ABS ( rO-rI ) / CD ( IC, i 0 )
I I , rJK ) =NU ( 4, t.lr ) /lUrO*ABS ( rO-rr) / CD ( rC, r0 )
22,rJK)=nU( l, t.it<)*Nu( 3, t;r) /co ( tc, t0 )*3 .14159 /4.
23 , rJK )=NU ( I , tJr< )*NU ( 8, rJK ) / Cn ( tC, t0 )* 3 " 14r59 / 4 "
25, rJK)=NU( 1, IJK)/ SQRT (DC )

35 WRITE(*,'(A47/)')'Insert converted data disc for storage & RETt
READ(O,'(AII)')R
h]RITE (3,5T )IC,IFIX( CD( IC, i ) ) ,IFIX( CD (TC,2 ) ) ,IFIX( CD( IC, IO )) ,*cr, cD (tc,2) / cn ( lc, I ) , DC,FM, Tr, u,TO, rFrx(RT ),TA
coro(36,37,38,38),rB

36 I,¡RrrE(3,52)QE,RS,QF,SK,HB, (r,rFrX(CD(rC, I6+r)),T(r),TB(r),
* (L( r, J) , J=l ,4 ), r=l ,20 )

GOTO 3 B

37 I1IRrrE(3,55)QF,LMTD,AÌ'ITD,T(I),TI,JA
3B rF( rB. cE. 3 )I,¡RrrE (3,56 )
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rF( rB. EQ. 2 )Goro 66
I,JRrrE (3 ,57 ) ( p ( t , J ) , J =2 ,7 ) ,p(2, t ) , ( p (2, J ) , J=3 , 7 ¡ ,* (P(3,J),J=r,2),(p(3,J),J=4,7),

* (P(4, J) ,J=t ,3), (p(4,J),J=5,7 ¡,* (P(5,J),J=r,4),(P(5,J),J=6,7),
* (P(6, J),J=l ,5 ),P(6 ,7 ) ,(P(7,J),J=l ,6 )
rF( rB. cE" 3 )I^IRrrE (3,58 )NU( I, rJK) ,¡lU( 6, t.lr) ,NU(2, rJK) ,

7 ,TJ K) , NU (3, t.lt<) ,tlU( 25,IJK)
rB" LT.3 )WRrrE (3,59 ) ( ( l¡U(.1+r-t, rJK) ,J=L ,6,5 ),K=I ,2 ) , NU (3, rJK)
25,rJK),NU(4, l.lr),nu(i7, rJK),NU(5, rJK),NU( 22,rJK)

*NU

66 rl'
*NtI

56 FORMAT (

57 FORMAT (

I,IRITE (*,'(Al5,Ali )') 'End storage of ' ,C
25 i^IRITE(*,'( 

^37 
/)')'Converred data srored---Another f ile?'

READ(*,'(Atl ) I )R
rF ( R. EQ. 'Y ' ) coro39
rF( R. EQ. 'No') SToP

51 FORMAT(t+X,'Coi1 Number: 
"12r5X,'Dld: 

t,13,5X, th/d2"I3,5X,
*'L/dz',T4/L4x,'Run Number : I rF6.0, l4x,tln/D:' rF6.3r2x, f Dc/dt,*F6.I /tqxr tFlovrratê ! t r7XrF8.6r' kg,/ s' ,6X,'T(bu1k inlet):',
*F6. t ,',C',/I4X, I Inlet Velocity: 

"F9"4,' 
m/ s' ,7X, 'T(bulk outlet):'

*F5. I ,'C'/ l4X, tResidence Time:'rI9r t st ,9Xr'T(bulk average):',
*F4. l r' c' / r4x,2g('--' ) )

52 F0RMAT(t+xr'Boundary Condition: Neumann' / I4x,'Povrer Input: t,
*F9.l r' ül Tube Resistance:'rF7.3, t ohms'/I4x,*tPower Absorbed:t rF6.lr' W Tube Conductivity:',F5.2r' tJ/uK'*r4xr'Heat Balance:' ,F8.l, t "At / I4xr r Stn x/d Twi(C) Tb(c)'*r Rex Prx Grx Nux'/20(I4XrI2,I9rF8. IrF7.1,F8.0,
*F6.2,E 10. 3, F6 .2 / ) / r4X,28 ('--' ) )

53 FORMAT(t:X,'o"12r19rFB.l,F7"l,F8.0,F6.IrEt0.3,F6.2/
* I 8 ( I 4 X , r 2 , T 9 , F 8 . I , F 7 . L , F g . 0 , F 6 . I , E I 0 . 3 , F 6 . 2 / ) )

54 FORMAT(i+X,'Average of Ful1y Developed:',F7.0,F6. IrEl0. 3rF6.2/*I3X,'*Indicates approximate Ínitiation of FULLY DEVELOPED FLOI.I'
*l4x,2g('--'))

55 FORMAT ( f+X, 'Boundary Condition : Dirichl et' / l4X, ' Power Absor' ,*'bed:' r32XrF7.Ir' W' / I4XrtLogarithmic Mean Temperaturer,
* r Dif f erence (l,ltrl): t ,F7.I,' C, /14xr'Arithmetic Mean Temperatur
*'e Difference (euro):' rF7.lr' C' /14Xr'Environmental',
*'Temperature :t r2LXrF7" I, I C' / 14X, rAverage I{a11 Temperaturê! t,
*22x, F7 " 1, I C' / r4X,2g ('--' ) )

4X, t Boundary Conditíon: IsothermaL' / I4X,28 ('-- t ) )
4X, I StatÍc Differential Pressures and FrictÍon ' ,t

la*'Factor s' / I4X, t l' , l0X ,6F7.4/ I4Xr'2t ,F7.1,10X,5F7. 4/ I4Xr'3' ,
* 2F 7 " I , I 0 X , 4F 7 . 4 / r 4 X , ' 4 | , 3F 7 . I , I 0 X , 3 F 7 " 4 / l, 4 X , r 5 ' , 4 F 7 . I , I 0 X ,
*2y-7 

" 4/ r4x,'6' ,5F7.I,10x ,F7.4/tqx,'7' ,6F7" I /20X,'I' ,6X,'2' ,*6Xr t3t r6X rt 4t r6X, r5r r6Xrt 6t r6Xrr7, /14X, rUpper triangle: r,
*r friction factors (dimensionless)'/ tqX, rLower triangle:',
* I pressure differentials (mm HOH)' / L4X,28(' --t ) )

58 F0RMAT( t+X, t Non-Dimensi-ona1 Flow Parameters' / I4X, 'Re: t 
,*F8.0, l4X, I fc: tF12"4/I4X,'Dn: 

"F8.0, 
l4X, t fclfs: t,F7.2ll4X,

* t pr :' Fl0 . z, LzX, r Dn* :',F7 " 0 / l4x, 28 (' --' ) )
59 F0RMAT( t+X, 'Non-Dinensional Flow Parameters' / I4X, 'Re: ' ,*F8.0, l4X, 'fc: tF12 

" 4/ I4X, r Dn: ' ,F8.0, t4X ,'fc/ fs: ' ,F7 "2/



*14x, I Pr: ' ,F10 "2 rIzX, r Dn* ¡

*'Gr/Re: ' ,El0 "3/ I4xr'Nu:
*28('--'))

END

,F7"0/r4x,tGr:
' ,F 9 " 2, r5x,', Gz:

201

',El0 "3r7X,
,F7"2/r4x,
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APPENDIX F: Sample Data Reduction

The following sample calculations are presented based
on the ra\^/ data presented in Figures F.1 through F"4 using
the appropriate software/caIibration files:

Neumann Boundary Condition

(Figure F" t and Fígure F"2)

å = .00608 I kg/ s T( bulk inlet ) = 37 .4" C

ÁP= 1.301 volts T(bu1k outlet)= 49"2"C
( stn .2-3) T(wall avg) = 46.3"C

Qe= 294 \.ratts T(wall stn"l0)= 43.5'C
V = 5.88 volts T(Uutt stn.l0)= 40.5"C
f = 50 amperes T(bulk avg) 43"3"C

D/d = s0 x/d(iO) = i38
hld = 58 L/d = 528
oc/d= 56.8 (caIc'd) d = "004572 merres

As = .03467 B'

Fluid Properties at Bulk Average and Station l0

Bul-k Average Station l0 Units

cp = !179.0 4178"3 Jlke, K
k = .6345 .6305 [I/m K

/\ = g. I7xIO-q 6.54xlOa kg,/n s

? = 99r.0 992.2 ks,/n'
(t - 4.075xI0* 3.850x10-{ L/ K
t = .623x10-6 .659x10-6 m'/s
Pr = 4"05 4"30

Qf=ñcp(t¡o-Tbi)
= .006081 x 4179 x 11"77
= 299 watts

HB = (ae-Qf) xI00/Qe
= (294-299)xLO}/294
= -I.72 heat balance

R = vlT
= 5.88/50
= .1I76 -ru

kg = .013862 x Tw(avg) + 14.88734
= I5.49 I.J/m'K
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4" r9
B50rr3
3.035
r.0s058800

" 000
| .327 . 000
.0001.30i "000.000 .000r.298 .000
.000 . 000 .000 . 000 .000
.000 .000 .000 .000 .000 " 000
.000 .000 .000 " 000 .000 " 000 " 000
99 .4087 2

103. 1i03.5 r05 " 3r05.8i05.4106.0r05 " 5 r07.0i06.8t05.3
r05. 8r06. 6 106. 2ro7 . 4107 . 4107. 0107. 9108. 6r09. 6l I i . 0
I r0. 9i i2 " 0t I t . 9 ILI.21 I I " 8 L12 " 4t r3. 31 I2. 3 IL4 " 2t I3 " 7
1 r5. 8rr6. r r17 "7116. 8r2r "7 r20 " 4124 "6123 "7 r24.0125. 4
r20 .5
C4I9.TEXT

Figure F.1: Raw Data Fil_e: R419.text
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Coil Number: 4
Run Number: 19"
Flowrate:
Inle t Veloc i ty :

Residence Time:

D/d: 50

"006044 kg/ s

"3715 m/s
8s

h/d z 58
It/oz I.I60

T(bu1k
T(bulk
T(bulk

L/d:528
oc/d 56.8

inlet): 37 "4Coutlet): 49.IC
aver ale): 43. 3C

Boundary Condition:
Power Input: 294"O
Power Absorbed: 295"5
Heat Balance: -.5
srn xlð Twi(c)

I
2
3
4
5

6
a

8 9r
9 rr5

Tube Resistance: . tl8 ohms
Tube Conductivity: i5.50 l,l/roK

t0
tt
I2
r.3
T4
t5
T6
L7
1B
r9
20

6

l6
30
43
55
69
80

r38
r62
L79
20r
224
246
297
34r
424
498
524

39 .7
40"9
4i. r
4r .4
4r..3
4r.4
4r.7
42"r
42.8
43 .6
44 " s
44.5
44"9
4s"4
45 .9
47 .2
47 "6
50 .2
52 .0
52. I

Ne umann
I,J

I^I

Tb(C)
37 .6
37 "8
38. i
38 .4
38.7
39.0
39 .2
39.5
40. 0
40.5
41.0
4r .4
4r .9
42. 4
42 .9
44 .0
4s.0
46 .8
48.5
49 .0

Rex
2450.
246r.
2477.
249L"
2505.
2522.
2534.
2546.
2573"
260r.
263r "
26s0.
2674"
2699.
27 22.
27 83.
2828 

"
29r9 

"
3004.
3035.

Prx
4. sB
4 .56
4.52
4. 49
4. 46
4. 43
4.4r
4"39
4.34
4.28
4"23
4.20
4. 16
4.lI
4 .07
3. 98
3. 90
3.77
3"66
3.6r

Grx Nux
. I55E+04 28.62
"2288+04 19.70
" 2L9E+04 20 " 86

" 225F'+04 20.67
.202F'+04 23.42
.193E+04 24"92
.1.97E+04 24.76
" 2I2E+04 23 " 35

"23IE+04 22.L2
.268F'+04 19.61
" 306E+04 17 .7 4
.2828+04 19 .66
"279I'+04 20"42
" 288E+04 20.3r
.299I'+04 20.00
.333E+04 19.12
. 2B I E+04 23.69
.41IE+04 17"77
. 459E+0 4 17 . 18
.4i08+04 19.78

Static Differential Pressures and
1 .0129 .0000 .0000
2 62.3 "0126 . 0000
3 .0 57"3 "01284 .0 .0 56"8
5 "0 .0 .0 .0
6 .0 .0 "0 .0
7 "0 "0 .0 .0

r234

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
" 0000 " 0000 .0000
.0000 .0000 .0000

" 0000 .0000
.0000

.0
67

.0

.0
5

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

2743"
388.

4.04
. 26 4E+0 4

2r. t5

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.0r28
2"19

364.
.963E+00

r6.48

Figure F,2¡ Converted Data File z C4t9.text
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Tw(inner)= Tw(outer) - "02899 x Qe / (L/d x d x ks)
= 46"3 .228
= 46. L ( average )

f.30I volts-------) 57.34um HOH
L/d = 337 - L75 = 162 station 2 to station 3

fc = 4.9033 x Áp(mm) / (1000 x u' x L/d)

= .0r242

f s = l6lRe = t6 /2744 = .00583-----> f.c/fs = 2.13

Non-Dírnensíona1 Parameters

Bulk Average Station I0

Re = (Ã/Ac)(d/r" )

" 006081 x "O04572

.0000 L6417 x6. t7xl0-+

= 27 44 = 2588

Nu = Qe x d /(k x As x (rwi-ru))
294 x "004572

.6345 x .03467 x 2"77

= 22"0 = 20.3

s (3 df ( rwi-ru )
Gr =-------93

= 2601 = 2493

- lt
Dn = Rer(o/¿) 'z

= 388
Dn *= Re (o. / ¿)-tlt

= 364
Gz = ( qt /4) RePr (L/d)

= I6.5

Dirichlet Boundary Condition

( Figure F. 3 and Figure F, 4 )
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2 " 54
85r020
3"079
2.00000000

.000

.000 .000

.000 .000 .000

.000 .000 .000 .000

.000 .000 .000 .000 .000

.000 .000 .000 .000 .000 .000

.000 .000 .000 .000 .000 " 000 .000
88.8095r

r92"0127.0127"5125.6 .0 .0 "0 .0 "0 .0
.0 .0 .0 .0 .0 .0 .0 .0 .0 .0
.0 .0 .0 .0 .0 .0 .0 .0 .0 .0
"0 .0 "0 .0 .0 .0 .0 .0 .0 .0

r19.0
C254. TEXT

Figure F.3¿ Raw Data Fil-e z RZJ4.text
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Coil Number: 2
Run Number : 54.
Flowrate:
Inlet Velocity:
Residence Time:

D/d: 29

"0t3B5l ks,/ s
.8503 m/ s

2s

h/d: 60
h/D:2"069

T(bu1k
T(bulk
T(bulk

L/d: 335
oclò 4r"6

inlet): 3I.6C
outlet): 48"3C
average ) :39.9C

Boundary Condition:
Power Absorbed:
Logarithmic l4ean Temperature Difference
Arithmetic Mean Temperature Difference
Environmental Ternperature :

Average I^Ia11 Temperature :

Dirichlet
969"r I,]

(luro): 10.5 c
(altro): 12"6 c

192"0 C

52"6 C

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

5890.
1094.

4"34
.869E+04

30.4r

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.0000

.00
9r3.

. t48E+01
59"94

Figure F.4: Converted Data File z CZJ4. text
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Tw = 52.8 oC

Tw = 53.1 oC

Tw = 52"0 "C

m = .013859 ks,/ s T(bulk inlet) = 31.5"C
T(bu1k outlet) = 48.3"C
T(bulk avg) = 39"9"C
T(wal1 avg) = 52.6o C

T(stearn) = 88.9" c

cp = 4178"3 l/kg K L/d = 335
k = .6305 Wln K D/d = 29
,/ = 6"54x10-+ kg,/n s h/d = 60
P = 3.85xI0-+ I/ K Dc/ò = \I.58 (calc'd)
; =.659x10-6 m'/s As = .O2Iggg m'
e = 992"2 kg/n3
Pr = 4"30

AMTD = 12.50 "c

Qf = 972 watts = h x As x LMTD

h = 3988 I^I/m"K
Nu = 28"9

Re = 5901
Dn 1096
Dn*= 915
Gz = 59"5

LMrD = (rbo-rbi)/ f t" [ (rw-rui.)/(rw-rbo) r ]= I1.08 "c
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Coil Number : I D / d: 29 hl d: 5 L/ d: 526
Run Number: I" h/l: .L72 nc/d 29"I
Flowrate: "015736 kgls T(bulk inlet): 30"0C
Inlet Vetocity: "9626 m/s T(bu1k outlet): 30.0C
Residence Tíme : 3 s T( ¡ultc aver age):30.0C

Boundary Condition: Isotherrnal

Static Differential Pressures and Friction Factors
I . 008 r .0000 . 0000 .0000 " 0000 " 0000
2 r4s .2 " 0083 . 0000 . 0000 . 0000 " 0000
3 .0 I 45.2 " 0080 .0000 " 0000 .0000
4 .0 .0 r4r.9 .0083 .0000 .0000
5 .0 .0 .0 I 44.4 .0083 .0000
6 .0 .0 .0 .0 145.2 .0000
7 "0 .0 .0 "0 "0 .0

r234567
Upper triangle: fríction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re : 547 8.
Dn: 1017"
Pr: 5"42

fc: ,0082
fc/fs.. 2"80
Dn*: 1016"
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Coil Nu¡nber : I D / d: 29 h/ d: 5 L/d z 526
Run Number: 2" h/D: "172 Oc/d 29.I
Flowrate: .0L2266 ks,/ s T(bu1k Ínlet): 30.0C
Inlet Velocity: "7503 u/s T(bulk outlet): 30.0C
Residence Time: 4 s T(bulk average):30.0C

Boundary Condition: Isotherrnal

Static Differential Pressures and Friction Factors
r .0096 .0000 "0000 .0000 .0000 .0000
2 104.6 " 0098 .0000 .0000 " 0000 .0000
3 .0 104.8 .0095 "0000 .0000 .0000
4 "0 .0 102.9 .0099 .0000 .0000
5 "0 "0 "0 104.4 "0098 .0000
6 "0 "0 .0 "0 104.6 "00007 .0 .0 .0 "0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Diuensional Flow Pararneters
Re : 427 0. fc : " 0097
Dn: 793. fclfs: 2.59
Pr: 5.42 Dn*: 792.
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Coil Number: I D/d: 29 h/ð: 5 L/d2 526
Run Number: 3. h/Oz .I72 Dc/d 29.L
Flowrare: "008726 kg/ s T(bulk inler): 29.7C
Inlet Velocity: "5338 rols T(bulk outfet): 29"7C
Residence Time: 5 s T(bulk average):29"7C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 . 0122 " 0000 " 0000 .0000 .0000 .0000
2 67 .4 .0126 .0000 .0000 .0000 .0000
3 .0 68.0 "0122 .0000 .0000 .0000
4 .0 .0 66 "7 "0126 " 0000 .0000
5 .0 .0 .0 67.2 .0124 .0000
6 .0 .0 .0 .0 67"r .0000
7 .0 .0 "0 .0 .0 "0r234567
Upper triangle: friction factors (dímensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 3022.
Dn: 561.
Pr: 5"45

f c: . or24
f c/f s: 2.34
Dn*: 560.



2t3

Coil Nurnber: I
Run Number:
Flowrate:
Inlet Velocity
Res idence Tirne

D/dz 29
4"

.005186 kg/ s
: .3L72 rnls
z 9 s

h/dz 5

h/o: " 17 2

t(uutt
T ( bulk
T(bulk

L/dz 526
nc/d 29"r

inlet): 29"4C
outlet): 29 "4C
average) 229"4C

Boundary Condition: Isotherrsal

Static Differential Pressur es and Friction Fac
r .0185 .0000 .0000 " 0000 .0000
2 36.0 .0190 .0000 .0000 .0000
3 " O 36 .2 . 01 78 . 0000 .0000
4 "0 .0 34,3 .0181 .0000
5 .0 .0 .0 34.1 "01796 .0 .0 .0 "0 34.1
7 .0 .0 .0 .0 .0 .0

L23456

EOTS
.0000
.0000
.0000
.0000
" 0000
.0000

7

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (rnm HOH)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:

1787.
332.

s. 48

fc: .0182
?c/ fs z 2"04
Dn*: 33 f .
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Coil Number: I Dld3 29 hlðz 5 L/dz 526
Run Number : 5. h/D: " 17 2 Dc/d 29 " IFlowrare: "004I40 kg,/ s T(bulk inl-et): 28"9C
Inlet Velocity: "2532 m/s T(bulk outlet): 28"9C
Residence Time: 11 s T(bu1k averale):28"9C

Boundary ConditÍon: Isothermal

Static Differential Pressures and Friction Factors
l " 0206 .0000 .0000 " 0000 " 0000 .0000
2 25.5 "0213 .0000 .0000 " 0000 .0000
3 .0 25"9 .0212 "0000 .0000 .0000
4 .0 . 0 26. r .0217 " 0000 .0000
5 .0 .0 . 0 26. r .0219 .0000
6 .0 .0 .0 .0 26"7 "00007 .0 .0 .0 .0 .0 .0

r234567
Upper tr iangle: friction factors (dimensiontess)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional- Flow Parameters
Re: i4ll.
Dn: 262.
Pr: 5.55

fc: .0214
f c/f s z l. BB
Dn * : 262.
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Coil Number: L D/d: 29 h/dz 5 Lldz 526
Run Number: 6" h/l: "L72 Dc/d 29"I
Flowrare : .00369 I kg/ s t( uutt inler ) : 28 " 9C
Inlet Velocity: "2257 m/s T(bulk ourlet): 28"9C
ResÍdence Time: l3 s T(bu1k average):28"9C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0218 .0000 .0000 .0000 .0000 .0000
2 21.5 .0229 .0000 .0000 .0000 "00003 .0 22. r "0222 .0000 .0000 .0000
4 .0 " 0 2r.7 .0229 .0000 .0000
5 .0 "0 "0 21"9 "0225 .0000
6 .0 " 0 .0 .0 2r.7 .0000
7 .0 .0 .0 .0 .0 .0

1234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mrn H0H)

Non-Dimensional Flow Parameters
Re: 1258. fc: .0225
Dn: 234. f.c/f.s: 1.77
Pr: 5.55 Dn*: 233"



2.r6

Coil Number: L D/dz 29 hldz 5 L/d: 526
Run Number: 7" h/nz .L72 nc/d 29"L
Flowrare: .003043 kgls r(butt inlet): 28"6c
Inlet Velocity: .i861 m/s T(bu1k outlet): 28"6C
Residence Time: 16 s T(bulk average):28"6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0256 .0000 .0000 " 0000 " 0000 .0000
2 17 " r .0250 .0000 " 0000 .0000 .0000
3 .0 16.4 .0238 .0000 .0000 .0000
4 "0 "0 15"8 .0240 "0000 .0000
5 .0 .0 .0 15.6 .0238 " 0000
6 .0 "0 "0 .0 15"6 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle : friction factors ( dimensionless )
Lower triangle: pressure differentials (mru H0H)

Non-Dimensional Flow Parameters
Re: 1030.
Dn: 19l"
Pr: 5"59

fc: .0244
fclfs: L.57
Dn*: f9I.



.L/

Coif Number : I D/d: 29 hl d:
Run Number : B. h/D:
Flowrate: .002295 ks,/ s T
Inlet Velocity: .1403 u,/ s T
Residence Time: 2IsT

5 L/ d: 526
"172 Dc/d 29"1
bulk inlet): 28.6C
bulk outlet): 28.6C
bulk average):28"6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0290 .0000 .0000 "0000 "0279 .0000
2 11.0 "029r "0000 "0000 .0000 "00003 "0 r0.9 .0278 .0000 "0000 "00004 " 0 .0 10.5 "0289 .0000 " 0000
5 .0 .0 .0 r0.7 .029r .0000
6 52.4 .0 .0 .0 r0.9 .0000
7 .0 .0 .0 .0 .0 .0

1234567
Upper triangle: friction factors (dimensíonless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 777. fc: .0286
Dn: L44" fclfs: I.39
Pr: 5.59 Dn*: I44.



2tB
Coil Number: I D/dz 29 hld: 5 L/d: 526
Run Number : 9. h/U: " 17 2 Dc/ d 29 " IFlowrare: .001546 kg/ s f(Uutt inler): 28"3C
Inlet VelocÍty: "0946 u/s T(bu1k outlet): 28.3C
Residence Time: 31 s T(bulk average):28"3C

Boundary Condition: Isothermal

StaEic Differential Pressures and Friction Factors
r "0440 "0389 .0000 .0000 .0387 .0000
2 7"6 "0404 .0000 .0393 "0000 .0000
3 13.3 6.9 "0400 .0388 .0000 "00004 .0 .0 6.9 "a409 .0000 "00005 "0 20.0 13.r 6"9 "0404 .0000
6 33.0 "0 "0 .0 6.9 "00007 "0 .0 .0 .0 .0 .0

1234567
Upper triangle: friction factors (dÍnensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Pararneters
f c: .0402
fc/fs: I.30
Dn*: 96.

Re: 520.
Dn: 97 .
Pr: 5.63
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Coil Number: L D/d: 29 h/dz 5 L/dz 526
Run Nuraber: 10. h/t: .I72 Dc/d 29"I
Flowrate: .000828 kg,/ s T(bulk inlet): 28.3C
Inlet Velocity: .0506 m/ s T( bulk outlet ) : 28 "3CResidence Time: 59 s T(bulk average):28"3C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0000 " 0659 "0646 .0633 .0616 .0000
2 .0 .0000 .0643 "0627 "0617 .0000
3 6.5 "0 .0000 .0646 .0627 .0000
4 9.5 6"3 .0 .0000 "0650 .0000
5 r2"4 9.r 6.3 .0 .0000 "00006 r5.0 r2.0 9.r 6.3 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 278. fc: .0636
Dn: 52. fc/fsz l.lt
Pr : 5.63 Dn* : 52.
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Coil Number: L D/dz 29 hldz 5 L/d: 526
Run Nurober : 1l . h/l: .I7 2 oc/d 29 " IFlowrate: .000678 kg,/ s T(bulk inl-et): 28.3C
Inlet Velocity: .0415 m/s T(bulk outlet): 28.3C
Residence Tirne z 72 s T(bulk average):28"3C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0000 "0000 "0751 "0755 "0732 .0000
2 .0 .0000 "0000 "0759 "0744 "00003 .0 "0 .0000 .0000 .0739 .0000
4 7 .4 .0 .0 .0000 .0000 " 0000
5 9.9 7"4 .0 .0 "0000 .0000
6 r2.0 9"7 7.2 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure dÍfferentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 228. fc: .07 47
Dn: 42. fcl fs : 1.06
Pr: 5.63 Dn*: 42.
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Coil Number: I D/d: 29 h/dz
Run Nuuber : 12 " h/nz
Flowrate: .000529 kg/ s T
Inlet Velocity: .0323 m/s T
Residence Time: 92 s T

5 Ll d: 526
"172 0cld 29"1
bulk inlet): 28"3C
bulk outlet): 28.3C
bulk average):28"3C

Boundary Condition: Isothermal

Static Differential Pressures and FrÍction Factors
1 .0000 .0000 "095r .0956 "0938 "00002 .0 " 0000 .0000 .096 r .096 r .0000
3 .0 .0 " 0000 .0000 .096 r .0000
4 s"7 .0 .0 "0000 .0000 "00005 7.6 5"7 .0 "0 .0000 .0000
6 9.3 7"6 5"7 "0 "0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors ( dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 178.
Dn: 33.
Pr: 5.63

f c: "0954
f c/f s z 1.06
Dn*: 33 "
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Coil Number: L D/d: 29 h/d: 5 L/ðz 526
Run Number : 13. hlDz " L7 2 Dc/d 29 " IFlowrare: "000379 kg/ s T(bu1k inlet): 28.IC
InIet Velocíty: "0232 m/s T(bulk outlet): 28"IC
Residence Time: I29 s T(¡utt average):28"IC

Boundary Condition: Isothermal

Static DifferentÍa1 Pressures and Friction Factors
1 .0000 " 0000 . i3s6 " 1255 " 1228 .0000
2 "0 .0000 "0000 .1371 .1262 .0000
3 .0 .0 .0000 .0000 .i308 .0000
4 4"2 "0 .0 .0000 .0000 .0000
5 5.i 4.2 "0 .0 .0000 .0000
6 6.3 5.r 4.0 .0 .0 .0000
7 .0 "0 "0 .0 "0 "0r234567
Upper triangle : friction factors ( dimensionless )
Lower trÍangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: I27. fc: .1297
Dn: 24" f.clf.s: 1"03
Pr: 5"67 Dn*: 23.
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Coil Number: I D/d: 29 h/d:
Run Number : 14 " h/D:
Flov¡rate: " 000230 kgl s T
Inlet Velocity: .0i40 m/s T
Residence Tine z 2L4 s T

5 Lldz 526
.172 Dc/d 29"1
bulk inlet): 27"8C
bufk outlet): 27"8C
bulk average):27 "8C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 ,0000 .0000 .0000 . i903 . 1829 .0000
2 "0 .0000 "0000 .0000 "1786 "00003 .0 " 0 " 0000 " 0000 .0000 .0000
4 "0 .0 "0 "0000 .0000 "00005 2"9 .0 .0 .0 .0000 "00006 3"4 2.7 .0 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle : pressure differentials (rnn HOH )

Non-Dirnensional F1or,¡ Parameters
Re: 76. fc: .f839
Dn: 14" fc/f.s: .88
Pr: 5.7I Dn*: 14"
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Coil Number: I D/d: 29 h/d:
Run Number: 15. h/Dz
Flowrare: "0I7 L37 kg/ s T
Inlet Velocity: 1.0487 nl s T
Residence Time: 2s T

5 Lldz 526
"172 0c/d 29"1
bulk inlet): 30.8C
bulk outlet): 30.8C
bulk average):30"8C

Boundary Condition: Isothermal

Static Differential Pressures and FrictÍon Factors
i .0075 .0000 .0000 .0000 .0000 .0000
2 r59.3 "007s .0000 "0000 .0000 .0000
3 .0 156.2 .0072 .0000 .0000 .0000
4 "0 .0 152.4 "0075 .0000 "00005 .0 .0 .0 155.1 .0074 "00006 .0 "0 .0 "0 154"9 .0000
7 .0 .0 .0 "0 .0 .0

r234567
Upper triangle: friction factors (dinensionless )
Lower triangle : pressure differentials (nm H0H )

Non-Dimensional- Flow Parameters
Re: 6061. fc: .0074
Dn: 1L25. fclfs: 2.BI
Pr : 5.32 Dn* : II24 .
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Coil Number: I D/d: 29 h/d: 5 L/d: 526
Run Number : 16. h/Oz " 17 2 Ocl d 29. I
Flowrate: .0L7240 ks,/ s f (Uu1k inlet): 32"2C
Inlet Velocity: I.055 4 n/ s T(bu1k outlet ) : 32"2C
Residence Timez 2 s T(buIk averag,e):32"2C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0077 .0000 .0000 .0000 "0000 "00002 167 " r ,0077 .0000 .0000 " 0000 " 0000
3 .0 162.5 "007 4 .0000 .0000 .0000
4 .0 .0 i58.3 "0077 " 0000 .0000
5 .0 .0 .0 16r.7 "0077 .0000
6 "0 .0 .0 "0 16r"7 .0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (rnm H0H)

Non-Dimens ional Flow Parame ter s
Re: 6296 

"Dn: Ii69.
Pr: 5.14

f c: "0076fclfs: 3.01
Dn*: II67 .
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Coil Nunber: t
Run Nunber: L7 "
Flowrate:
Inlet Velocity:
Residence Time:

D/dz 29

.0r6314 ks,l s
1.0070 m/s

2s

h/d: 5

h/r: . t7 2

t(uutt<
T ( bulk
T(bu1k

L/dz 526
Dc/d 29"1

inlet): 47 "5Coutlet): 57 "7C
average):52"6C

Boundary Condi t ion :

Power Input: 674"t
Power Absorbed: 692"2
Heat Balance:

Tube Resistance : .I20 oh¡ns
Tube Conductivity: 15. 64 I,i/rnK

-2 .7
rwi(C)

50 .2
50.9
51.3
51"6
5r.5
5r.0
52. r
52.1
52 .8

Neumann
I47

I"i

/"

Tb(C)
47.7
47 "9
48"2
48 .4
48"6
48.B
49 .0
49 .6
50. r
50.5
51. t
5r.6
52.2
52.8
53. 9

54.6
56.0
56"5
57 .2
57.5

Rex
8001.
803r.
8064 "
8095.
8128"
8159.
8r91.
8274.
8348.
8395.
8467.
8531.
8604.
87 02.
8859.
8927.
9r43.
9206 

"
9304.
93si.

Prx
3.71
3"70
3"68
3"66
3 " 65
3. 63
3.61
3. 58
3. 54
3.52
3.49
3. 46
3.43
3. 38
3.32
3.29
3.20
3. 18
3"14
3"12

Stn
i
2

3

4
5
6

7

8

9

10
II
I2
13
t4
I5
I6
T7
t8
19
20

x/d
IO
2I
33
44
56
67
78

r07
133
153 53.7
i83 53.7

Grx Nux
.307E+04 57.01
. 3808+0 4 46 " 58

" 406E+0 4 44 " 07
.415E+04 43.49
" 3B4E+0 4 47 .62
"293E.+04 63.00
.4I4E+04 45.t0
.350E+04 54.80
" 387E+04 50.68
" 4628+04 43. 19
.396E+04 5t.69
. 33 1 E+04 63 .20
"362E+04 59.27
. 42 1 E+0 4 52.43
.392E'+04 59. t5
.386E+04 61.49
" 4378+04 58. 1 i
. 458E+04 56 " 26
.35iE+04 75.29
" 4368+04 6r .46

2r3
242

53.8
54. 5

27 3 55 .4
330 56.2
367 56.8
440 sB.4
465 58. 9

502 59.0
5r8 s9 "7

Static Differential Pressures and Friction Factors
l .0000 .0000 .0000 .0000 .0000 .0000
2 "0 .0068 .0000 "0000 "0000 "00003 .0 r3r.3 .0065 .0000 .0000 .0000
4 .0 .0 i26"r .0068 .0000 .0000
5 .0 .0 .0 129"2 .0067 .0000
6 "0 .0 .0 .0 129"7 "00007 "0 .0 .0 "0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

867 0.
r6r0.

3. 40
" 39 3 E+04

53"3s

f c: .0067
f.c/fs: 3.64
Dn*: I608.
GrlRe: .454E+00

Gzz 43.98
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Coil Number:
Run Number:
Flowrate:
InIet Velocity:
Residence Time:

I D/d: 29
r8"

h/dz 5
h/n: "172

t(uu1tc
T(bu1k
T(bu1k

L/d:526
nc/d 29.r

inlet): 45.8C
outlet): 59.IC
average ) :52.4C

.008756 ks,/s
.5404 m/s

5s

Boundary Condition:
Power Input: 502.7
Por^rer Absorbed : 485 .2
Heat Balance: 3"5
Stn x/d
I I0
22r
3 33
4 44
5 56
667
7 78
I i07

Tube Resistance: .119 ohms
Tube Conduc t ivi ty : i5 " 64 I^l/mK

Twi(C)
49"2
50. 0
50.6
50.8
50"7
50. 3

5r.4
51.3
52.6
53. 5
53.8
54. 0
55.0
55.8
57 .0
57.7
60. 0
60. r
60. 3

60 " 6

Neumann
I,J

w
/"

Tb(C)
46.r
46 .3
46"6
46 .9
47 .2
47 .5
47 .8
48.5
49 .2
49 .7
50.4
5r.2
51.9
52 .7
54. I
55. r
s6 .9
57 "5
58.5
58 " 9

Rex
417 3.
4r93.
42r4 "
4235 .
4257 .
4278.
4299.
4355 "
4406.
4447.
4502.
4551.
4595"
466r.
4768.
4815.
4969.
50r9.
5093.
5r23.

Prx
3 " 83
3.8r
3"79
3.77
3.75
3"73
3.7r
3.65
3.6r
3.57
3.52
3. 48
3.44
3. 39
3.31
3.27
3. i6
3"12
3.08
3.06

Grx Nux
. 36 r E+04 33.26
.434E+04 28.10
.4668+04 26 " 57

"471E+04 26"72
.425I'+04 30. 06
.349E+04 37.01
.455E+04 28.80
. 37 I E+0 4 36.51
.464I'+04 30. t7
.537E+04 26 "72
.487E+04 30.47
" 42IE+04 36. 38
.47 3E+04 33 " 37
. 50 I E+0 4 32.66
.494I.+04 35.30
.47iE+04 38.i9
.584E+04 33.32
.496E+04 40. 30
.375E+04 55.51
.3638+04 58"r4

9

t0
1i
T2
13
T4
15
L6
T7
i8
19
20

33
53
83

213
242
273
330
367
440
46s
502
518

Slatic Differential Pressures and Friction Factors
r .0000 .0000 .0000 .0000 .0000 .0000
2 .0 .0102 .0000 .0000 " 0000 " 0000
3 .O 56"6 "0097 .0000 "0000 .0000
4 "0 .0 54.3 .0104 .0000 .0000
5 .0 "0 .0 57.2 "0112 .0000
6 "0 "0 .0 "0 6t.9 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (diurensionless)
Lower triangle : pressure differentials (rom H0H )

Non-Diuensional Flow Pararneters
Re:
Dn:
Pr:

Nu:

4639.
861.

3.4r
. 467 E+0 4

32.66

s^.

tc/ ts:
Dn*:
GrlRe:

Gzz

.0r04
3.01

860.
.101E+01

23.6r
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Coil Number: I
Run Number: 19.
Flowrate:
Inlet Velocity:
Residence Tine:

D/d: 29

"OO7 606 ks,/ s

" 4690 m/ s
6s

t/d:526
oc/d 29"r

inlet): 45"0C
outlet): 55.9C
average):50.4C

h/d:
h /D:

5
.172

T(bulk
T(bu1k
T(bu1k

Boundary Condition: Neumann
Power Input:
Power Absorbed
Heat Balance:
Stn x/d

I IO
22r
3 33
4 44
5 56
667
7 78
8 r07
9 r33

359"4 w
347 .4 w

3"3 "A

Tube Resistance: .iI9 ohms
Tube Conductivity: l5 " 60 I,I/uK

10
1l
I2
13
L4
15
16
I7
i8
L9
20

153
183
213
242
273
330
367
440
465
502
5i8

Twi(C)
47 "7
48.4
48. B

49 "0
48.8
48"7
49 .6
49 .6
50. 6

5r.3
5r.7
57.7
52"5
53 .2
s4 .4
s4 .9
56 .7
s7 "4
57 .4
s8"7

Tb(C)
45.2
4s .4
45 .7
45 .9
46 .1
46.4
46 .6
47 .2
47 "7
48 .2
48.8
49 .4
50.0
50. 6

5r.8
52.6
54.1
s4"6
55.4
55 .7

Rex
357r"
3585.
3600.
36r4 "
3630.
3644"
3658.
3697 "
3732"
3759.
380i.
3844 "
3887 "
3924"
3988.
4042"
4142.
4t63 

"
42T1.
4239.

Prx
3 " 89
3 .87
3. 86
3. 84
3.82
3.8i
3.79
3"75
3"71
3. 68
3 " 63
3. 59
3 " 55
3.5i
3. 45
3. 40
3.31
3.29
3.25
3"22

Grx Nux

" 282F'+04 29 " 23

" 330E+0 4 25 .25
.353E+04 23.85
"357E+04 23.84
.3ltE+04 27.7r
.2688+04 32.57
.3538+04 25.05
.2968+04 30.86
" 360E+0 4 25 .92
.407E'+04 23.4r
. 390E+0 4 25 . 19
.312E+04 32.49
"351E+04 29"69
.3708+04 28.97
. 3898+04 28.97
.362E+04 32.22
.436E+04 28.6r
" 4B5E+0 4 26. r5
. 356E+0 4 36 .7 4

" 548E+04 24.33

Static Differential
I
2

3
4
5
6

7

Pressures and
.0000 .0000
.0r13 .0000

FrictÍon Factors
.0000 .0000 .0000
.0000 .0000 .0000
" 0000 .0000 .0000
.0r r9 " 0000 ,0000

.0145 .0000

.0

.0

.0

.0

.0

.0
I

.0000

47 "2
.0
"0
"0
"0
2

45 .7
.0
.0
"0
3

.0108

49 "0
.0
.0
4

60"4
"0
5

.0000
.0
67

Upper triangle: friction factors (dÍmensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-Dimensional Flow
3912"

726"
3"52

.3628+04
27 .84

Parameters
fc:
Í.clfs:
Dn*:
GrlRe:

Gz z

.0121
2"96

725"
.9268+00

20"57

Re
Dn
Pr
Gr
Nu
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Coil Number: I
Run Number : 20 "
F1o¡¿rate:
Inlet Veloci ty:
Residence Time:

D/d: 29

"0067 43 kg/ s

"4155 rnls
7s

h/ò: 5
h/D: "172T(bu1k

T(bulk
T(bulk

L/d:526
]Jc/d 29. r

inlet): 43"7C
outlet): 53.7C
average):48"7C

Boundary Condi t ion : Neumann
Power Input: 295 "7 I.I

Power Absorbed: 28I.3 W

Heat Balance: 4"8 7"

Tube Resístance: .ll8 ohms
Tube Conductivity: 15" 5B I^I/mK

Stn
1

2
3
4

5
6
7

8
9

l0
1l
I2
13
L4
15
I6
T7
i8
I9
20

x/d
l0
2I
33
44
56
67
78

r07
r33
i53
r83
213
242
273
330
367
440
465
502
5rB

Rex
3097 "
3r09.
3121.
3r32 

"
3r44 "
3155.
3r66 "
3195"
3222 

"3244.
3276"
3309.
3341.
3376.
3443.
3480.
3547.
3579.
3624.
364r.

Prx
3"99
3"97
3.9s
3.94
3 .92
3.91
3.89
3. 85
3.82
3"79
3"75
3"7r
3.67
3. 63
3. 55
3.51
3.44
3. 40
3. 36
3"34

rwi(c) rb(C)
46 .2 43 .9
46"8 44"r
47.r 44.3
47 .3 44 .5
47 .2 44.8
47 "0 45"0
47 "8 45.2
47 "9 45"7
48. 8 46.2
49 .6 46.6
49 .7 47 .2
49.9 47 "750.5 48.3
51"2 48"9
52.0 50.0
52 .8 50 .7
54.5 52.0
55. 8 52.5
54 .9 53 .2
56 " 3 s3 " s

Grx Nux
" 24rE+04 26 .45
" 280 E+04 23 .04
. 291E+0 4 22.41
"293E+04 22"44
"2618+04 25.49
.222F'+04 30. 3 I
.293F'+04 23. I4
.248E+04 27 "99
.294I.+04 24.22
.351E+04 20.72
"314E+04 23.89
" 27 IE+o4 28 .33
.291E+04 27.09
"304E+04 26.69
.2828+0 4 30. 36
. 308E+04 28.66
.383E+04 24"39
.517E+04 18.46
.27 8E+04 35 . 50
.453E+04 22"06

Static Differential Pressures and
l .0000 .0000 .0000
2 "0 .0127 .0000
3 .0 4r.7 .0121
4 .0 .0 40"2
5 .0 .0 "0 39.8
6 "0 .0 .0 .0
7 "0 .0 "0 .0

r234

Friction Factors
" 0000 .0000 .0000
" 0000 " 0000 .0000
.0000 .0000 .0000
.0123 .0000 .0000

.0000 .0000
" 0000

.0
67

.0
"0
5

Upper triangle: friction factors (dimensíonless)
Lower tríang1e: pressure differentials (u¡n H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

3365 "
625.

3.64
" 308E+04

25"29

f c:
f c/ f s z

Dn*:
GrlRe:

Gz:

" 0r24
2"6I

624 "
.9I5E+00

18"29
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Coil Number:
Run Number:
Flowrate:
Inlet Velocity:
Residence Tirne:

I D/d: 29
21"

h/d: 5
h/r: "172T(buIk

T(bulk
T(bulk

L/ d: 526
Dc/d 29"1

inlet): 32"4C
outlet): 46"8C
average):39"6C

.003978 ks,/ s
"2441 m/ s

12s

Boundary CondÍtion:
Power Input: 240"3
Por.rer Absorbed : 239.6
Heat Balance: .3
Stn x/a
r 10
22r
3 33
4 44
5 56
667
7 78

Tube Resistance: .ll9 ohms
Tube Conductivity : 15 " 44 I,I/mK

Tr¡i(C)
35"2
35 .7
35.8
35.8
36.3
36. 6

37 "3

Ne umann
I,¡

I^j

/"

rb(c)
32 .7
33.0
33 " 3
33.6
33.9
34 .2
34. s
35.3
36.0
36"6
37.4
38"2
39.0
39 .9
4r.4
42"4
44.4
45. r
46.r
46"6

Rex
1462.
r468.
r478.
T487 "
r497.
r507.
T517.
r543.
1563.
I5BI.
r607 .
1634.
1661.
r689.
1745.
1778"
1845.
1866.
r898.
1913.

Prx
5. r0
5 " 08
5. 04
5"01
4 .97
4 .93
4 .89
4. 80
4"73
4"69
4. 60
4"5L
4.43
4 .35
4. 19
4. rl
3. 95
3. 89
3"82
3.79

Grx Nux
.I338+04 20"44
" I49E+04 18.53
.t37E+04 20"45
. t26E+04 22.70
. l38E+04 21. 19
.141E+04 21.16
.t64E+04 18.62
.176E+04 18.19
.184E+04 18. it
.202E'+04 17 "03
. 185E+0 4 19 " 57
.201E+04 r8.80
.191E+04 20.78
.216F'+04 I9 .24
.221E'+04 20.62
.2288+04 2I "04.229r'+04 23.24
.3268+04 16 "90.I99E+04 28.99
.2438+04 24 " 28

8 107 38.r
9 133 38.8

10
1i
I2
13
I4
I5
L6
I7
1B
T9
20

r53
r83
2r3
242
273
330
367
440

39.6
40. 0
40"9
4r.5
42.5
43 .9
44 .8
46"6

465 48. I
502
518

47 "9
48.6

Static DifferentÍal- Pressures and Friction Factors
r "0i8t .0000 "0000 .0000 "0000 .0000
2 2r "0 .0187 " 0000 .0000 .0000 .0000
3 " 0 2r. I "0177 .0000 " 0000 .0000
4 "0 .0 20"2 "0189 "0000 "00005 .0 .0 .0 21"1 "0172 ,0000
6 "0 .0 .0 .0 i9"4 "00007 "0 .0 "0 .0 "0 .0

1234567
Upper triangle: friction factors (dimensionless )
Lor¿er triangle: pressure differentials (mm H0H)

Non-Dirnensional Flow Para¡aeters
Re:
Dn:
Pr:
Gr:
Nu:

r680"
3r2 "

4. 37
. 19 2E+04

r9.85

f c:
f c/f s z

Dn*:
GrlRe:

Gz:

.0181
1.90

312 "
.114E+01

10"97
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Coil Number: t
Run Number : 22 "Flowrate:
Inlet Velocity:
Residence Tirne:

D/d: 29

"002079 ks,/ s
"1276 m/s

23s

5 Lldz 526

"172 Dc/d 29"1
bulk inlet): 32"LC
bulk outlet ) : 44 "2Cbulk average ) :38. 2C

h/ d:
h/nz

T
T
T

Boundary Condition:
Power Inpu t : 106 .7
Power Absorbed: 105.0
Heat Balance : 1.6
Stn xld Twi(c)

Tube Resistance: .119 ohms
Tube Conductivity: 15"41 I^I/mK

34.0
34"2
34"4
34. B

35 " r
35 .2
3s.6
36. 3

36.9
37 "5
38.0
38"7
39"2
40.0
4I.l
42"0
43"6
44 .7

Ne uuan n
w
üI

Tb(C)
32 .3
32 .6
32"9
33. r
33.4
33 .7
33. 9

34.6
35 .2
35 " 6
36.3
37 .0
37 .7
38. 4

39 .7
40 .5
42.2
42. B

43 .6
44 "0

Rex
7 6r.
7 63.
7 66.
770.
774.
778"
7 82.
794"
804 "
811"
822.
833.
84s.
857.
880"
896.
926.
935.
950.
957 "

Prx
5.13
5" 1l
5. 08
5. 06
5. 03
5. 00
4 .97
4 .89
4.82
4.77
4.71
4"6s
4"57
4. 49
4.36
4"28
4"13
4. 08
4.01
3. 98

r I0
22r
3 33
4 44
5s6
667
7 78
8 107
9 i33

Grx Nux
.864E+03 L3 "76
.87 2E+03 t3 .7 9

.801E+03 15.20

.909E+03 13"59

. 948E+03 73 .27

. 87 7E+03 I4.59

.999E+03 13"03

.107E+04 12.75

. t10E+04 12.83

.121E+04 I1"93

.109E+04 13.77
"i15E+04 13.68
. tt2E+04 14.54
.ilBE+04 14.32
.tI2E+04 16.35
" I27E+04 15. i0
,t33E+04 15.9i
.t8tE+04 I1.99
. t02E+04 22.23
.ilBE+04 19"62

t0
11
t2
13
I4
l5
l6
I7
t8
l9
20

153
r83
2r3
242
273
330
367
440
465
502 44.6
518 45 " r

Static Differential Pressures and
i . 0290 .0000 " 0000
2 9.r .0290 .0000
3 .0 9.0 .0281
4 "0 .0 B"B
5 "0 "0 .0 9.1
6 "0 .0 .0 .0
7 "0 "0 .0 .0

r234

Friction Factors
.0000 .0000 " 0000
.0000 .0000 .0000
" 0000 .0000 .0000
.0300 " 0000 .0000

" 0247 " 0000
7.6

.0
5

" 0000
.0
67

Upper triangle: friction factors (dimensíonless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

853.
158.

4"5t
"ll2E+04

r 3. 93

tcl ts:
Dn*:
GrlRe:

.0282
1" 50

158"
. l32E+0t

5"7s
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Coil Nurnber: I D/d: 29
Run Number : 23.
Flowrate: .001046 kg,/s
Inlet Velocity: "064I m/ s
Residence Time: 46 s

5 L/d:526
"172 oc/d 29"1
bulk inlet): 31"0C
bufk outlet) : 4I "7Cbulk average ) :36 " 4C

h/d:
h/D:

T
T
T

Boundary Condition: Neuuann
Power Input: 47 "6 W

Power Absorbed: 46"8 I,J

Heat Balance: 1.8 "/"

Tube Resistance: . li9 ohms
Tube Conductivity: 15. 39 hllrnK

Stn x/ d
I l0
22r
3 33
4 44

rwi(C) rb(C)
32"3 31.2
32.5 3r .4
32.8 3r " 7

33.1 31.9
33. 3 32. L

33. 5 32.4
33. I 32.6
34.4 33.2
35.0 33.7
35.5 34. r
3s.9 34.7
36 .5 35. 3
37.0 35.9
37 .8 36 .6
38.8 37.7
39 .6 38. 5
4r.0 40.0
41.8 40.5
41.8 4r.2
42.3 4r.5

5

6

7

I
9

i0
il
T2
13
I4
15
T6
I7
18
19
20

56
67
78

LO7
r33
r53
IB3
2r3
242
273
330
367
440
465
502
5r8

Rex
373"
375.
377 "
380.
382.
3B 3.
384.
388.
392.
395.
401 "
406 

"
410.
4r5.
425.
432 

"
445 "
450.
457.
460 "

Prx
5.27
5"24
5"20
5.17
5"14
5. 13
5. 1l
5. 05
4 .99
4.95
4 .87
4 " B0
4"74
4.69
4"57
4"48
4 .34
4.29
4 .2r
4"19

Grx Nux
"5268+03 9"29
.539E+03 9.23
" 559E+03 9.08
. 6 I 8E+03 8. 38

" 620E+03 8. 48
.620 E+03 8.57
"653E+03 8.22
.684E+03 8.09
.711E+03 8.06
.790E+03 7"46
.739E+03 8.30
.7 428+0 3 B. 56
.730E+03 8.97
.807E+03 8.44
.7 62I.+03 9 .56
.827 E+03 9 .20
.860E+03 9.63
. iI2E+04 7.61
.528E+03 16.9t
.689E+03 13. i9

Static Differential Pressures and
i .0526 .0495 " 0000
2 4"2 .0000 .0474
3 7.8 .0 .0000
4 "0 7"4 "05 "0 rl.6 7"8 "06 "0 .0 .0 7"2
7 "0 .0 .0 .0

r234

Friction Factors
" 0000 .0000 " 0000
"0497 .0000 .0000
. 050 I .0000 . 0000
.0000 "0467 .0000

.0000 .0000
.0000

.0
67

"0
"0
5

Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Diuensional Flow Parameters
Re
Dn
Pr
Gr
Nu

4r4.
77 

"4.7r
.740E+03

8"54

f c:
f c/ f s:
Dn*:
GrlRe:

Gz z

.0493
l.28

77 "
. t79E+0t

2"9r



233

Coil Number: I O/d:
Run Number : 24 "Flowrare : .000581
Inlet Velocity: .0356
Residence Time: 84

29

ks,/ s
m/s
S

h/dz 5
h/D: " 17 2

T(bu1k
T(bulk
T(bu1k

L/dz 526
ocld 29"r

inlet): 29"0C
outlet): 40"0C
average ) : 34.5C

Boundary Condition:
Power Input: 27 "r
Porver Absorbed : 26 " 6Heat Ba]ance: I"6
Stn x/¿

Tube Resistance : . I20 ohms
Tube Conductivity: 15.36 W/nK

rwi(C)
30. I
30. 3
30"6

Neumann
I,J

li
/"

Tb(C)
29 .2
29 .4
29 .7
29 "9
30 .2
30.4
30.6
3r"2
31.8
32.2
32 .8
33 .4
34. r
34 .7
3s.9
36 .7
38 .2
38 .7
39"5
39.8

Rex
L99 "
200 

"20r.
202 "
203 

"
204.
205 "
207 "
210 "2r2.
2r4.
2L6 "
2r9 "
222.
228.
231.
238.
24t.
245 

"
246 .

Prx
5.51
5. 48
5"45
5"43
5"40
5 .37
5 " 35
5"27
5. r9
5. r4
5. 09
5"02
4 .9s
4.87
4.7 5

4 .68
4.5r
4. 46
4. 38
4"35

4 44 30"9
556 31" r
6 67 3r"4

i l0
22r
3 33

7 78
8 107
9 r33

Grx Nux
.3928+03 6 " 22

" 359E+03 6.88
. 38BE+0 3 6.46
.4398+03 5.79
.4228+03 6. I3
.437I'+03 5.99
.454E+03 5.87
.49iE+03 5"66
. 528E+03 5. 53
. 620E+03 4. 83
. 543 E+0 3 5 .67
" 57 2E+0 3 5. 60

" 5B8E+03 5. 68
.631E+03 5.52
. 630E+03 5. 9 I
. 730E+03 5. 35
.7 42F'+03 5 .7 4
.899E+03 4. B8
,4878+03 9.42
" 527 E+03 8 " 88

IO
it
T2
13
T4
t5
I6
T7
18
I9
20

153
r83
2r3
242
273
330
367
440
465
502
518

3i.6
32.3
32.8
33.4
33. B

34"5
35. r
35 .7
36 .9
37 "7
39"2
39.9
40. i
40. 5

Static Differential Pressures and
1 .0000 .0785 .0785
2 .0 .0000 " 0000
3 3"8 .0 "00004 5.7 .0 "05 "0 5.7 .0 .0
6 9.3 .0 s.7 .0
7 "0 .0 .0 "01234

Friction Factors
.0000 .0774 .0000
.0794 .0000 .0000
.0000 "0794 .0000
.0000 " 0000 .0000

.0000 " 0000
" 0000

.0
67

"0
.0
5

Upper triangle: frictÍon factors (dimensionless)
Lor+er triangle: pressure dif f erentials (rnm H0H)

Non-Dimensional Flor¿ Paraueters
Re
Dn
Pr
Gr
Nu

22r 
"

4r 
"

4"90
.570E+03

5.66

f c:
tc,/ ts :

Du*:
GrlRe:

Gz:

.0786
1.09

4r.
.257 E+01

t"62



234

Coil Number: t D/d: 29
Run Nurnber: 25 "Flowrare: ,00i900 kg/ s
Inlet Velocity: . I I66 m/ s
Residence Time z 25 s

h/d: 5

h/az "172
T(bu1k
t(uutt<
T(bu1k

L/dz 526
Dc/d 29"1

inlet): 32"4C
outlet): 45"7C
average ) :39.0C

Boundary Condition:
Power Input: I07 "4Power Absorbed: 105.6
Heat Balance: I"7
Stn x/a

Tube Resistance: "119 ohms
Tube Conductivity: t5 " 43 W/mK

rwi(c)
34 .3
34 .6
34 .7
35.3

Ne umann
I,J

tll

Tb(C)
32 .6
32.9
33"2
33 " 5
33.8
34. r
34.4
35. r
35.8
36"3
37 .0
37. B

38.5
39.3
40 .7
4r"7
43"5
44.2
45.r
45"5

Rex
698 "
701.
705"
709.
7 13.
717.
722"
734.
743.
750"
7 6r.
773"
785.
798.
822.
837 "
866 "
877.
890.
897 "

Prx
5" r0
5. 0B
5. 05
5"02
4 .98
4.95
4 " 9L
4. 82
4"76
4.7r
4.65
4.56
4.48
4. 40
4.26
4"17
4"02
3 .97
3. 90
3 " 87

I 10
22r
a ^ôJ JJ

4 44

Grx Nux
.8868+03 r3.69
.881E+03 13.94
.815E+03 I5.36
"979E'+03 r3.02
" t06E+04 12.33
. 916 E+0 3 I4 . 47
. l07E+04 12"67
.lltE+04 12.71
. l16E+04 t2.63
.L29¡'+04 11.7r
.1r48+04 13"84
. I2IE+o4 13. 5B
.120E+04 r4.29
. r29E+04 t3.99
. r27 E+04 t5 .44
. t44E+04 r4.34
.152E+04 r4.92
.208E+04 Ii.30
.tI4E+04 21.62
" r27 E+04 19 .7 r

5 56 35.7
667
7 78

3s .7
36 .2

8 107 36.9
9 r33 37.6

10
il
I2
t3
T4
l5
T6
T7
l8
19
20

r53
r83
213
242
273
330
367
440
465
502
5rB

38"2
38. 7

39 .4
40 " r
40. 9
42.2
43"2
45.0
46.r
46.r
46 .6

Static Differential Pressures and
r .0000 .0000 " 0000
2 .0 .0000 "030r3 .0 "0 .0000
4 "0 15.6 .0
5 .0 .0 16"8 .0
6 .0 .0 .0 .0
7 "0 .0 .0 .0

1234

Friction Factors
" 0000 .0000 .0000
" 0000 .0000 .0000
"0325 .0000 .0000
.0000 " 0000 .0000

.0000 .0000
.0000

.0
67

.0

.0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional- Flov¡ Parameters
Re
Dn
Pr
Gr
Nu

794.
t47 "

4"42
" I22E+04

r3"54

f c:
f c/f s z

Dn*:
GrlRe:

Gz:

" 0313
i.55

r47 .
. l54E+01

5"24



235

Coil Nu¡nber: i D/d:
Run Number: 27 "Flowrate: .00fi48
Inlet Velocíty: "0702
Residence TÍmel. 42

29

ks,l s
n/s
S

5

"172T(bulk
T(bu1k
T(bulk

h/dz
h/n z

L/d:526
Dc/d 29 " L

inlet): 36"2C
outlet): 26"3C
average) z3l"2C

Boundary Condition:
Power Input : 47 "4
Power Absorbed: 47 "7
Heat Balance : -. 5
srn x/ a Twi( c)

Tube Resistance: .119 ohms
Tube Conductivity: 15.36 I^I/mK

Ne umann
I,J

I^1

/"

rb(c)
36.0
35.8
3s.6
3s.4
35 .2
34"9
34 .7
34"2
33 .7
33. 3

32.8
32.2
3r.6
3r. i
30. 0
,)0 ?

27 .9
27.4
26 .7
26 .4

Rex
45 r "
449 "
448.
446 "
444.
442 

"
440.
435 

"
430.
427.
422.
419 .
4r4.
408.
399.
394.
382 

"
378.
37 3.
370.

Prx
4"73
4"75
4.78
4. B0
4 .82
4. B4
4.87
4 "94
4 .99
5. 04
5. 09
5. 14
5 .2r
5.29
5. 42
5. 50
5.70
5.76
5.85
5. 90

r 10
22L
3 33
4 44
556
667

36. B

36 .7
36 .5
36.3
36 .2
35.8
35. 8
35"4
34 .9
34.6
34. r
33.6
33. I
32"5
3r.4
30. 5
29 .2
28.8
28"2
27 "6

Grx
.507E+03
.5998+03
" 597E+03
.589E+03
.666E+03
.5388+03
.648E+03
.7 228+03
.698E+03
. 68 3 E+03
.7iBE+03
"7tIE+03
.7 32F'+03
.666E+03
" 627 E+03
.532E+03
.47 4E+03
" 500E+03
" 49 6E+03
" 407E+03

Nux
r2.94
L0 .82
r0"74
r0.77

9 .40
ii.5i
9"43
B. 16
8. 17
8. r3

7

B

9

10
iI
L2
13
t4
t5
r6
I7
18
19

78
r07
133
r53
183
2r3
242
273
330
367
440
465
502

7.49
7 .37
6. 89
7 .20
7.13
8. 05
B. 14
7.49
7.19
8.5420 5rB

Static Differential Pressures and
.0000 .0000
.0000 .0000

Friction Factors
.0000 .0000 .0000
.0000 .0000 " 0000
.0000 " 0000 .0000
.0000 .0000 .0000

.0000 .0000
" 0000

.0
67

i
2

3
4
5
6

7

.0

.0
t.i
i.i
1.1

.0

.0
l.I
.0
3

" 0000

.0

.0
1.1
1.1

.0000

.0
"0
.0
4

"0
"0
5

"0 "0I2
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm HOH)

Non-Dimensional Flow Pararoeters
Re
Dn
Pr
Gr
Nu

410.
76"

5"27
.631E+03

8.5r

f c:
f.c/ f s:
Dn*:
GrlRe:

Gz:

" 0000
.00

76"
.154E+01

3.22
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Coil Number: I D/d: 29
Run Nunber: 28 "Flowrare: .000661 kg,/s
Inlet Velocity: "0404 m/ s
Residence Time z 74 s

h/d: 5

h/oz "172
T(bu1k
T(bu1k
T(bulk

L/d:526
ocld 29"1

inlet): 35"0C
outlet): 25"3C
average ) :30 .2C

Boundary Condition: Neumann
Pov¡er Input: 26 "7 I,I

Power Absorbed: 26"8 W

Heat Balance : -.4 "/"

Tube Resistance: " i19 ohrns
Tube Conductivity: 15. 34 I,I/mK

Stn
I
2

3
4
5
6
7

8
9

IO
11
I2
i3
T4
15
16
I7
r8
I9
20

x/d
t0
2l
33

56
67
78

34.8
34.4
34 .4

Tb(C)
34 .9
34"7
34"4
34 .2
34.0
33. 8
33.6
33. I
32.6
32.2
3r .7
31. I
30. 6
30. 0
29 .0
28 .3
26 .9
26 .5
25 .8
25"5

Rex
254"
253.
252.
250 "
249 .
248 

"
247 "
244 "
243 

"24r.
239 "
235 "
233 

"
230.
226 "
222 "
2L6 

"
2r3.
2r0.
208 "

Prx
4"85
4.88
4"90
4.93
4.96
4. 98
5. 00
5. 06
5" i1
5"14
5.20
5"29
5 " 35
5 .42
5 .54
5"64
5 .82
5. 89
6. 00
6. 05

Tr+i(C)
35"4
35.3
35"2

Grx Nux
"306E+03 1i"33
"414E+03 8"28
" 4248+03 7 .97
.382E+03 8.73
.4538+03 7.25
.313E+03 10.36
" 42rE+03 7 .59
.498E+03 6. t9
.497E+03 6.06
. 489E+03 6. 06
.519E+03 5.49
.529E+03 5. l3
.526E+03 4"98
.47 6E+03 5.29
.47 9E+03 4.94
"373E+03 6"00
.3i58+03 6"49
"318E+03 6. r8
.3248+03 5.7 5

. 304 E+03 5. 9B

44 34 .9

ro7 34"0
133
r53
183
2r3
242
273
330
367
440
465
502
518

33 " 5
33 .2
32 .7
32"2
3r .7
3r. I
30. r
29 .2
27 "8
27 "4
26 .8
26"5

Static Differential Pressures and
I .0000 .0000 " 0000
2 "0 .0000 .0000
3 "0 .0 "00004 r"o "0 .0
5 1.0 r"0 .0 .0
6 r"r 1.0 r"0 .0
7 .0 .0 .0 .0

t234

Frictíon Factors
" 0000 .0000 .0000
.0000 " 0000 .0000
" 0000 .0000 " 0000
.0000 " 0000 .0000

.0000 .0000
.0000

"067
"0
.0
5

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

23r.
43"
5"40

.438E+03
6"54

fc:
tcl ts :

Dn*:
Gr/Re:

Gzz

.0000

.00
43"

.190E+0I
1.86



.)(

CoiI Number: I D/d: 29
Run Number: 29 "Flowrate : .00107 2 kg,/ s
Inlet Velocíty: "0657 m/ s
Residence Time: 45 s

hldz 5

h/n: "172t(uult
T(bulk
T(bu1k

L/ d: 526
Dc/d 29"1

inlet): 28.7C
outlet): 39.1C
average ) :33.9C

Bound ary Condí t ion : Neumann
Por^rer Input: 47"5 W

Power Absorbed: 46"7 W

Heat Balance: I"6 "A

Tube Resistance: . il9 ohms
Tube Conductivity: I5 " 35 üIlmK

Stn
I
2

3

4
5

6

7

I
9

IO
11
12
i3
I4
15
T6
I7
l8
I9
20

l0
2I
33
44
56
67
78

r07
133
r53
t83
2r3
242
273
330
367
440
465
502
518

29 .9
30. 1

30. 3

30. 6

30 .7
30.9
3r .2
3r.8
32.3
32 .9
33 .4
33 " 9
34.6
35 .2
36 .2
37.L
38. 5

38.5
39. I
39 " s

rb(c)
28 .9
29"r
29"3
29"5
29 .8
30. 0
30"2
30.8
31.3
3r.7
32.3
32"9
33.5
34. I
35 .2
35.9
37 "4
37 .9
38.6
38 " 9

Rex
365.
367 .
368.
370.
37 2.
37 3.
37s.
379.
383.
387 "
392"
39s.
400.
405.
4r5.
42t .
433 

"
437.
444.
447 "

Prx
5. 55
5"52
5"50
s"47
5.44
5. 42
5. 39
5. 33
5.26
5"20
5. 13
5.08
5 .02
4.95
4.81
4.74
4"6r
4.54
4.47
4"43

x/d Twi(c) Grx Nux
.403E+03 l0 " 35
.41 r E+03 r0.30
.41tE+03 I0.46
.442F'+0 3 9. 85
.4tBE+03 10.57
.401E+03 11.I7
.4218+03 10. 78
.454E+03 r0.37
.480E+03 r0.2r
.5838+03 8.7r
.560E+03 9.4r
.5558+03 9"75
. 632 E+03 8. 89
.662E.+0 3 8. 85
.634E+03 9.92
" 734E+03 B. 9 r
.755E+03 9.45
.470E+03 I5.59
. 380E+03 20. i I
.450E+03 17 "32

Static Differential Pressures and
1 " 0000 .0000 .0553
2 "0 .0000 .0000
3 "0 "0 "00004 r3"7 .0 "05 r7"0 r3.7 .0 .0
6 20.2 15.6 r3"5 .0
7 .0 .0 .0 .0

1234

Friction Factors
,05r6 "0492 .0000
.0559 .0478 "0000.0000 .0s51 .0000
.0000 .0000 " 0000

.0000 " 0000
.0000

"067
"0
"0
5

Upper triangle: friction factors (dimensiontess )
Lower triangle : pressure differentials (um H0H )

Non-Dimensional Flow Paraueters
Re
Dn
Pr
Gr
Nu

403.
75"

4"97
.538E+03

10.18

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.0525
r"32

75.
. I34E+01

2.99
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Coil Number: I
Run Number:
Flowrate:
Inlet Velocity
Residence Time

D/d: 29
30.

.000643 ks/ s
: .0393 m/s
z 76 s

h/d: 5

h/r: "172
T(bu1k
T(bu1k
T(bu1k

L/dz 526
Dc/d 29"1

inlet): 27 "4Coutlet): 37 "2C
average ) :32.3C

Boundary Condition: Neumann
Power Input:
Power Absorbed:
Heat Balance:

Tube Resistance: "llB ohms
Tube Conductivity: 15.33 W/urK

26"5 W

26"4 I4I

"o /"

Stn
I
2

3
4
5
6
7

B

9
10
tl
T2
t3
I4
t5
T6
L7
t8
t9
20

x/d
IO
2l
33
44
56
67
78

r07
133
i53
183
213
242
273
330
367
440
465
502
518

Tb(C)
27 "6
27 "8
28.0
28 .2
28 .4
28 .6
28 .8
29 .4
29 .9
30"2
30. I
3r.4
3r.9
32.5
33 " 6
34"2
35.6
36. r
36. B

37.r

Rex
212 .
2r3 

"
214 

"
215.
217.
2r8.
2t9 .
22r.
223.
225 

"
227 "
230 "
233.
236 "
240.
244.
25r.
253.
256 "
258.

Prx
5"74
5"7r
5 " 68
5.65
5"62
5. 59
5. 56
5. 49
5.43
s.39
s.33
5"25
5.17
5. 12
5.0r
4"93
4.77
4.73
4.67
4.65

rwi(C)
28 .4
28 .6
28.8
28 .9
29 .2
29 .3
29 .5
30. r
30 " 6
31.0
3r.6
32. r
32. B

33.4
34.4
35. i
36 .4
36 .6
37.r
37 "5

Grx Nux
. 303 E+03 6. 98
.293E+03 7 "32.3078+03 7 " 08
.27 6E+O 3 B. 0 I
.291E+03 7.73
.27 0E+03 8 .49
" 258E+03 9.00
.286E+03 8 " 44
.313E+03 7.93
.353E+03 7 .2I
.3518+03 7"51
"365E+03 7 "55.450E+03 6.4r
.500E+03 5. 95
.461E+03 6.84
" 5268+03 6.29
.538E+03 6.67
.330E+03 11.r6
.238E+03 r6. r4
.3278+O3 Ir"98

Static Differential Pressures and Friction Factors
r "0000 .0000 "077r .0726 .0698 .0000
2 "0 .0000 .0000 .07 14 .0698 .0000
3 .0 .0 " 0000 " 0000 .0692 .0000
4 6.9 .0 .0 .0000 "0000 .0000
5 8.6 6"3 "0 .0 .0000 .0000
6 10.3 8"2 6.1 .0 "0 .0000
7 .0 "0 .0 .0 .0 "0r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimens ional Flow Parame ter s
Re
Dn
Pr
Gr
Nu

235 "
44.
5.13

.367E+03
7 " 64

f c:
tc/ ts:
Dn*:
Grl Re :

Gz'.

.07 r7
r.05

44.
.1568+01

1.80



239

Coil Nurnber: I
Run Number: 31.
Fl-owrate:
InIet Velocíty:
ResÍdence Time:

D/dz 29

.002535 kgls
" 1552 m/ s

19 s

h/d: 5

h/n: "172T(buIk
T(bu1k
T(bu1k

L/ d: 526
oc/d 29"1

inlet): 37.5C
outlet): 27 "2C
average ) :32 " 4C

Ì 10
22r
3 33
4 44
5 56
667
7 78
B 107
9 133

Boundary Condition:
Power Input: t06"2
Por+er Absorbed: 109 " 3Heat Bal-ance: -2.9
srn xlð Twi(c)

38.3
38. 4
38 .2
38.0
37 .9
37 "3
37.4
36"9
36"6
36.3
35. 6

35 .2
34. B

34.0
33.0
32 .0
30.5
29 .8
29 .2
28 .7

Tube Resistance: . lt8 ohms
Tube Conduc t ivi ty : l5 . 38 lIlroK

Neumann
I,J

I.I

Tb(C)
37.3,
37.r
36 .9
36 .7
36.4
36 .2
36.0
35.4
34 .9
34.5
34.0
33.4
32.8
32"2
31. r
30. 3
28 .9
28 .4
27.7
27 .4

Rex
r023.
IOI8.
1014.
1009.
r004.
r000.
996.
986.
97 6.
967 .
954 "
943.
933.
925 "90r.
888.
864.
854.
840.
835.

Prx
4"61
4.64
4"66
4 .68
4.70
4.72
4.73
4"79
4.84
4.89
4 .97
s. 03
5. 09
5"14
5 .29
5. 38
5. 55
5 .62
5.72
5.76

Grx Nux
.669E+03 23.80
.907E+03 17.35
. 928E+03 16 " 7 2

.8798+03 17 "42
"963E+03 15.67
. 678E+03 2L .96
.887E+03 16.55
"950E+03 r4.99
. l04E+04 13.37
" l07E+04 12.60
.971E+03 13.38
. t01E+04 12.30
"t04E+04 11.57
" 937E+03 t2.54
.921E+03 1r.68
.733E+03 13.97
.641E+03 r4.62
.557E+03 16. l7
.549E+03 15.55
"490E+03 r7.07

i0
1l
I2
13
T4
t5
I6
I7
18
19
20

153
183
2r3
242
273
330
367
440
465
502
5r8

I
2
J

4
5
6
7

StatÍc Differential Pressures and
.0000 .0000
.0000 " 0000

FrÍction Factors
.0000 " 0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000

" 0000 " 0000
" 0000

.0
67

.0

.0
r.2
1.2
1.3
.0
I

"0
.0

r"2
.0
3

"0
.0
5

.0000

.0

.0
r.2
1.2
.0
2

.0000

.0

.0
"0
4

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensíona1 Flow Pararoeters
Re
Dn
Pr
Gr
Nu

928 "
17 2.

5. 12
.8888+03

t4.72

f c:
tc/ ts:
Dn*:
GrlRe:

Gz:

.0000

.00
172.

.957E+00
7 " r0
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Coil Nunber: I D/d: 29
Run Nu¡ober : 32.
Flowrate: .004099 kg,/s
Inl-et Velocity: "2512 n/ s
Residence Time: ll s

h/dz 5
h/D: "172

T(bu1k
r(uuti<
T(bulk

L/d:526
oc/d 29.L

inlet ) : 42.2C
outlet): 28"2C
average):35"2C

Boundary Condition:
Power Input: 24r " I
Power Absorbed: 239.4
Heat Balance: .7
Stn x/d rwi(c)

Tube Resistance: .ll9 ohms
Tube Conductivity: i5"44 W/nX

Neumann
i,j
I^I

Tb(C)
4r"9
4r " 6
41.3
4r.0
40"7
40 .4
40. I
39.4
38 .7
38. r
37 .3
36.5
35.8
34 .9
33. 4
32.4
30. 5

29 .8
28 .9
28 .4

Rex
18r6.
r806 "
1795"
r785.
1773"
17 6I 

"
1750.
L7 24.
1700.
I6BI.
1654.
1628 

"
r603.
1579.
r527 .
r502.
1441.
1423.
r396.
i382.

Prx
4"15
4. r8
4"20
4"23
4"26
4"29
4 .32
4.39
4. 46
4.52
4.6r
4. 69
4.7 6

4.84
5 .02
5. L2
5 .36
s.44
5. 55
5"62

t I0
22r
3 33
4 44
5 56
667
7 78
8 t07

43"6
43 .9
43"7
43 .2
43 .2
42"r
42.4
41.8
4r.4
4r.1
40. r
39.6
38.8
37 .9
36 .6
35.3
33. 3

Grx Nux
" r 59E+0 4 29 .50
.2048+04 22"70
.2rlE+04 2r.55
. r96E+04 22.86
.214F'+04 20 " 54
. r43 E+0 4 30 .24
. I 94E+0 4 2I .87
.195E+04 20.84
. 209E+0 4 18.62
.2208+04 17 . t3
. t92E+04 18.77
.2048+04 r6"88
.i92E+04 17"12
. i84E+04 77.10
.I75E+04 16.29
. t49E+04 18. r4
" I29E+04 18 . 2 I
. 106E+0 4 2r .35
.967¡.+03 21.90
.959E+03 2L "34

9

10
1i
T2
13
t4
15
l6
T7
]B
r9
20

r33
r53
r83
2r3
242
273
330
367
440
465 32.3
502
5r8

3r .2
30"9

Static Differential Pressures and
I .0000 " 0000 " 0000
2 "0 .0000 "00003 .0 .0 .0000
4 r"4 .0 "05 r.5 1.4 .0 .0
6 r"6 1.5 r.4 .0
7 "0 .0 .0 .0

1234

Friction Factors
" 0000 .0000 .0000
.0000 .0000 " 0000
" 0000 . 0000 " 0000
.0000 .0000 .0000

" 0000 " 0000
.0
"0
5

.0000
.0
67

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensíona1 Flow Parameters
Re
Dn
Pr
Gr
Nu

r587.
295.

4.81
. r82E+04

r9.84

f c:
f c/ f s :

Dn*:
GrlRe:

Gz:

.0000

.00
294"

. tI5E+01
tt"41
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Coil Number:
Run Number:
Flowrate:
Inlet Velocity:
ResÍdence Time:

I D/d: 29
33 "

h,/d: 5

h,/n: " t7 2

t ( uutt<
T(buIk
T(bulk

L/d:526
nc/d 29"1

inlet): 4I.LC
outlet): 29"6C
average):35.3C

,006082 ks,/ s

"3727 m/s
8s

Boundary Condition: Neumann
Power Input: 294"8 I.I

Power Absorbed: 293"2 W

Heat Balance: "6 %

Tube Resistance: " ItB ohms
Tube Conductivity z 15.44 W/mK

Stn
I
2

J

4
5
6
7

I
9

t0
iI
L2
i3
L4
15
16
L7
IB
I9
20

x/d
l0
2l
33
44
56
67
78

r07
133
153
IB3
213
242
273
330
367
440

Twi(C)
42. 6

42"9
42"7
42. 4
42.4
4r.3
4I.B
41.3
41.0
40. B

39 .9
39 "4
38.9
38. r
36 .9
35.9
34 .2

Tb(C)
40 .9
40"6
40"4
40. r.

39 .9
39.6
39 .4
38 .7
38 .2
37 "7
37.r
36"4
35.8
35. l
33.9
33.0
3r.4
30.9
30. r
29 "7

Rex
2639 

"
2625.
2610.
2597.
2583 

"
2571.
2558 

"
2526 "
2496.
2474.
244r.
2409 "
2380.
2350.
2285.
2248 "
2182.
2L53.
2t20.
2r07 .

Prx
4 .24
4.27
4.30
4.32
4"35
4.37
4 .39
4. 4s
4.5r
4.56
4.64
4"70
4"76
4.82
4.98
5 .07
5 .24
5.32
5.41
5"45

Grx Nux
.i558+04 34"87
.193E+04 27.60
" 200E+04 26.23
.189E+04 27.35
" 207E'+04 24.61
. i37E+04 36.67
"I91E+04 25.97
.194E+04 24.64
.207E'+04 22.37
.224F.+04 20. II
. t95E+04 22.37
. t98E+04 2I "07
" l98E+04 20.36
.r84E+04 21.t3
.t73E+04 20.73
. l52E+04 22"29
.137E+04 22"50
.100E+04 29.48
. i02E+04 27 "33
. I00E+04 27.26

465 33.0
502
5r8

32.4
32.1

Static Differential- Pressures and
r .0000 .0000 .0000
2 .0 .0000 .0000
3 .0 .0 .0000
4 r.6 .0 "05 1.8 r.6 .0 .0
6 2.0 1.8 1.6 .0
7 .0 .0 "0 "0r234

Friction Factors
.0000 .0000 .0000
.0000 " 0000 .0000
" 0000 .0000 " 0000
.0000 " 0000 .0000

.0000 .0000
" 0000

7

.0

.0
5

.0
6

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

2360.
438.

4"80
.180E+04

24"24

fc:
tcl ts:
Dn*:
GrlRe:

Gzz

.0000
"00

438 "
.7658+00

r6"92
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CoÍ1 Number: t D/d: 29 h/dz 5 L/ð: 526
Run Number: 34. h/t: "I72 oc/d 29"I
Flowrare: "000947 kgl s T(bulk inler ) : 30.6C
Inlet Velocity: " 0580 n/ s T( bulk outlet ) : 30.6C
Residence Time: 5l s T(bulk average):30.6C

Boundary Condition: Isothernal

Static Differential Pressures and Friction Factors
1 " 07 90 . 0000 . 0000 " 0000 .0000 .0000
2 5. r " 0000 . 0000 .0000 . 0000 . 0000
3 " 0 .0 " 0000 .0000 " 0000 .0000
4 " 0 .0 .0 .0000 .0000 " 0000
5 .0 .0 .0 .0 .0000 .0000
6 .0 .0 .0 .0 .0 "00007 .0 .0 .0 .0 .0 "0r234567
Upper triangle : friction factors ( diuensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dinensional Flow Parameters
Re: 333.
Dn: 62.
Pr: 5.35

f c: .0790
f.c/ f.s: 1.65
Dn*: 62.
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Coil Number : I D/d : 29 hl d z 5 L/ d: 526
Run Number: 35. h/D: .I72 Dc/d 29"I
Flowrare: .001545 kg,/ s T(bulk inlet): 30"6C
InleË Velocity: "0946 m/s T(bulk outlet): 30.6C
Residence Time: 3l s t(Uutt< average):30" 6C

Boundary Condition : Iso thermal

Static Differential Pressures and Friction Factors
r .045 I .0000 .0000 .0000 .0000 .0000
2 7.8 "0000 "0000 .0000 .0000 "00003 " 0 .0 .0000 " 0000 .0000 .0000
4 " 0 .0 .0 .0000 .0000 .0000
5 "0 .0 .0 "0 "0000 .0000
6 .0 .0 00 "0 "0 "00007 .0 .0 .0 .0 .0 "01234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re : 544.
Dn: lOi.
Pr: 5.35

f c: .0451
fclfs: I.53
Dn*: l0I.
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Coil Number : I D / d: 29 hl d: 5 L/ d: 526
Run Number : 36 . h/l: " 17 2 Dc/ d 29 " IFlowrate: "002L44 kgls T(bulk inlet): 30.6C
Inlet Velocity: .1312 m/s T(bulk outlet): 30.6C
Residence Timez 22 s T(bulk average):30.6C

Boundary Condition: Isothermal

Static Differentíal Pressures and Friction Factors
i .0332 .0000 .0000 .0000 .0000 .0000
2 r r.0 " 0000 .0000 .0000 .0000 .0000
3 .0 .0 .0000 " 0000 .0000 .0000
4 "0 "0 .0 .0000 "0000 "00005 .0 .0 .0 .0 .0000 .0000
6 .0 .0 .0 .0 " 0 .0000
7 .0 .0 .0 .0 "0 .0

1234567
Upper trÍangle: friction factors (dimensionless )
Lower triangle: pressure differentials (um H0H)

Non-Dimensional Flow Parameters
Re : 7 54. fc: "0332Dn: I40. fclfsz 1"56
Pr: 5.35 Dn*: 140.
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Coil Number: I D/d: 29 h/d: 5 L/d: 526
Run Number : 37 . h/l: " 17 2 Dcl d 29 " IFlowrare: "0027 42 kgl s T( bulk inlet ) : 30.6C
Inlet Velocity: " 167 8 m/ s T( bulk outlet ) : 30. 6C
Residence Time: l7 s t(Uult average):30.6C

Boundary Condition: Isotherual

Static Differential Pressures and FrÍction Factors
1 .0300 " 0000 " 0000 .0000 " 0000 .0000
2 16"4 "0000 .0000 .0000 "0000 .0000
3 .0 .0 .0000 .0000 .0000 .0000
4 .0 .0 " 0 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 " 0000
6 .0 .0 .0 .0 .0 .0000
7 .0 "0 .0 .0 .0 .0

r234567
Upper triangle: frictÍon factors (dimensionless )
Lower triangle: pressure differentials (mu H0H)

Non-Dimensional Flow Parameters
Re: 965. fc: .0300
Dn: I79. fclfs: l.8l
Pr: 5"35 Dn*: 179"
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Coil Number: I D/d: 29 h/d: 5 L/d: 526
Run Number: 38. h/l: .I72 Dc/d 29"I
Flowrare: .003340 kg,l s t(Uutt inlet): 30.6C
Inlet Velocity: .2044 mls T(bulk outlet): 30"6C
Residence Time: 14 s T(bulk average):30" 6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0247 .0000 .0000 .0000 .0000 .0000
2 20.0 .0000 .0000 "0000 .0000 .0000
3 .0 " 0 .0000 .0000 .0000 .0000
4 "0 .0 "0 .0000 "0000 .0000
5 "0 "0 .0 .0 .0000 .0000
6 .0 .0 .0 " 0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dirnensionless)
Lower triangle: pressure dÍfferentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 1175. fc: .0247
Dn: 2I8" f.clfs: 1.82
Pr: 5"35 Dn*: 2I8"
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Coil Number: I
Run Number: 39 "Flowrate:
Inlet Velocity:
Residence Time:

o/d: 29

"003689 ks,/ s
.2257 m/ s

13 s

h/d: 5
h/nz .172

T(bu1k
T(bu1k
T(bulk

L/d:526
Dc/d 29.1

inlet): 30.6C
outlet): 30"6C
average ) :30.6C

Boundary Condition: Isothermal

static Differential
1

2

3
4
5
6
7

Pressures and
" 0000 .0000
.0000 " 0000

.0000

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
.0000 " 0000 .0000
" 0000 .0000 " 0000

.0000 .0000
" 0000

.0
67

23 .8
.0
"0
.0
"0
.0
I

.024 L

.0
"0
"0
.0
"0
2

.0

.0

.0

.0
3

.0
"0
.0
4

"0
.0
5

Upper triangle: frí-ction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
r298.
24r.

5. 35

Re:
Dn:
Pr:

fc: "024Ifc/f.s: 1.96
Dn*: 24I.
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Coil Nuuber: L D/d: 29 hldz 5 L/dz 526
Run Number: 40" h/O: "172 Dc/d 29.1
Flowrate: .004138 ks,/ s T(bulk inlet): 30.6C
Inlet Velocity: .2532 m/ s T(bulk outlet) : 30" 6C
Residence Time: Il s T(bulk average):30.6C

Boundary Condition: Isotherroal

Static Differential Pressures and FrÍction Factors
r .0227 .0000 .0000 .0000 .0000 .0000
2 28"2 .0000 "0000 "0000 .0000 .0000
3 "0 "0 "0000 .0000 .0000 .0000
4 " 0 .0 .0 " 0000 .0000 .0000
5 .0 .0 .0 .0 "0000 .0000
6 .0 .0 .0 .0 " 0 .0000
7 .0 "0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm HOH)

Non-Dimensional Flow Parameters
Re: 1456. fc: "0227Dn: 270" f.c/Êsz 2.07
Pr: 5"35 Dn*: 270"
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Coil Number: L D/d: 29 h/dz
Run Number : 4I. h/l:
Flowrate: .006082 kgls T
Inlet Velocity: .3721 m/s T

Residence TÍme: 8s T

5 L/d:526
.172 Dc/d 29.1
bulk inl-et): 30"6C
bulk outlet): 30"6C
bulk average ) :30.6C

Boundary Condition: Isotherual

Static Differential Pressures and Friction Factors
I .0150 " 0000 .0000 .0000 .0000 .0000
2 40 " 2 .0000 " 0000 . 0000 .0000 .0000
3 .0 " 0 .0000 .0000 .0000 .0000
4 .0 .0 " 0 .0000 " 0000 " 0000
5 .0 .0 .0 .0 .0000 .0000
6 .0 .0 .0 .0 " 0 .0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
fc: .0150
fclfs: 2.00
Dn*: 397 .

Re: 2L39.
Dn: 397 .
Pr: 5"35
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CoíI Number: I D/d: 29 h/d:
Run Number : 42 " h/D:
Flowrare: "001852 kg/ s T
Inlet Velocity: .4804 m/ s T
Residence Time: 6s T

5 L/d:526
.172 Dc/d 29"1
bulk inlet): 30"6C
bulk outlet): 30"6C
bulk average ) : 30. 6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I " 0i55 " 0000 .0000 " 0000 .0000 .0000
2 69 " 3 .0000 . 0000 . 0000 .0000 .0000
3 " 0 .0 .0000 .0000 " 0000 .0000
4 " 0 .0 .0 .0000 " 0000 .0000
5 .0 .0 " 0 .0 .0000 .0000
6 .0 .0 .0 .0 "0 "00007 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re : 27 62.
Dn: 513"
Pr: 5.35

fc: .0155
f.clf.sz 2"68
Dn*: 5I2.
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Coil Number: I D/d: 29 h/d: 5 L/dz 526
Run Number: 43" h/l: "I72 Dc/d 29"L
Flowrate: .010658 kg,/ s T(buIk inlet): 30"6C
Inlet Velocity: " 652I m/ s T( bulk outlet ) : 30 " 6C

Residence Time: 4 s T(Uutt average):30"6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0095 .0000 .0000 .0000 .0000 .0000
2 77"9 "0000 .0000 .0000 .0000 .0000
3 .0 .0 .0000 .0000 .0000 .0000
4 .0 .0 " 0 " 0000 .0000 .0000
5 .0 " 0 .0 .0 " 0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 .0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dinensionl-ess )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional- Flow Parameters
f c: .0095
f c/ f s: 2.22
Dn*: 695"

Re : 37 49.
Dn: 696 "Pr: 5.35
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Coil Number : L o / d: 29 h/d : 5 rl d: 526
Run Number : 44 " h/D: " 17 2 Dc/ d 29 " I
Flovrrare : .012622 kgl s T( bulk inlet ) : 30.6C
Inlet Velocity: "7723 m/s T(bulk outlet): 30"6C
Residence Time: 3 s T(bulk average):30.6C

Boundary CondÍtion: Isothermal

Static Differential Pressures and Friction Factors
r .0082 .0000 " 0000 " 0000 " 0000 .0000
2 95.3 " 0000 . 0000 . 0000 . 0000 . 0000
3 " 0 .0 .0000 .0000 .0000 .0000
4 " 0 .0 .0 .0000 .0000 " 0000
5 .0 "0 .0 "0 .0000 "00006 .0 .0 .0 .0 .0 " 0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: frÍction factors (dimensionless )
Lower Ëriangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re : 4440.
Dn: 825.
Pr : 5. 35

f c: .0082
f.c/fs: 2"29
Dn*: 823.
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Coil Number: L D/d: 29 h/d: 5 L/d: 526
Run Number : 45 " hllz " 17 2 Ocld 29 " I
Flowrate: .015733 kg,/ s T(bulk inlet): 30.6C
InleÈ Velocity: .9626 m/s T(bulk outlet): 30"6C
Residence Time: 3 s T(¡utt average):30"6C

Boundary Condition: Isothernal

Static Differentiaf Pressures and Friction Factors
i .0069 .0000 .0000 .0000 .0000 " 0000
2 124.8 .0000 . 0000 . 0000 " 0000 . 0000
3 " 0 .0 .0000 .0000 " 0000 .0000
4 "0 "0 .0 .0000 .0000 .0000
5 "0 .0 "0 .0 "0000 .0000
6 " 0 .0 .0 .0 .0 .0000
7 "0 "0 .0 .0 "0 .0

1234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-Dimensional Flow Pararoeters
Re: 5535.
Dn: 1028.
Pr: 5.35

f c: .0069
fc/fs: 2.40
Dn*: 1026.



2 <lL

Coil Number : t D/d : 29 h/ d:
Run Number: 46" h/D:
Flowrate: .020040 kg,/ s T

Inlet Velocity: I"2262 nls T
Residence Time: 2s T

5 Lldz 526

"172 Dc/d 29"1
bulk inlet): 30"6C
bulk outlet): 30.6C
bulk average ) :30.6C

Boundary Condition: Isothermal

Static DifferentiaL Pressures and Friction Factors
r .0080 .0000 .0000 " 0000 .0000 " 0000
2 233.6 .0000 "0000 .0000 .0000 .0000
3 "0 "0 .0000 .0000 .0000 .0000
4 " 0 .0 .0 " 0000 .0000 " 0000
5 .0 .0 .0 .0 .0000 .0000
6 "0 .0 .0 .0 .0 "0000
7 "0 .0 .0 .0 .0 .0

1234567
Upper triangle: friction factors (diuensionless)
Lower triangle : pressure differentials (mm H0H )

Non-DimensÍona1 Flow Parameters
Re: 7050.
Dn: 1309.
Pr: 5.35

fc: .0080
fc/ fs: 3.53
Dn*: 1307.
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Coil Number: 2 D/d: 29 h/d: 60 fld: 530
Run Number: l" h/n: 2"069 Dc/d 4L.6
Flowrate : "016984 kg,/ s T( bulk inlet ) : 28.6C
Inlet Velocity: 1"0386 n/ s T(bulk outlet): 28.6C
Residence Timez 2 s T(bulk average):28"6C

Boundary Condition: Isotherual

Static Differential Pressures and Friction Factors
1 .007 2 .0000 " 0000 " 0000 " 0000 " 0000
2 17 3.2 " 007 3 . 0000 " 0000 . 0000 " 0000
3 "0 r77"4 "0074 .0000 .0000 .0000
4 "0 .0 175.3 .007r .0000 .0000
5 .0 .0 .0 167"8 .0066 .0000
6 "0 .0 .0 "0 125.3 .0000
7 .0 .0 .0 "0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 5749. fc: .0073
Dn: i068. fclfs: 2"6L
Pr: 5.59 Dn*: 892.
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Coil Number: 2 D/d: 29 h/dz 6
Run Number: 2" h/¡: 2
Flowrare: .0i5323 kg/ s T
Inlet Velocity: "9370 m/ s T
Residence Time: 3s T

0 L/d: 530
"069 Dcld 41"6
bulk inlet): 28.6C
bulk outlet): 28"6C
bulk average) 228.6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .007 5 .0000 .0000 .0000 " 0000 .0000
2 r47"8 "0077 .0000 "0000 .0000 "00003 .0 i5r"4 "0077 .0000 .0000 "00004 " 0 .0 i48.0 .0077 .0000 .0000
5 .0 .0 .0 148.2 "0069 .0000
6 .0 "0 .0 .0 i06"7 .0000
7 .0 "0 .0 .0 "0 "0r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (m¡n H0H)

Non-Dimensional Flow Parameters
Re: 5187.
Dn: 963"
Pr: 5.59

fc : .007 7

fc/fs:. 2"48
Dn*: 804.



257

Coil Nunber: 2 D/d: 29 h/dz 60 Lldz 530
Run Number: 3. h/D: 2"069 nc/d 4I.6
Flowrate: .013I68 kgls T(bu1k inlet): 28"6C
Inlet Velocity: .8053 m/s T(bulk outlet): 28.6C
Residence Time: 3 s T(bu1k averaSe):28.6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0087 " 0000 " 0000 .0000 .0000 " 0000
2 r27.3 "0087 .0000 .0000 .0000 "00003 .0 126.9 "0089 "0000 "0000 "00004 .0 .0 126"1 .0089 .0000 "00005 "0 .0 .0 125"3 .0081 .0000
6 .0 .0 .0 .0 92"0 .0000
7 "0 .0 .0 .0 .0 .0

1234567
Upper triangle: friction factors (dimensionless)
Lower trÍang1e: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 4457 .
Dn: 828.
Pr: 5.59

f c: " 0088
fc/f.s: 2.45
Dn*: 69L.
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Coil Nurqber: 2 D/d: 29 h/dz 60 Lld: 530
Run Number: 4 " h/Dz 2"069 Dc/d 4I "6Fl-owrare: .008854 kgls T(bulk inler): 28"6C
Inlet Velocity: .5414 n/s T(bu1k outler): 28"6C
Residence Time: 5 s T(bu1k averase)228"6C

Boundary Condition: Isothermaf

Static Differential Pressures and Friction Factors
r .0r r 9 .0000 .0000 .0000 " 0000 " 0000
2 7B"r .0rr9 .0000 .0000 .0000 "00003 .0 78"5 .0118 .0000 "0000 "00004 "0 .0 75"4 .0tr3 "0000 .0000
5 .0 .0 .0 72.6 .0103 "00006 "0 .0 .0 "0 53.0 "00007 "0 .0 .0 .0 "0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (¡om H0H)

Non-DÍroensional Flow Parameters
Re : 2997. fc: .01 I 7

Dn: 556. fc/fs: 2.20
Pr: 5.59 Dn*: 465.
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Coil Number : 2 D / d z 29 hl d: 60 f/ d: 530
Run Nu¡nber: 5" h/n: 2"069 oc/d 4L"6
Flowrare: "00447 0 kg,/ s T( bulk inlet ) : 28 " LC
Inlet Velocity: "2733 m/s T(bulk outlet): 28" IC
Residence Time: ll s T(bulk average):28.IC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0183 " 0000 .0000 .0000 .0000 " 0000
2 30"7 .018s .0000 .0000 "0000 .0000
3 .0 3r. r " 0i94 " 0000 .0000 ,0000
4 " 0 .0 31 " 6 "0192 .0000 .0000
5 .0 .0 "0 3r.2 .0166 .0000
6 .0 .0 .0 .0 2r.7 "00007 .0 .0 .0 "0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (urm H0H)

Non-Dimensional Flow Parameters
Re: 1493.
Dn: 277"
Pr: 5"67

fc: .0189
f c/f s: I.76
Dn* : 232.
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Coil Number : 2 D / d: 29 hl d: 60 Ll d: 530
Run Number: 6" h/D: 2"069 ocld 4I"6
Fl-owrare: .00408I kg,/ s T(bulk inlet): 28.lC
Inlet VelocÍty: .2495 m/s t(Uutt outlet): 28"lC
Residence Time: 12 s T(bulk average):28"IC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0203 .0000 .0000 .0000 .0000 .0000
2 28.4 "0202 "0000 "0000 .0000 "00003 . 0 28.2 "0206 " 0000 .0000 .0000
4 .0 .0 28.0 .0203 .0000 .0000
5 .0 "0 "0 27.6 .0173 "00006 "0 .0 .0 "0 r8"9 .0000
7 "0 .0 .0 "0 .0 "0r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re : i363. fc: .0204
Dn: 253" fc/f.sz 1.73
Pr: 5"67 Dn*: 2II.
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Coil Number: 2 D/d: 29 h/d: 60 Lldz 530
Run Number: 7" h/l: 2"069 Oeld 4I.6
Flowrate: "0037 17 kg,/ s T(bu1k inlet): 28"IC
Inlet Velocity: "2272 ruls T(bu1k outlet): 28"IC
Residence Time: 13 s T(bulk average):28"IC

Boundary Condition: Isothernal

Static Differential Pressures and Friction Factors
1 . 0212 .0000 .0000 .0000 " 0000 .0000
2 24 " 6 "0209 . 0000 " 0000 " 0000 .0000
3 .0 24"2 .0213 .0000 ,0000 "00004 "0 "0 24.0 .0211 .0000 .0000
5 .0 .0 .0 23.8 "0179 .0000
6 "0 .0 .0 "0 16"2 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (nm HOH)

Non-Dimensional FIow Parameters
Re: 1241. fc: .02 I t
Dn: 230. fc/fs: I.64
Pr: 5"67 Dn*: f93.
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Coil Number: 2 D/dz 29 h/d: 60 L/d: 530
Run Number: 8" h/O: 2"069 Dc/d 4I"6
Flowrate: "003103 kg/ s T(bu1k inlet): 28" jC
Inlet Velocity: "1897 m/s T(bulk ourlet): 28" tC
Residence TÍme: l5 s T(bulk average):28"IC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
i .0236 .0000 .0000 .0000 .0000 .0000
2 19. r "0229 .0000 .0000 " 0000 .0000
3 .0 18 " 5 "0233 " 0000 .0000 " 0000
4 .0 " 0 iB.3 .0230 .0000 .0000
5 .0 .0 .0 r8"1 "0i96 "00006 "0 "0 .0 .0 t2.4 .0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: frÍction factors (dimensionless)
Lower trÍang1e: pressure differentials (mm HOH)

Non-Dimensional Flow Parameters
Re: 1036. fc: .0232
Dn: 192. fclfs: 1.50
Pr: 5.67 Dn*: t6t.
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Coil Number: 2 D/dz 29 hldz 60 rldz 530
Run Nuuber: 9" h/Dz 2.069 Oc/d 4I"6
Flowrare : .00217 5 ks,/ s T( bulk inlet ) : 27 .8C
Inlet Velocity: .1330 m/s T(bulk outlet): 27"8C
Residence Time z 22 s T(bu1k average):27 "8C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r " 0293 " 0000 .0000 .0000 " 0000 .0000
2 rr .6 " 0288 . 0000 .0000 .0000 . 0000
3 "0 1r.4 "0296 "0000 .0000 "00004 "0 .0 tr"4 .0291 "0000 .0000
5 .0 0 0 .0 I 1.2 .0246 .0000
6 "0 .0 .0 .0 7"6 .0000
7 "0 .0 .0 "0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 722. fc: "0292Dn: 134. fc/f.s: I.32
Pr: 5"7L Dn*: II2"



264

coil Number: 2 D/d: 29 h/d: 60 Lldz 530
Run Number: 10. h/D: 2"069 Dc/ d 4I.6
Flowrare: "001577 kg,/ s T(bu1k inler): 27"8C
Inlet Velocity: .0964 m/s T(bu1k ourler): 27"8C
Residence Time: 31 s T(bulk average):27"8C

Boundary Condition: Isotherraal

Static Differential Pressures and Friction Factors
r .0000 " 0393 " 0000 .0000 .0000 " 0000
2 .0 .0000 "0394 .0000 .0000 .0000
3 16.4 " 0 .0000 " 0390 .0000 .0000
4 .0 16 " 2 .0 . 0000 . 0365 . 0000
5 .0 " 0 ls. B .0 .0000 " 0000
6 .0 .0 .0 13.3 .0 .0000
7 .0 .0 .0 .0 "0 .0

r234567
Upper triangle : fríction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimens ional Flow Parameters
Re: 523.
Dn: 97 .
Pr: 5"7I

f c: "0392
f cl f s: 1.28
Dn*: 81.
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Coil Number: 2 D/d: 29 h/dz 60 rldz 530
Run Nunber: ii " h/Dz 2"069 Oc/d 4I"6
Flowrare: " 000828 ks,/ s T(bulk inlet) : 27 .2C
Inlet Velocity: "0506 m/s t(Uu1t outlet): 27"2C
Residence Time: 59 s T(bulk averase)227"2C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
i .0000 .0000 "0669 " 0000 .0000 " 0000
2 "0 .0000 .0000 "0663 .0000 .0000
3 .0 " 0 .0000 .0000 "0644 " 0000
4 rr .4 " 0 .0 .0000 .0000 . 0000
5 .0 I t. 2 .0 .0 .0000 .0000
6 .0 "0 10.1 "0 .0 .0000
7 .0 .0 .0 "0 .0 .0

1234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 272. fc: .0666
Dn: 51. Íc/f.s: 1.13
Pr: 5"78 Dn*: 42"
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Coil Number: 2 D/dz 29 h/d: 60 Lldz 530
Run Number: 12. hlDz 2"069 Dcld 4I"6
Flowrare : " 000679 kgl s T( butk inler ) : 27 " 5C
Inlet Velocity: "0415 m/s T(bulk outler): 27.5C
Residence Time: 73 s T(bulk average):27"5C

Boundary Condition: Isothermal"

Static Differential Pressures and Friction Factors
1 .0000 "0000 "0797 .0000 .0000 "00002 .0 .0000 .0000 .0804 .0000 .0000
3 .0 .0 .0000 .0000 .0760 .0000
4 9"r .0 "0 .0000 .0000 .0000
5 " 0 9. I .0 .0 " 0000 .0000
6 "0 "0 8.0 "0 .0 .0000
7 .0 .0 "0 .0 "0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Pararoeters
Re: 224. fc: " 0800
Dn: 42. fc/fs: I"I2
Pr: 5"75 Dn*: 35"
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Coil Number: 2 Dldz 29 h/d: 60 f ldz 530
Run Number: 13, h/nz 2.069 Dc/d 41.6
Flowrate : " 000529 kg,/ s T( bulk inlet ) : 27 " 5C
Inlet Velocity: .0323 u/s T(bulk ourler): 27.5C
Residence Time: 93 s T(bulk average):27.5C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0000 .0000 . 1038 " 0000 .0000 " 0000
2 " 0 .0000 .0000 . r04B .0000 .0000
3 .0 " 0 " 0000 .0000 " 0983 .0000
4 7.2 "0 "0 .0000 .0000 .0000
5 .0 7.2 "0 "0 .0000 "00006 "0 .0 6.3 .0 "0 .0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle : friction factors (dirnensionless )
Lower Ëriangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 175"
Dn: 32.
Pr: 5.75

f c: . r043
f c/f s: I"L4
Dn*: 27 .
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Coil Number: 2 D/ð: 29 h/d: 60 L/dz 530
Run Number: 14. h/D: 2.069 Dcld 41"6
Flowrare: "000379 kg/s T(bulk inlet): 27"2C
Inlet Velocity: "0232 m/s T(bulk outlet): 27 "2CResidence Time: 130 s T(bu1k average) :27 "2C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r "0000 .0000 "0000 .1482 .r37t "00002 .0 " 0000 .0000 .0000 " i399 " 0000
3 .0 .0 .0000 " 0000 .0000 " 0000
4 " 0 .0 .0 .0000 .0000 .0000
5 7"0 .0 .0 .0 "0000 .0000
6 7.8 6.3 .0 "0 .0 .0000
7 "0 .0 "0 "0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: I25. fc: .1482
Dn: 23" fc/fs: l"l5
Pr: 5.78 Dn*: 19.
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Coil Number: 2 D/dz 29 h/d: 60 L/d: 530
Run Number: 16. h/D: 2"069 Dc/d 4I"6
Flowrate : "0I7 250 kg,/ s T( bulk inlet ) : 30.3C
Inlet Velocity: 1.055 4 nl s T(bu1k ourler) : 30.3C
Residence Time z 2 s T( bulk average ) :30 " 3C

Boundary Condition: Isotherual

Static Differential Pressures and Friction Factors
r . 007 4 .0000 " 0000 " 0000 .0000 .0000
2 185.0 "007 2 .0000 " 0000 .0000 .0000
3 .0 i78"9 .0074 "0000 .0000 "00004 .0 "0 t79.3 .0073 .0000 .0000
5 .0 .0 .0 176.4 "0065 .0000
6 .0 .0 .0 .0 126"3 .0000
7 "0 .0 .0 .0 .0 .0

1234567
Upper triangle: friction factors (dimensíonless )
Lower triangle : pressure differentials (nro H0H )

Non-Dimensional Flow Parameters
Re: 6036" fc: .0073
Dn: 1121" fclfs: 2"75
Pr: 5.39 Dn*: 936.
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Coil Nuuber: 2 D/dz 29 h/dz 60 L/dz 530
Run Number: 17. h/D: 2"069 nc/d 4I"6
Flowrate: .015853 kg/ s T(bulk inler): 30.6C
Inlet Velocity: "9700 m/s T(bulk outlet): 30"6C
Residence Time : 3 s T( ¡utt average ) :30. 6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0079 .0000 "0000 .0000 .0000 "00002 166 .7 .007 6 . 0000 . 0000 " 0000 " 0000
3 .0 160"2 .0078 "0000 .0000 "00004 .0 "0 160.0 .0077 "0000 .0000
5 .0 .0 "0 157.9 "0068 .0000
6 .0 .0 .0 "0 112"4 "00007 .0 "0 .0 .0 "0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentiafs (mrn H0H)

Non-Dimensional Flow Parameters
Re: 5577. fc: .0077
Dn: 1036" fc/fsz 2"70
Pr: 5"35 Dn*: 865.



27r

Coil Number: 2 Dldz 29 hldz 60 Lldz 530
Run Number : 18 " h/D: 2"069 Ocl d 4L " 6Flowrate: ,018643 kB,/s T(bu1k inlet): 30.8C
Inlet Velocity: t" 1408 m/s T(bulk outlet): 30.8C
Residence Time z 2 s T( Uutt average ) : 30. BC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0073 .0000 .0000 "0000 .0000 .0000
2 2r4 " 5 .007 i .0000 " 0000 .0000 .0000
3 .0 206.9 .0073 .0000 .0000 .0000
4 .0 .0 206. 5 .007 2 .0000 .0000
5 .0 .0 .0 203.8 .0064 .0000
6 "0 .0 .0 "0 146"1 "00007 "0 .0 .0 .0 .0 .0

r234567
Upper triangle: frÍction factors (dimensionl-ess )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 6593.
Dn: 1224 "Pr: 5.32

fc : "007 2

f c/ f.s: 2"98
Dn*: 1022.
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Coil Number: 2

Run Number: I9.
Flowrate:
Inlet Velocity:
Residence Time:

D/dz 29

"017093 ks,/ s
1.0499 rn/ s

2s

0 Ll d: 530
.069 l^c/d 4r.6
bulk inlet): 36.4C
bulk outlet): 46"LC
bulk average):41"3C

h/d:
h/o:

6

2

T
T
T

Boundary Condition:
Power Input : 662.2
Power Absorbed: 689.0
Heat Balance: -4 " 0Srn x/d rwi(C)

7 38.6

Tube Resistance: " I18 ohms
Tube Conductivity : 15"48 W/mK

42. r
42. 4
43 .7
44.3
45. I
45.5
45"6
46.4
47.r
48"1

Neumann
I^J

I.I

/"

Tb(C)
36"6
36.8
37 "0
37 "r
37 .3
37 .5
38.0
38 .7
39. r
39 .6
40"2
40 .9
4r.4
42.0
42 .5
43. I
43.8
44.6
4s.5
46 "O

Rex
67 90 "
68 r 9 "
6844.
6869.
6887 "
6923"
6996 "
7097.
7r52.
7 217 .
7308.
7418"
7497.
7576.
7647 "
7727.
7B4I 

"794r.
8063.
8136"

Prx
4 .69
4.67
4.66
4"64
4.62
4"59
4" 53
4. 46
4. 42
4"37
4.3r
4"24
4.20
4. 15
4.10
4.06
3"99
3.94
3 .87
3.83

219
329
439
546
660
7 BB
8 126

39.5
40. r
39 .7
40. 1

39 .7
40"2
4r .7

Grx Nux
. l38E+04 68"25
.I87E+04 50" 93
.215E+04 44.75
"177I'+04 54"97
. l99E+04 49 "39
. I 5BE+04 62.99
. l60E+04 63.81
.227I'+04 47 .00
.201E+04 54"30
" 207F'+04 54 " I4
. i85E+04 62.75
.247 E+04 48 " 85
.2598+04 48. 00
. 28 9 E+04 44 .37
. 28BE+0 4 45 .69
" 2528+04 53 .7 5

" 267 E+04 52 .93
" 27 4E+04 53.52
. 29 I E+0 4 52.59
.198E+04 78.86

9 147 4r.7
10
Ii
I2
r3
T4
15
16
T7
18
I9
20

172
206
244
274
304
333
365
406
446
496
525 47 "7

Static Differential Pressures and
i .0070 .0000 "00002 173"0 "0067 "00003 .0 165.2 .0068
4 .0 "0 164.4
5 .0 "0 .0 162"9
6 "0 .0 .0 "07 "0 "0 .0 "0r234

Friction Factors
.0000 .0000 .0000
" 0000 .0000 .0000
" 0000 .0000 .0000
" 0068 .0000 .0000

" 0000 .0000
.0000

.0
67

.0
"0
5

Upper triangle: friction factors (dimensionl-ess )
Lower Èriangle: pressure dÍfferentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

7474.
i388"

4"2r
.225¡'+04

52"58

f c:
tcl ts:
Dn*:
Gr/Re:

Gzz

"0068
3" 19

1159.
. 30 t E+00

46"62
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Coil Number: 2

Run Number : 20 "
Flowrate:
Inlet Velocity:
Res idence Time :

D/dz 29

.010138 ks,/ s

" 6231 m/ s
4s

h/d: 60
h/oz 2"069

T(bulk
t(uutt
T(bu1k

L/d: 530
nc/ d 4r.6

inlet): 36"9C
outf et): 48" 5C
aver ag,e) :42 " 7 C

Boundary Condit ion : Neumann
Power Input: 498"9 I.J

Power Absorbed : 490 .9 W

Heat Balance: 1.6 "/"

Tube Resistance: . ll8 ohms
Tube Conductivity: 15.50 t^I/rnK

Stn
I
2
3
4
5
6

7

8
9

t0
11
I2
i3
t4
i5
I6
t7
18
t9
20

x/a
7

19
29
39
46
60

r47
172
206
244
274
304
333
365
406
446
496
525

43.0
43"6
44. r
45.6
46 .5
47 "4
48. 0
47 "7
49"2
49 .6
5r.0
5r..0

Tb(C)
37 "r
37 "4
37 "6
37.8
37 .9
38 .2
38 " 9
39 .7
40. r
40"7
4r .4
42"3
42.9
43 .6
44 .2
44 .9
45"8
46 .7
47 .8
48"4

Rex
4070"
4091"
4r10.
4128 

"4I4t "
4167 "
422r 

"
429r 

"
433r.
4382.
4448 "
4517 "
457 0.
4628.
4684.
4738"
4811.
4884.
497 B "
5034.

Prx
4"64
4 " 6r
4. 58
4"56
4.54
4.5t
4.44
4 .36
4.32
4"26
4. 19
4"12
4 .07
4.01
3.96
3.9r
3.85
3. 78
3.71
3.66

Twi(C)
39 "7
40 " 54r.0
40 .7
40"7
40 .7

Grx Nux
. t83E+04 40.09
"224F.+04 33. r2
.243F.+0 4 30. 95
.210E+04 36"23
"202¡'+04 37.96
. I85E+04 42.06
. i9BE+04 40. B8

" 266r'+04 3r .92
" 242F'+04 36 .02
. 255 E+04 35 " 30

"2428+04 38.78
.319E+04 30"77
.35IE+04 28.89
. 390E+0 4 26.92
.396E+04 27.4r
. 302 E+0 4 37 .25
" 386E+0 4 30 " 28
.347 E+04 35 .28
.404E+04 3t " 90
. 34 I E+04 38. 99

88 4r.4
126 42.9

Static Differential Pressures and
r .0099 .0000 "00002 86"3 .0095 "00003 .0 82"9 "00974 "0 .0 82.5
5 .0 .0 .0 81"0
6 .0 .0 .0 .0
7 .0 .0 .0 .0

r234

Friction Factors
.0000 .0000 " 0000
.0000 .0000 .0000
.0000 .0000 " 0000
.0096 " 0000 .0000

.0000 ,0000
.0000

.0
67

"0
.0
5

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

4554 "
846.

4"09
.283E+04

34. r8

f c:
tc/ ts:
Dn*:
GrlRe:

Gz:

"0097
2"75

706.
.6228+00

27 "57
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Coil Nu¡ober: 2
Run Number: 2l "
Flowrate:
Inlet Velocity:
Residence Time:

D/d: 29

"008675 kgls
"5331 m/s

5s

h/d: 60
h/r: 2.069

r(uult<
T(bulk
T(bu1k

L/d: 530
oc/d 4r.6

inlet): 37"4C
outlet): 47.3C
average ) :42.3C

Boundary Condition: Neumann
Power Input: 358"0 I,J

Power Absorbed: 359.8 I,J

Heat Bal-ance: -"5 "/"

Tube Resistance: " li8 ohms
Tube Conductivity: I5.49 W/nK

Stn
1

2

3
4
5

6

7

8

9

10
ll
L2
t3
T4
15
I6
I7
i8
i9
20

x/a
7

r9
to
39
46
60
88

126
r47
172
206
244
274
304
333
36s
406
446
496
525

Tb(C)
37 "5
37 .7
37 "9
38. r
38"2
38. 5

39"0
39 .7
40. r
40"6
41.2
4r"9
42. 5

43. r
43 .6
44 .2
45 " 0
45 .7
46 .7
47 "2

Rex
3512.
3528.
3542.
3555.
3565 "
3585.
3624 "
3675.
37 04.
3742"
3792"
3843.
3882.
392r.
3963.
4007 "
4059 "4tti.
4r77.
42r7.

Prx
4"59
4.56
4"54
4.52
4.5r
4. 48
4"42
4 .36
4"32
4"27
4"2r
4" 15
4. i0
4 .06
4.0r
3"96
3"9r
3.8s
3"79
3.75

Twi(C)
39 "7
40. 3

40 .7
40 " 5
40"7
40 .4
41. r
42.5
42 .7
43"3
43 .7
45.0
45 .7
46 .4
46 .9
46"4
47 "9
48. i
49"5
49.4

Grx Nux

" l54E+04 34.95
.1868+04 29 "32
.204I'+04 26 "96
. t74E+04 3r "95
. t87E+04 29 "93
" r42E+04 39 .98
.t6lE+04 36.48
.226F'+04 27.05
"217F.+04 28.75
.232F'+04 27 " 68
.225E'+04 29 " 6r
"282F'+04 24 " 59
. 3I I E+0 4 22.93
"3298+04 22.28
. 33 1 E+0 4 22.77
"231E+04 33"73
.3I7E+04 25"50
.269E'+04 3r " 12

"334E+04 26.26
.268E+04 33.65

Static Differential Pressures and
r .0107 .0000 .0000
2 68"2 .0104 "00003 "0 66"5 .0105
4 "0 .0 65.3
s "0 "0 .0 63.8
6 "0 .0 "0 .0
7 .0 .0 .0 .0

r234

Friction Factors
" 0000 .0000 " 0000
.0000 .0000 .0000
.0000 " 0000 .0000
.0r03 "0000 "0000

" 0000 " 0000
.0000

.0
67

"0
.0
5

Upper triangle: fri-ction factors (dimensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

3870"
719 .

4"12
"240I'+04

28 " 83

f c:
tc/ ts:
Dn*:
GrlRe:

Gz z

.0r05
2. 54

600.
.620E+00

23.6r



Coil Number: 2

Run Number : 22 "Flov¡rate:
Inlet Velocity:
Residence Time:

D/dz 29

"0067 59 kg/ s
.4I55 m/s

7s

h/dz 60
h/r: 2.069

T(buIk
T(bulk
T(burk

r/ð: 530
Dc/d 41.6

inlet): 37"7C
outlet): 48.1C
average):42.9C

Boundary CondiËion:
Power Input : 297 " 5
Power Absorbed: 294 " 4
Heat Balance:

Tube Resistance: .119 ohms
Tube Conductivity: t5 " 50 I,J/rnK

I.0
Twi(C)
40.0
40 .6
40 .9
40 "7

Ne umann
!I
I,l

/"

rb(c)
37 .8
38. r
38. 3

38. 5

38. 6

38. 9

39"4
40"2
40"6
41. r
4i.8
42 .5
43. L

43 .7
44 .3
44 .9
4s .7
46.s
47 .5
48"0

Rex
2756.
2769"
27 80.
2792.
2800.
28r6.
2847.
2890.
29r6 "
2946"
2984.
302s "
3057.
3092.
3r25.
3isB.
320r.
3245 "
330r.
3334.

Prx
4"55
4.52
4. 50
4.48
4"47
4"44
4"39
4.31
4"27
4.22
4.17
4. r0
4 .06
4.0r
3.96
3.9r
3.85
3.80
3.73
3 " 69

Stn
I

x/a
7

Grx Nux
.1548+04 29"53
"r83E+04 25"23
. t968+04 23.78
. t69E+04 27 "87
.182E+04 26.12
.137E+04 35.29
"17iE+04 29.25
.2288+04 22.88
.213E+04 25"08
.2408+04 22"93
" 22BE+04 24 " 98
. 280E+0 4 2r . tr
. 340E+0 4 17 .9r
.376E+04 16.75
.293I'+04 22. L7
. 30 I E+04 22.26
.3i6E+04 2L"92
. 360E+0 4 20.03
.337E+04 22.48
" 2r9E+04 35 " 46

219
329
439
5 46 4r.0
6 60 40"7
7 88
B 126

4r"6
42.9

9 147 43"i
10
II
t2
l3
14
I5
16
T7
i8
19
20

172
206
244
274
304
333
36s
406
446
496
525

43"8
44.2
45"4
46 .5
47 .4
47 .0
47 "6
48"s
49.s
50 .2
49 "B

Static Differential Pressures and
i " 0i 28 " 0000 .0000
2 49 "7 .0123 " 0000
3 "O 47"6 .0125
4 "0 .0 47,2
5 .0 "0 "0 46"5
6 "0 "0 "0 .0
7 "0 .0 .0 "0r234

Friction Factors
.0000 .0000 " 0000
" 0000 " 0000 .0000
.0000 .0000 " 0000
.0r23 "0000 "0000.0000 .0000

.0000
"067

.0
"0
5

Upper triangle : friction factors (dimensionless )
Lower triangle : pressure differenLials (mm H0H )

Non-Dimensíona1 Flow Parameters
Re
Dn
Pr
Gr
Nu

3047 "
566.

4 .07
" 252F'+04

23.77

f c:
f c/ f s :

Dn*:
GrlRe:

Gz:

.0I25
2. 38

473"
" 827 E+00

r 8. 38
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Coí1 Number: 2

Run Number: 23.
Flowrate:
Inlet Velocity:
Residence Time:

D/dz 29

.003931 kg/ s

"2417 n/ s
12s

h/d: 60
h/r:2"069

T( bulk
T(bu1k
T( bulk

r/d: 530
Dc/d 41"6

inlet): 37 "3Coutlet): 51.2C
aver ae,e) z 44 " 3C

Boundary Condition:
Power Input : 24I "7Power Absorbed : 229 " 5
Heat Balance:

Tube Resistance: . Il9 ohms
Tube Conductivity: 15 " 51 !ü/mK

5.1
Twi(C)

39.8
40 .4
40 "7
40 " 5
40"9

42"r
43 .6
43 .9
44"6
45.4
46 .7
47 .6
48 .6
49 .2
49. B

50 " 8
51.8
53. I
s3.5

Ne unann
I,J

I^l

Tb(C)
37 "5
37 "B
38.0
38.3
38.5
38.8
39"6
40.6
41.1
4r"8
42 .7
43 .7
44.s
45.3
46 .0
46"9
48.0
49 .0
50. 3

51.1

Rex
r590.
r600"
r609"
L6T7 "
1623 "
r636.
r660"
i695.
t715.
1737 "
17 65.
17 99 

"
1824.
i849.
r873.
r900 "
1936 "
197 3 .
20r9.
204r.

Prx
4 .60
4"56
4 .53
4 " 50
4 .48
4.44
4"37
4 .27
4"22
4. 16
4 .09
4.00
3.94
3. 88
3. B3
3.77
3"69
3.62
3.53
3.48

Stn
t
2

x/d
7

I9

Grx Nux
.I70E+04 2r.22
.I88E+04 19"59
.197F.+04 18.94
" l66E+04 22"79
.i8tE+04 21"22
.I52E+04 25.74
"207I'+04 19 "73
.256F'+04 r6 .94
"245F'+04 18"30
.2588+04 18.00
.263F.+0 4 18. 48
.3098+04 16"55
. 328E+0 4 r6 .24
.3718+04 r4.93
. 364E+0 4 I5 .7 r
" 347 E+04 17 " 28

"361E+04 17.47
.37rE+04 17.91
.393E+04 17.98
" 348E+04 20 "99

329
439
546
6 60 40.8
788
8 126
9 r47

t0
tt
I2
13
I4
15
I6
T7
r8
19
20

172
206
244
274
304
333
36s
406
446
496
525

Static Differential Pressures and
r .01 89 . 0000 " 0000
2 24.8 .0187 .0000
3 .0 24.6 "01904 .0 "0 24"2
5 .0 .0 .0 23"6
6 .0 .0 .0 .0
7 "0 .0 .0 "01234

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000
.0r85 " 0000 .0000

.0000 " 0000
.0000

"067
.0
.0
5

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Fl-ow Parameters
Re
Dn
Pr
Gr
Nu

1817.
337.

3.96
" 27 4E+04

r8"5r

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.0r88
2"13

282 "
.15IE+01

r0" 66
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Coil Number: 2 D/dz
Run Number : 24 "Flowrate: .002190
Inlet Velocity: .L346
Residence Time z 22

29

kg,/ s
m/s
s

h/ d: 60
h/r: 2.069

T(bu1k
T(bu1k
t(uutt

L/d: 530
oc/d 4r"6

inlet): 36"5C
outlet): 48"7C
average) 242"6C

Boundary Condition:
Power Input: t07 " I
Power Absorbed: llI.6
Heat Balance : -3 " 5Srn xla Twi(c)

Tube Resistance: .I20 ohms
Tube Conductivity: 15.48 W/mK

Neurnann
II
I4I

/"

Tb(C)
36"7
36"9
37 .2
37 "4
37 .6
37 .9
38.5
39"4
39.9
40 .4
4r .2
42"1
42.8
43.5
44 .2
44 .9
4s. B

46 .8
47 "9
48 .6

Rex
871.
876.
880.
885 "
88 7 "
893.
905.
92r.
930.
942 

"
957.
973"
985.
998.

101I.
i023"
r040.
r056.
1078.
i09r.

Prx
4"68
4. 66
4.63
4"61
4.s9
4 .55
4 .48
4"39
4"35
4.29
4 .2r
4 " L4
4.08
4.02
3 .97
3.9r
3 " 84
3.78
3"70
3. 6s

i
2

J
4
5

6
-7

B

9

10
1I
T2
r3
I4
i5
i6
T7
IB
i9
20

I9
29
39
46
60
88

r26
r47

7 38 " r
Grx Nux

"9758+03 I5.79
. it5E+04 13.62
" l18E+04 13"49
. i04E+04 r5 " 44
. r22E+04 r3.34
. r04E+04 t5.85
.118E+04 14"47
"t5tE+04 11"94
. l43E+04 12.96
. I53E+04 12.52
. i53E+04 13.r4
. IBTE+04 11.25
.199E+04 r0.95
.227 E+04 9 .94
.230E+04 10. t7
.206E+04 11.79
" 217 E+04 II .66
.217E'+04 12.26
.2238+04 12 " 59
.tB6E+04 15.54

38.6
38.8
38.9
39 .2
39.3
40 " r
4r " 3
4r " 6

17 2 42.2
206
244
274
304

42.9
44. r
44 .8
45.7

333 46.3
365 46.8
406 47 "7446 48.6
496 49.7
525 50. 0

Static Differential Pressures and
t .028t .0000 .0000
2 rr"4 .0272 .0000
3 .0 rl.0 .0275
4 "0 "0 i0"9
5 .0 .0 "0 10.7
6 .0 .0 .0 .0
7 "0 .0 "0 .0

r234

Friction Factors
.0000 .0000 " 0000
" 0000 .0000 .0000
" 0000 " 0000 .0000
.0270 .0000 "0000

" 0000 .0000
.0000

.0
67

"0
.0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

981 "
r82.

4. t0
. I65E+04

r2"57

f c:
tcl ts :

Dn*:
GrlRe:

Gzz

.027 4
1" 68

152 "

" t69E+01
5. 96
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Coí1 Nurnber:
Run Number:
Flowrate:
Inl-et Velocity:
Residence Time:

2 D/dz 29
25"

h,/dz 60
h/r: 2 " 069

T(bulk
T(bu1k
T(bulk

L/d: 530
oc/d 4t"6

inlet): 33"5C
outlet): 45"6C
averaÊe):39.5C

" 001 1 16 ks,/ s
.0685 m/ s

44s

Boundary Condition:
Power Input: 47 "6
Power Absorbed: 56 " 4Heat Balance: -18.4
Stn xld T¡,¡í(C)
r 7 34.3

Tube Resistance: . II9 ohms
Tube Conductivity : I5.43 I+r/mK

34 .7
35. 0
35"2
3s.4
35. 5

36 .2
37 "3
37 .8
38.4
39 .2
40.3
4T. T

4r .9
42.6
43 .0
44 .0
44.8
46 .0
46"3

Neumann
I{l

I^j

/"

rb(c)
33 .7
33. 9

34 .2
34.4
34 .5
34 .9
35.5
36 .4
36.8
37 .4
38 .2
39. r
39 .7
40 .4
41. r
41.8
42. B

43 .7
44 .8
4s " s

Rex
418.
420 "
422 

"
424 

"
426 

"
429 

"
435.
442.
446 "
45 r .
458.
467 "
473.
480.
487.
493.
502.
5r0"
52r.
527 "

Prx
5. 00
4"97
4.94
4"91
4"89
4. 85
4.78
4.7r
4.67
4.60
4.5r
4.42
4 .36
4 .29
4.22
4"16
4.08
4.0i
3.92
3"87

219
329
439
546
660
788
I 126
9 147

Grx Nux
.359E+03 t5.78
" 446E'+03 r2 " 93
.482E+03 r2. t6
.4828+03 12.35
.537E+03 I i.20
.3738+03 r6.44
.452F.+03 r4 .07
.6498+03 r0"29
" 64tE+03 r0" 73
.730E+03 9.73
. 7 388+03 I 0. 05

"96IE+03 8.12
.ItrE+04 7"34
. r25E+04 6.7 5

. l36E+04 6.48

.tt3E+04 8.08

. r22E+04 7 .84

. Ii9E+04 8.48

. I 33 E+04 8. 03

"953E+03 11.53

10
1l
I2
i3
I4
l5
I6
t7
t8
19
20

172
206
244
274
304
333
365
406
446
496
525

Static Differential Pressures and
" 0407 " 0420
.0000 .04r3

Friction Factors
"0422 "0000 "0000
"0418 "0000 .0000
.0446 "0000 "0000.0000 "0000 "0000.0000 .0000

" 0000
"067

1

2

3
4
5
6
7

.0
8"6

13.1
17.5 13.0

.0 .0
"0
I

.0
2

.0
f . i

.0

.0
J

.0

.0
5

.0000

.0
8"6

" 0000

.0

.0

.0
4

Upper trÍang1e: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Di-mensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

47r.
87"

4 " 38
.831E+03

t0"01

f c:
f c/f s:
Dn*:
GrlRe:

Gz:

.0421
r .24

73.
.176E+0I

3. 06
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Coil Number: 2 D/d:
Run Number: 26 "
Flowrare: .001573
Inlet Velocity: "0964
Residence Time: 3l

29 hldz
hlnz

kg/ s

m/ s
S

0 L/d z 530
.069 Dc/d 41"6
bulk inlet): 30"2C
bulk outlet): 4I"0C
bulk aver ale): 35.6C

6

2
T
T
T

Boundary Condition: Neumann
Power Input: 74"I I^i

Power Absorbed: 7l"l I,J

Heat Balance: 4"I %

Tube Resistance: . tl9 ohms
Tube Conduc t ivi ty : l5 . 38 üf /mK

Stn
I
2
3
4
5

6

7

8
9

10
II
T2
13
L4
15
I6
T7
rB
19
20

x/d rwi(c) Tb(c)
7 31.0 30.3

19 3r.5 30.6
29 3r.7 30.8
39 32.0 3r.0
46 32.3 3r.1
60 32.4 3t " 488 32.4 32.0

126 34. r 32.7
147 34.4 33"2
r72 34"9 33"7
206 35.2 34.4
244 36 .6 35. I
274 37.2 35.8
304 38.0 36.4
333 38.5 37.0
365 38. 9 37 .6
406 39.8 38. 5

446 40.5 39.3
496 41..5 40.3
525 4r"6 40.9

Rex
55 r .
5s3.
556.
558.
560.
564.
572"
579 "
sB3.
589.
598.
608.
6i5.
623.
630 "
638.
649.
660.
674.
683 "

Prx
5. 38
5. 35
s.33
5.31
5.29
5"25
5.16
5. 09
5. 05
5. 00
4.9r
4. 82
4.76
4.7 r
4.66
4. 58
4.48
4.40
4. 30
4.24

Grx Nux
" 309E+03 22 " 9t
.4438+03 I6 .23
"458E+03 I5.92
.473E+03 i5.63
.5598+03 13.37
.489E+03 r5.66
.247 E+03 32.53
"7 r4E+03 I i.69
.654E+03 i3.04
.683E+03 L2"94
.4978+03 i8.63
.9i5E+03 10.62
.9498+03 r0.57
. t09E+04 9.57
.I088+04 9.98
.956E+03 1t.70
.9998+03 11.75
.943E+03 13.05
. l04E+04 12.58
"6t2E+03 22"12

Static Differential Pressures and
1 .0466 .0000 .0000
2 9.7 .0438 " 0000
3 "0 9.r .0460
4 "0 "0 9.3
5 .0 .0 .0 9"1
6 .0 .0 .0 .0
7 "0 "0 .0 .0

L234

Friction Factors
.0000 "0000 "0000.0000 .0000 " 0000
" 0000 .0000 .0000
.04s r .0000 .0000

" 0000 " 0000
.0000

.0
67

"0
"0
5

Upper tríang1e: friction factors (dirnensionless)
Lower Eriangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

6r3.
II4"

4.78
.731E+03

14"T7

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.0454
1.74

95.
.119E+01

4"34
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Coil Number: 2 D/d:
Run Number: 27 

"Fl0wrate: " 000594
InIet Velocity: .0364
Res idence Time : 83

29

ks,/ s
m/ s
s

h/dz 60
h/nz 2"069

T(bu1k
T( bulk
T(bu1k

t/d: 530
ncld 4r.6

inlet): 27 "8Coutlet): 38.4C
average):33.1C

Boundary Condition: Neumann
Power Input: 27.I W

Power Absorbed: 26.5 W

Heat Balance: 2"2 "/"

Tube Resistance : . I20 ohms
Tube Conductivity: 15.34 !i/mK

Stn
t
2

3

4
5

6

7

8
9

l0
1I
I2
i3
t4
15
r6
t7
i8
i9
20

x/d Twi(C) rb(C)
7 28"6 27"9

19 28.9 28.2
29 29.r 28"4
39 29 .2 28.6
46 29"5 28.7
60 29 .6 29 .0
88 29 .9 29 .5

126 3r.r 30.3
r47 3r..5 30.7
r72 31.9 3r.2
206 32.4 3r.9
244 33"7 32.7
274 34.4 33.3
304 35. I 33.9
333 35.7 34.5
365 36.r 35.i
406 36.9 35.9
446 37 .6 36 "7496 38.6 37 "7525 38.7 38.3

Rex
r98.
r99.
200 "
20r "
202.
203 .
205.
208.
2ro.
212.
2r6 

"
2r9.
22r "
223 

"
226.
230 .
233 

"
237.
242.
245 "

Prx
s"69
s.66
5 " 63
5. 60
5. 58
5.54
5"47
5. 38
s. 33
5 .27
5.17
5. r0
5. 04
4 .97
4 .90
4 .82
4.74
4.67
4. 56
4 " 50

Grx Nux
.2758+03 7"96
"2738+03 B. t7
" 297 E+03 7 " 64

" 2668+03 8. 67
.3I38+03 7.44
" 2508+03 9.53
.t6iE+03 15.32
.350E+03 7.39
.345E+03 7 .7 r
" 330E+03 B. 35
.256E+03 Lr"42
.53rE+03 5.72
.6r6E+03 5.10
.695E+03 4.70
.719E+03 4.73
"631E+03 5.6r
.646E+03 5.72
.554E+03 7.01
"615E+03 6.69
" 2588+03 16 " 50

Static Differential Pressures and
.0000 "0949
" 0000 " 0000

Friction Factors
.0942 .0000 .0000
. 09 58 . 0000 . 0000
.0000 .0000 " 0000
.0000 .0000 .0000

" 0000 " 0000
.0000

"067

I
2

J

4
5

6

7

"0
.0

8"4
11.0

.0

.0000

.0
"0

8.4
"0

.0000

.0

.0

.0
4

.0

.0

.0

.0
3

"0
"0
5

.0 .0
I2

Upper triangle : friction factors ( dirnensionless )
Lower triangle: pressure differentials (urm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

220 "
41.
5. 06

.435E+03
7 "63

f c:
tcl f s:
Dn*:
GrlRe:

Gzz

.0950
1.31

34"
" t98E+01

r " 65
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Coil Number: 2 D/d: 29
Run Number: 28 "Flowrate: .000427 kg/ s
Inl-et Velocity: .0262 m/ s
Residence Time: ll5 s

h/d: 60
h/r: 2.069

t(uutt
T(bu1k
T(bu1k

L/d: 530
ocld 4r.6

Ín1et): 27 "2Coutlet): 4I"4C
average):34"3C

Boundary Condition: Neumann
Power Input: 27 " I VI

Power Absorbed: 25"3 hI

Heat Balance: 6"5 "/.

Tube Resistance : . L20 ohms
Tube Conductivity: 15 " 35 W/mK

Stn
I
2
3
4
5

6
7

8
I

t0
II
T2
13
I4
t5
T6
T7
18
r9
20

x/d
7

i9
29
39
46
60

rb(c)
27 "4
27 "7
28 .0
28"3
28.5
28"8
29"6
30.6
3r"2
3r.8
32 .7
33.8
34.6
35 .4
36. I
37 .0
38. r
39 .2
40. 5

4r.3

Rex
L4r.
r42.
t42 "
i43 "
r44.
r45.
r47 "
r50"
r52 

"I55.
r57.
r60.
r63.
r66.
r68.
T7I.
175.
179.
r84.
r87 "

Prx
5"76
5.72
5 " 68
5.64
5.6r
5. 56
s"47
5. 3s
5.28
5.lB
5. 09
4"99
4 .89
4.80
4.72
4"65
4"52
4.41
4 .28
4"2r

rwi(C)
28. I
28.5
28 .7
28 .9
29"2
29 .4

Grx Nux

"2698+03 7 "89
.279F'+03 7 "76
.267F.+03 8.26
.244E'+03 9 .22
.2958+03 7 "76.2428+03 9 .7 5

. t59E+03 15" 5B

. t57E+04 r.68

.390E+03 7.04
"4t7E+03 6.98
.296E'+03 r0.29
" 6478+03 5.02
"7 27 E+03 4.7 l
.840E+03 4.28
.905E+03 4. r4
"8098+03 4"89
.819E+03 5.i3
.753E+03 5.94
.8r2E+03 5.95
.3r8E+03 r5.93

88 30. 0
126 34"0
r47
172
206
244
274
304
333
36s
406
446
496
525

32 .0
32 ,7
33. 3

34.9
35. 8

36 .7
37 "5
38 .2
39 .2
40. i
4r.5
4r"6

I
2

3
4
5
6
7

Static Differential Pressures and Friction Factors
" 1447 . 0000 . 0000
.r5i7 "0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000

.0000 " 0000
.0000

.0
67

. 0000 . 0000 . 1420
.0000 .0000.0

.0
6"s
8"8

.0
"0
I

.0

.0
6"9

.0

.0
2

.0000

.0

.0

.0
4

.0

.0
"0
.0
J

.0

.0
5

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mrn H0H)

Non-Dimensional Flow Paraneters
Re
Dn
Pr
Gr
Nu

162.
30.

4 .92
.586E+03

6"92

f c:
fc/fs:
Dn*:
GrlRe:

Gz:

. 1461
r.48

25"
.362E+01

1. t8
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Coil Number: 2 D/d:
Run Nurober: 30.
Flowrate: .001048
Inlet Velocity: .0641
Residence Tiue,: 47

29

kgl s
m/s
S

h/d:
h/D:

6

2

0 L/dz 530
"069 Dc/d 41"6
bulk inlet): 37"4C
bulk outlet ) : 26 "8Cbulk average):32.IC

T
T

T

Boundary Condition: Neumann
Power Input:
Power Absorbed
Heat Balance:
Stn x/¿
t7
219
329
439
546

47 .3 tI
: 46"7 I.I

r.4 "/"

Twi(C) Tb(C)
37.8 37 "338.0 37"r
38. 0 36.9
37 .6 36.6
37 .5 36. s
37 .0 36.2
3s.9 35"7
36.0 34.9
35 .4 34. s
34.8 34"0
33 " 8 33 " 3
33. 3 32 " 532.9 31.9
32.3 3r.3
3L.7 30.7
3r.0 30.1
30"3 29"3
29.4 28.5
28.4 27 .5
27 .8 26.9

Tube Resistance: .tt8 ohms
Tube Conductivity: 15"37 þt/nK

6

7

8
9

10
II
I2
13
14
l5
16
I7
t8
19
20

60
88

r26
r47
172
206
244
274
304
333
36s
406
446
496
525

Rex
422 "
420.
419.
4r7 

"
4r6 

"4r3.
409 

"
403.
399 

"
395"
389 "
384.
38r.
37s"
370.
365.
360.
353.
346.
342 "

Prx
4"62
4"65
4 .67
4"68
4.69
4.72
4.77
4. 85
4. 90
4"96
5.04
5" II
5. 17
5.26
5. 33
5.41
5. 50
5.6r
5.75
5.83

Grx Nux
"35iE+03 20"00
.688E+03 i0.07
.763E+03 8.96
" 6l7E+03 10.95
"657I'+03 10. I8
.534E+03 r2.32
. t5tE+03 42.23
.685E+03 8.92
.550E+03 I0.80
" 485E+03 I r.87
" 306E+03 17 " 95
.4138+03 12.76
.498E+03 10.27
.490E+03 9.92
.4258+0 3 10. 94
.396E+03 tr.24
.431E+03 9.84
.383E+03 10.43
.357E+03 10.40
.323E+03 I1.05

i
2
3
4
5
6
7

Static Differential Pressures and
.0000 " 0000
.0000 " 0000

Friction Factors
.0000 "0000 "0000
" 0000 " 0000 " 0000
" 0000 .0000 .0000
.0000 .0000 .0000

.0000 " 0000
.0000

.0
67

.0

.0
i"I
1.1
l.t
.0
I

.0

.0
t.t

,0
3

"0
.0
5

.0000

.0

.0
I.1
l.t
.0
2

.0000

"0
.0
"0
4

Upper triangle: friction factors (diroensionless )
Lower triangle: pressure dif f erentials (rnur H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

382 "7r.
5.ls

.486E+03
13. i0

f c:
f c/ f s z

Dn*:
Gr/Re:

Gz:

.0000

.00
s9.

. l27E+0t
2.9r
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CoiÌ Number: 2
Run Number: 31.
Flowrate:
Inlet Velocity:
Residence Time:

D/dz 29

"000667 ks,/ s
.0408 m/ s

74 s

h/dz 60
h/l: 2 " 069

T(bu1k
T(bu1k
T(bu1k

L/d: 530
Dc/d 41"6

inlet): 34"6C
outlet): 25"9C
aver açe) z 30 " 2C

Boundary Cond i Ë ion :
Power Input: 26"0
Por+er Absorbed : 24.7
Heat Balance: 7"I

Tube Resistance: .115 ohms
Tube Conductivity: 15" 33 l^J/mK

rwi(C)
34"7
35.0

Ne umann
II
I,J

Tb(C)
34"4
34 .2
34. r
33. 9

33. 8
33.6
33 " I
32"5
32. r
3r .7
3r.2
30.6
30. i
29 .6
29.r
28.6
27 .9
27 "3
26"4
26"O

Rex
254 "
253.
252.
25r "
250.
249 .
247 "
244.
243.
24r.
238.
235.
232.
230.
228.
226 

"
222.
2r9 "
215 "
2r3 "

Prx
4.9r
4.93
4"9s
4 .97
4 .98
5.0r
5. 06
5" I1
5. 14
5. i9
5.28
5. 3s
5.41
5.47
s. 52
5"59
5.69
5"78
5. 90
s"97

Stn
I

x/¿
7

Grx Nux
. I68E+03 t9 "34
" 4258+03 7 .57
"484E+03 6"57
.387E+03 8.12
.439E+03 7. I I
.3658+03 8.42
.5r9E+02 57 .39
"436E+03 6"62
.336E+03 8.48
.247F.+03 r1.r.9
"t4IE+03 18.66
" 24LE+03 r0.47
" 303 E+03 8 " 08
.337E+03 7.04
.2828+0 3 B. t9
" 2578+03 8.62
.27 6E+03 7 .6r
. 2508+03 8. 07

"220F'+03 8.63
"2038+03 9.01

219
3 29 34.9
439 34"6
5 46 34.6
6 60 34.2
7 88 33.2
B 126 33.3
9 r47 32.8

l0
1t
I2
i3
t4
15
T6
L7
l8
I9
20

172 32.2
206 3r.5
244 3r " I
274
304
333
365

30.8
30. 4
29 .8
29 .2

406 28.6
446 28.0
496 27 "r
525 26"6

Static Differential Pressures and

" 0000 .0000
" 0000 .0000

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
" 0000 .0000 . 0000
.0000 .0000 " 0000

.0000 " 0000
" 0000

.0
67

t
2

3
4
5
6
7

"0
.0

1.0
1.0
t.0
.0
T

"0
.0

I.0
.0
J

.0

.0
5

.0000

.0
"0r.0

1.0
.0
2

.0000

"0
"0
.0
4

Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-DÍmensional Flow Parameters
Re
Dn
Pr
Gr
Nu

233 "
43"
5" 39

" 302 E+03
11"91

f c:
f c/ f s :

Dn*:
GrlRe:

Gz z

.0000

.00
36.

" l30E+01
r.86



28+

Coil Number: 2 D/dz
Run Number: 33 "Flowrate: .000475
Inlet Velocity: "029I
Residence Time: 104

29

kg,/ s
m/ s
S

h/d: 60
h/n:2"069

T( bulk
T(burk
T(bulk

L/d: 530
Dc/d 41"6

inlet): 36"5C
outlet): 24"4C
average):30.5C

Boundary Condition:
26"5

: 24"I
9.0

rv¡i(C)
37 "4
37 .0
37.r
36.3
36. I
35 " 8
35.5

Neumann
I4I

I^1

/"

rb(c)
36 .4
36. r
35. 9

35 .7
35.5
35 .2
34 .5
33"7
33 .2
32.6
31.8
30. 9

30. 3

29 .6
28 .9
28.2
27 .2
26"3
25 .2
24"5

Rex
r.88.
rB7.
r86"
r86.
rB5.
rB4.
I8I.
r78.
176.
175"
17 2.
r68.
r66 "
164.
162.
r59.
i56.
r53.
r49.
r46 "

Prx
4.70
4"73
4.75
4.77
4.79
4 .82
4"89
5.00
5. 05
5.II
5. r8
5"3r
5. 39
5. 47
5. 55
5.66
5.78
5"92
6.1i
6"21

Power Input:
Power Absorbed
Heat Balance:

Tube Resistance: .ll8 ohms
Tube Conductivity: 15.35 W/rnK

Stn
I
2
3
4

5
6
7

8
9

10
1i
T2
13
I4
t5
I6
I7
18
I9
20

x/d
7

t9
29
39
46
60
88

Grx Nux
.6548+03 5.70
. 60BE+03 6. 03
.761E+03 4.75
.427 E+03 8.37
.4118+03 8.62
.416E+03 8.37
.606E+03 5.53
"642F.+03 4"92
.47 6E+03 6.43
"4978+03 5.98
.4308+03 6.61
.353E+03 7.50
.396E+03 6.39
. 436E+03 5. 56
.382E+03 6.08
.332E+03 6 " 59
. 330E+03 6.24
" 27 9E+03 6.87
.230E+03 7.58
.265E+03 6.23

126 34. B

L47 34.0
172 33"5

32 .7
3r.7

274 3r.1

206
244

304
333
365

446
496
525

30. 6
29 .8
29 .0

27 "l
25 .9
2s"4

406 28. l

Static Differential Pressures and
I " 0000 .0000 .0000
2 "0 .0000 .0000
3 .0 "0 .0000
4 1.0 "0 "05 r.0 r.0 .0 .0
6 r.0 1.0 r.0 "07 "0 .0 .0 .0

r234

Friction Factors
.0000 .0000 .0000
" 0000 .0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000

.0000 .0000
" 0000

.0
67

.0

.0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Pararneters
Re
Dn
Pr
Gr
Nu

167.
31.

5 " 36
.448E+03

6. 55

f c:
tcl ts:
Dn*:
GrlRe:

Gz z

.0000

.00
26"

" 269E+01
1" 33
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Coil Number: 2 D/d: 29
Run Number : 34 "Flowrate: .001933 kg/s
Inlet Velocity: .1186 m/s
Residence Time z 25 s

h/d: 60
h/r: 2 " 069

T(bulk
T(bulk
T( bulk

L/d: 530
Dc/d 41"6

inlet): 43"5C
outlet): 30.2C
average ) :36.8C

Boundary Condition: Neumann
Power Input : I07.3 W

Por^¡er Absorbed: 107.I W

Heat Balance: "2 "/.

Tube Resistance: .119 ohms
Tube Conductivity: I5.45 W/mK

Stn
I
2
J
4
5

6

7

8
9

10
1l
t2
13
T4
i5
I6
17
t8
19
20

i9
29
39
46
60

L72
206
244
274
304
333
365

44"5
44"6
43.6
43 .4
42.9

40"7
40. 0
38 .7
38. I
37 .4
36.8
35 " 9

rb(c)
43. 3

43. 0
42"8
42"5
42"3
42.0
4r.3
40.3
39. B

39 .2
38.3
37 .4
36 .6
35. 9

35. r
34.3
33.3
32.3
31. r
30. 3

Rex
878"
873.
869.
865.
862 "
857 "
846.
829.
820.
8r0"
796.
781 .
769"
7 58.
748.
7 35 .
719.
707 "
687.
677 "

Prx
4"04
4 .06
4"08
4. r0
4. 12
4"15
4 .2r
4. 30
4.35
4.4r
4. 50
4"6r
4"68
4.75
4 .82
4"92
5. 04
5" 13
5"29
5 " 38

x/d Twi(c)
7 45"2

Grx Nux
" 19tE+04 11.65
" t45E+04 15.03
.1788+04 12"12
.108E+04 19.70
.10tE+04 20.92
. B40E+03 24.78
.i708+04 tl.Bl
. L43E+04 r3 " 25
.ti4E+04 I6"08
.123E+04 r4.46
. 130E+04 I3.0r
.958E+03 16.69
.102E+04 r4.99
. t0tE+04 14.50
. 103 E+0 4 13 .63
.91tE+03 14.69
.9I4E+03 13.66
"B5tE+03 13.94
.576E+03 18.73
" 5t9E+03 19.80

88 43 " 2126 42.0
r47 41 .2

406 35.0
446 34.0
496 32"3
525 3r.5

SËatic Differential Pressures and
.0000 .0000
" 0000 " 0000

Friction Factors
" 0000 .0000 .0000
" 0000 .0000 .0000
" 0000 .0000 .0000
.0000 .0000 " 0000

.0000 .0000
.0000

"067

1

2

3

4
5
6

"0I.I
1.t
l.l
r"2

.0
l.t
l.I
.0
J

.0000

.0
t.1
1.t
i.1

" 0000

.0
t.t
.0
4

.0
"0
5

.0 .0
t2

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (nm H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

772.
L43.

4.67
.lI4E+04

r5.52

f c:
tc/ ts:
Dn*:
GrlRe:

Gzz

.0000

.00
r20.

. t47E+01
5. 34



286

Coil Number: 2 D/d:
Run Number : 35.
Flowrare: " 003885
Inlet Velocíty: "2384
Resídence Time: L2

29 h/d:
h/o z

kgl s
m/ s
S

O L/dz 530
.069 oc/ d 4L " 6bulk inlet): 46"0C
bulk outlet ) : 3I "7 C

bulk average ) :38.8C

6
2

T
T
T

Boundary Condition:
Power Input : 238 .3
Power Absorbed : 23I " 3Heat Bal-ance: 2"9

Tube Resistance: . II8 ohurs
Tube Conduclivity: t5 " 49 W/mK

x/d rr¿i(C)
7 48.9

Neumann
LI

hr

/"

Tb(C)
45.8
45"5
45"2
44.9
44.7
44"4
43.6
42.6
42"0
4r.3
40"4
39 .4
38. 6

37 " B

37 .0
36 .2
35. r
34.0
32 .6
31.9

Stn
1

Rex
r843.
r832.
r824.
r8r6.
1810.
17 99 "
1774"
L7 41.
1723"
i701.
1670"
r635.
1609.
r582.
r557.
153r.
r500.
L463.
1427 "
1409.

Prx
3.85
3 .87
3. 89
3.91
3"92
3 " 95
4.0r
4. r0
4"14
4.20
4"29
4.39
4.47
4"56
4.6s
4.72
4. 83
4.96
5.10
5. i8

Grx Nux
" 356E+04 I5.66
" 2B9E+04 19 . 02

" 320 E+04 16 " 96

"2268+04 23.74
.231E+04 23"0r
. t99E+04 26 " t9
.3I7E+04 t5.84
. 267 E+04 17 .7 9

.225E'+04 20.55
" 237 E+04 tB " B6

"240E+04 17 "64
.I82E+04 2r.9r
.I9BE+04 19.26
. t80E+04 20.22
. I89E+04 18.46
"173E+04 19.04
.167E+04 18.57
.146E+04 19.84
. t09E+04 24.53
. t20E+04 21.30

219
329
439
546
660
788
8 126

172
206
244
274
304
333
36s

48. 0
48. r
47 "0
46 .9
46.2
46 .7
45.4

44"0
43"2
4r.7
4r.2
40.3
39 .7
38.8

9 L47 44.4
10
It
I2
i3
T4
t5
I6
I7
L8
19
20

406 37 "8
446
496
525

36. s
34 .7
34"2

Static Differential Pressures and
" 0000 " 0000
.0000 .0000

.0000

"0r"2
.0
4

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000

.0000 .0000
.0000

.0
67

t
2
3
4
5
6
7

.0
t.2
1.3
r.4
1.5
.0
I

.0
r"2
1.3
.0
3

.0

.0
5

" 0000

.0
r.2
1.3
r.4

"0
2

Upper triangle: frictÍon factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

T6L7 "
300.

4"44
"2r9E+04

19 "87

f c:
tcl ts:
Dn*:
GrlRe:

Gzz

" 0000
"0025r.
. I35E+01

r0.64
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Coil Number: 2
Run Nu¡uber: 36"
Flowrate:
Inlet Velocity:
Residence Time:

o /d: 29

.007319 kp,/ s

" 4490 m/ s
6s

h/dz 60
h/r: 2 " 069

T(bulk
T(bu1k
t(uutt

L/dz 530
Dc/d 41"6

inlet ) : 42.9C
outlet): 33"0C
average):37 "9C

Boundary Condition:
Power Input: 293"3
Power Absorbed: 301.8
Heat Balance: -2"9
srn xla rwi(c)

Tube Resistance: "117 ohms
Tube Conductivity: l5 " 47 W/nK

45"9
45"L
45"2
44.4
44 " 4
43"8
44 .3
43"3
42.6
42"2
41.7
40"7
40 .2
39 .6
39 .4
38.5
37. B

36.8
35.8
35 " r

Neumann
w
LI

/"

rb(c)
42"7
42"5
42.3
42. L

42.0
4r.8
4r " 2
40. 5
40" I
39 "7
39.0
38. 3
37 .8
37 .2
36 .7
36 " r
35.3
34 .6
33.6
33. r

Rex
3288 "
3275"
3264.
3254.
3246.
3230 .
3198"
3t52.
3125.
3096"
3058.
30 r 3 "
2979.
2945.
29 r3 .
2879"
2839 "
2794.
2738.
2708.

Prx
4"09
4.10
4. 12
4.13
4"14
4.17
4. 2L
4.28
4.32
4"37
4"42
4. 50
4.56
4.63
4. 68
4"73
4"80
4 .89
5. 00
5 " 06

I7
219

Grx Nux

" 303E+04 t9 " 50

" 247F'+04 23 " 62

" 27 5E+04 2L .04
" 2r2E+04 27 " I0
" 22LE+04 25 .7 8
. 192E+04 29 .30
.27 3E+04 19 .96
. 237 E+04 22 .09
" 207r'+04 24 "77
.209F'+04 23. 88

" 209E'+04 22.98
. r78E+04 25.94
. r78E+04 25.01
.i66E+04 26.0r
. t83E+04 22.85
.160E+04 25.31
"1578+04 24"71
" i36E+04 27.20
. l23E+04 28.23
. t0BE+04 31.00

3
4
5

6

7

8

9

t0
II
I2
I3
T4
I5
t6
I7
t8
T9
20

29
39
46
60
88

r26
147
172
206
244
274
304
333
365
406
446
496
525

Static DifferentÍa1
I
2

3
4
5
6
7

Pressures and
.0000 .0000
.0000 .0000

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
.0000 " 0000 .0000
.0000 "0000 .0000

.0000 " 0000

r.2
I.5

"0
"0
.0
.0
t

1.2
1.5
.0
.0
J

r"2
.0
5

" 0000

t"2
1.5
.0
.0
.0
2

.0000

1"3
1.4
.0
4

" 0000
"067

Upper triangle : friction factors (dirnensionless )
Lower triangle: pressure differenÈia1s (mrn HOH)

Non-Diroensional Flow Parameters
Re
Dn
Pr
Gr
Nu

2989.
555.

4"s4
.200E+04

24"62

f c:
tcl ts:
Dn*:
GrlRe:

Gz:,

" 0000
.00

464 "
.668E+00

20. l0



¿óö

Coil Number: 2

Run Number: 37 "Flowrate:
Inlet Velocity:
ResÍdence Time:

D/dz 29

.000444 ks,/ s
.027 4 u/ s

tt0 s

Tt/d: 60
h/r:2"069

T(bu1k
T(bulk
T(bulk

L/d: 530
nc/ d 4r.6

inlet): 78.0C
outlet): 25"2C
averaTe):51.6C

Boundary Condition:
Power Input : 109.5
Power Absorbed : 98 " tHeat Balance: I0.4

Tube Resistance: "I22 ohms
Tube Conductivity z L5 "7 5 W/mK

x/a rr¡i(C)
7 75.0

I9
29
39
46
60
88

126
r47 66"8

Ne uruann
I^I

w

Tb(C)
77 "3
76.r
75.r
74"r
73"4
7 2.0
69"2
65.4
63.3
60. 9

57.5
53"7
50 .7
47 .7
44 .8
4r " 6
37.5
33. 5

28 .6
25 .7

Stn
T

2

3

5
6
7

B

9

t0
1l
I2
13
I4
l5
l6
T7
18
I9
20

172
206
244
274
304
333
36s
406
446
496
525

75"9
76.s
73.6
74.0
73.7
70"7
69 .2

64"6
60 .9
58.3
55.5
52.6
49 .5
46 .0
4r"9
37.7
32.0
29 .6

Rex
0.
0"

287.
0.

287.
287 .
287 .
288.
280.
268 

"
254"
240.
229.
2r8.
207 .
196 "
r80.
r66.
r50.
r4r.

Prx
.00
.00

2.74
.00

2"74
2.7 4
2"74
2.73
2"82
2"95
3. r3
3. 33
3.5r
3.71
3"92
4.18
4"59
5.0r
5. 60
6 .02

Grx Nux
.000E+00 .00
.000E+00 " 00

" 363E+04 I6 " 08
.000E+00 " 00
.r67E+04 34.88
"4568+04 I2"BO
"40rE+04 14"55
.t02E+05 5.83
. 87 3 E+04 6. 30
. 85 i E+04 5. 83

" 678E+0 4 6.36
.770F'+04 4"8L
.695E+04 4.67
.614E+04 4"59
. 509 E+0 4 4 .8r
.40tE+04 5" i8
"3r58+04 5.22
. 233 E+04 5. 55
.I37E+04 6.79
.t25E+04 5"97

1

2
3
4
5

6
7

Static Di fferentiaf Pressures and
.0000 .0000
.0000 .0000

.0000
"0.0 .0
.0 "0.0 .0
34

Friction Factors
" 0000 .0000 .0000
.0000 "0000 "0000,0000 .0000 .0000
.0000 .0000 .0000

.0000 .0000
.0000

"067

.0

.0

.0
"0
.0
.0
t

.0

.0
5

.0000

.0

.0

.0

.0
"0
2

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

232 "
43.
3"46

" 556E+04
9.16

f c:
tcl ts:
Dn*:
GrlRe:

Gzz

.0000

.00
36"

" 240F'+02
1. 19



289

Coil Number : 2 D / d z 29 h/ d: 60 Ll d: 335
Run Number: 38" h/D: 2"069 nc/d 4I"6
Flowrate: .000947 kg,/s T(bu1k inlet): 30"0C
Inl-et Velocity: "0580 m/s t(Uutt ourlet): 30.0C
Residence Time: 33 s T(bu1k average):30.0C

Boundary Condition: Isothermal

StatÍc Differential Pressures and Friction Factors
I .0000 .0000 " 0000 " 0000 " 0000 .0000
2 " 0 " 1264 .0000 " 0000 .0000 .0000
3 "0 9.5 .0000 "0000 "0000 .0000
4 .0 .0 .0 .0000 .0000 .0000
5 .0 .0 .0 "0 "0000 "00006 .0 .0 .0 .0 .0 .0000
7 "0 .0 .0 .0 .0 "0r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-DÍnensional Flow Parameters
Re: 330"
Dn: 61.
Pr : 5.42

f c: " r264
fc/fs: 2.6I
Dn*: 51.



290

Coil Number: 2 D/d: 29 h/ð: 60 Lld: 335
Run Nuuber: 39 " h/O: 2"069 nc/d 4I"6
Flowrare: .001546 kg/ s T(bu1k inler): 30"0C
Inlet Velocity: .0946 m/s T(bulk outlet): 30.0C
Residence Time : 20 s T( bulk average ) :30.0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0000 " 0000 .0000 .0000 .0000 .0000
2 .0 .0617 " 0000 .0000 " 0000 .0000
3 . 0 r2.4 .0000 . 0000 . 0000 .0000
4 "0 "0 .0 .0000 .0000 .0000
5 .0 .0 " 0 .0 .0000 .0000
6 .0 .0 " 0 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentÍa1s (mm H0H)

Non-Dimensional Flow Parameters
Re: 538. fc: .0617
Dn: f00" fclÍs: 2.08
Pr: 5.42 Dn*: 83.



201

Coil Number: 2 D/d: 29 h/dz 60 L/dz 335
Run Number: 40" h/¡: 2"069 nc/d 4I"6
Flowrate: .002144 kgls T(bu1k inlet): 30"0C
Inlet Velocity: "L3I2 m/s T(bu1k outlet): 30.0C
Residence Time : 14 s T( bulk average ) :30.0C

Boundary Condition: Isothernal

Static Differential Pressures and Friction Factors
I .0000 .0000 " 0000 .0000 .0000 .0000
2 " 0 .0385 .0000 .0000 " 0000 .0000
3 "0 r4.9 "0000 "0000 .0000 "00004 .0 .0 .0 .0000 " 0000 " 0000
5 .0 " 0 .0 .0 .0000 .0000
6 .0 .0 " 0 .0 .0 .0000
7 "0 .0 .0 "0 .0 .0

r234567
Upper triangle: friction factors (dinensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-DÍmens ional Flow Parame ter s
Re: 746.
Dn: 139.
Pr : 5.42

f c: .0385
f.c/f.s: I.80
Dn*: lI6.



202

Coil Number : 2 D / d: 29 h/ d: 60 L/ d: 335
Run Number: 4I " h/¡: 2"069 Dc/ ð 4I "6Flowrare: .002742 kg,/ s T(bu1k ínlet): 30" 0C
Inlet Velocity: "1678 m/ s T(bulk outfet): 30"0C
ResÍdence Time: ll s T(bulk averag,e):30.0C

Boundary Condition: Isothermal

Static Differential- Pressures and Friction Factors
l .0000 .0000 " 0000 .0000 " 0000 " 0000
2 " 0 .0284 .0000 .0000 .0000 " 0000
3 .0 17.9 .0000 .0000 "0000 .0000
4 "0 .0 .0 "0000 "0000 "00005 .0 "0 "0 "0 .0000 .0000
6 .0 .0 .0 .0 .0 "00007 "0 .0 .0 .0 .0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional FIow Parameters
Re: 955. fc: .0284
Dn: L77" fc/fs: 1.69
Pr: 5.42 Dn*: 148.
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Coil Number: 2 D/dz 29 hld: 60 Lld: 335
Run Nunber: 42" h/D: 2"069 Dc/d 4I"6
Flowrare: .003341 kg/s T(bulk inlet): 30.0C
Inlet VelocÍty: "2044 n/s T(bulk outlet): 30"0C
Residence Tirne: 9 s T(Uutt< average):30.0C

Boundary Condition: IsoEhermal

Static Differential Pressures and FrictÍon Factors
l .0000 .0000 .0000 " 0000 .0000 .0000
2 " 0 .0242 .0000 " 0000 .0000 .0000
3 . 0 22.7 .0000 .0000 " 0000 .0000
4 "0 .0 "0 .0000 .0000 .0000
5 "0 "0 .0 .0 .0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 "0 .0 "0 .0 .0 "0r234567
Upper trÍang1e: friction factors (dimensj-onless)
Lower triangle: pressure differentials (rom H0H)

Non-Dimensional Flow ParameËers
Re: if63.
Dn : 2L6.
Pr : 5.42

fc : .0242
f c/f s: L.76
Dn*: 180.



294

Coil Number: 2 D/d: 29 h/d: 60 rld: 335
Run Number : 43 " h/l: 2.069 Dc / d 4l " 6Flowrate: .003690 kg,/s T(bulk inlet): 30"0C
Inlet Velocity: .2257 m/s T(bulk outlet): 30"0C
Residence Time: 8 s T(bu1k average):30.0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0000 .0000 " 0000 .0000 " 0000 .0000
2 .0 " 0243 " 0000 .0000 .0000 .0000
3 "O 27"8 .0000 "0000 .0000 "00004 .0 .0 .0 " 0000 .0000 .0000
5 "0 .0 "0 .0 .0000 .0000
6 " 0 .0 .0 .0 .0 .0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 1284.
Dn: 239.
Pr : 5.42

fc: "0243
f c/f s: 1.95
Dn*: 199.
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Coil Number: 2 ø/dz 29 h/d: 60 tlðz 335
Run Nurnber: 44. h/D: 2.069 Oc/d 4I"6
Flowrate: .004138 kg/s T(bu1k inler): 30.0C
Inlet Velocity: "2532 m/s T(bulk outlet): 30"0C
Residence Time: 7 s T(bulk average):30.0C

Boundary Condition: Isothernal

Static Differential Pressures and Friction Factors
r " 0000 .0000 .0000 .0000 .0000 " 0000
2 "0 "0220 "0000 .0000 .0000 "00003 .0 3r"6 "0000 "0000 "0000 .0000
4 "0 "0 .0 .0000 .0000 "00005 .0 .0 .0 .0 .0000 " 0000
6 .0 .0 " 0 .0 .0 .0000
7 .0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure dífferentials (mm H0H)

Non-DimensÍona1 FIow Parameters
Re: 144I.
Dn: 268.
Pr: 5.42

f c: .0220
f clf.s: t.98
Dn*: 223 "



2c Á

Coil Number: 2 D/d: 29 h/dz 60 L/dz 335
Run Number: 45" h/Dz 2"069 Dc/d 4I"6
Flowrare: "005903 kgls t(¡utt infer): 30"0C
Inlet Velocity: .361I m/s T(bulk outlet): 30"0C
Residence Time: 5 s T(Uutt< average):30.0C

Boundary Condition: Isotherrnal

Static Differential Pressures and Friction Factors
I .0000 " 0000 .0000 " 0000 .0000 " 0000
2 "0 "0148 .0000 "0000 "0000 "00003 .O 43.2 .0000 .0000 .0000 "00004 " 0 .0 .0 .0000 .0000 .0000
5 .0 .0 .0 .0 "0000 .0000
6 .0 .0 .0 " 0 .0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper trÍangl-e: friction factors (dimensionless)
Lower triangle: pressure differentials (rom H0H)

Non-Dimensional Flow Pararueters
Re: 2055. fc: .0148
Dn: 382" fclfs: 1.90
Pr: 5"42 Dn*: 3i9"



297

Coil Number: 2 D/d: 29 hld: 60 Lldz 335
Run Number: 46" h/D: 2"069 ocld 4I.6
Flowrate: ,007678 kg/ s T(bulk inlet): 30.0C
Inlet Velocity: "4697 m/s T(bulk outlet): 30.0C
Residence Time : 4 s T( ¡utt average ) :30.0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0000 .0000 .0000 " 0000 .0000 .0000
2 .0 . oL22 .0000 .0000 " 0000 .0000
3 " 0 60.4 .0000 .0000 " 0000 " 0000
4 " 0 .0 .0 .0000 .0000 .0000
5 .0 .0 " 0 .0 " 0000 .0000
6 "0 .0 .0 .0 .0 "00007 "0 .0 .0 .0 "0 .0

r234s67
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 267 3 " fc: .0122
Dn: 496. fclfs: 2.04
Pr: 5.42 Dn*: 4I5.



29B

Coil Number: 2 D/dz 29 h/dz 60 l-/dt 335
Run Number: 47" h/O: 2"069 nc/d 4I"6
Flowrate: "009723 kg/ s T(bulk inler): 30.0C
Inlet Velocity: .5948 m/s T(bu1k ourler): 30.0C
ResÍdence Time: 3 s T(bulk average):30.0C

Boundary ConditÍon: Isothermal

Static Differential Pressures and Friction Factors
r .0000 .0000 " 0000 " 0000 .0000 .0000
2 .0 "01t5 "0000 .0000 .0000 "00003 .0 9r.2 "0000 .0000 .0000 "00004 "0 .0 "0 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 .0000
6 .0 .0 .0 .0 .0 " 0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle : frÍction factors (dimensionless )
Lower Lriangle: pressure differentials (mm H0H)

Non-Dimensional- Flow Parameters
Re: 3385.
Dn: 629.
Pr: 5"42

fc: .0115
Íc/fs: 2"43
Dn*: 525 "



299

Coil Number : 2 O / d: 29 hl d: 60 Ll d: 335
Run Number: 48" h/l: 2.069 Ocld 4I"6
Flowrate: .013342 kg,/ s T(bulk inlet): 30.0C
Inlet Velocity: .8162 m/s T(bulk outleÈ): 30.0C
Residence Ti¡oe: 2 s T(bu1k average):30.0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
i .0000 .0000 .0000 .0000 .0000 .0000
2 " 0 .009 r .0000 .0000 .0000 " 0000
3 "0 136"2 "0000 .0000 "0000 "00004 " 0 .0 .0 .0000 .0000 " 0000
5 .0 .0 .0 .0 " 0000 " 0000
6 " 0 .0 .0 .0 .0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 4645" fc: .0091
Dn: 863. fclfs: 2.65
Pr: 5.42 Dn*: 720.



300

Coil Number : 2 D / d: 29 h/ d: 6

Run Number: 49 " h/D: 2
Flowrate: .015108 kgls T
Inlet Velocity: "9242 n/ s T
Residence Time: 2s T

0 L/dz 335
.069 oc/ð 41"6
bulk inlet): 30.0C
bulk outlet): 30"0C
bulk average ) :30.0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0000 " 0000 " 0000 " 0000 .0000 " 0000
2 "0 "0074 "0000 .0000 .0000 "00003 .0 t4r.2 "0000 "0000 "0000 .0000
4 " 0 .0 .0 .0000 .0000 " 0000
5 .0 .0 .0 .0 .0000 .0000
6 .0 .0 "0 "0 "0 .0000
7 .0 .0 .0 .0 "0 .0

r234s67
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm HOH)

Non-Dimensional Flow Parameteïs
Re: 5259.
Dn: 977.
Pr : 5.42

fc: .007 4

fc/fs: 2.42
Dn*: 8i6.



30t

Coil Nurnber: 2 D/d: 29 h/d: 60 Lldz 335
Run Number: 50. h/D: 2"069 nc/d 41"6
Flowrate: .0I7950 kgls T(bulk inlet): 30"0C
Inlet Velocity: 1.098 I m/ s T( bulk outlet ) : 30.0C
Residence Time: I s T(Uutt average):30.0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0000 " 0000 .0000 .0000 .0000 .0000
2 "0 "0075 "0000 "0000 .0000 .0000
3 .0 204"2 .0000 "0000 .0000 .0000
4 " 0 .0 .0 .0000 " 0000 " 0000
5 .0 .0 " 0 .0 .0000 .0000
6 "0 "0 .0 .0 .0 .0000
7 "0 "0 "0 .0 .0 "0r234567
Upper triangle : friction factors (dÍmensionless )
Lower triangle: pressure differentials (mrn HOH)

Non-Dimensional Flow Parameters
Re: 6248. fc: .0075
Dn: 1160" fclfs: 2"95
Pr: 5.42 Dn*: 969"
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Coil Number: 2 D/dz 29 hldz 60 l-/dz 335
Run Number: 51. h/n: 2"069 Dc/d 4L"6
Flowrare: .019346 ks,/ s T(bu1k inler): 30.0C
Inlet Velocity: 1.I835 n/ s T(bulk outlet): 30"0C
Residence Time: I s T(Uutt averag,e):30.0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r " 0000 " 0000 .0000 " 0000 " 0000 .0000
2 .0 .0075 .0000 "0000 .0000 .0000
3 .0 235.3 .0000 .0000 .0000 .0000
4 .0 .0 " 0 .0000 .0000 " 0000
5 .0 .0 .0 " 0 .0000 " 0000
6 "0 .0 "0 "0 "0 .0000
7 "0 .0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H )

Non-Dimensional Flow Parameters
Re : 67 34. fc : .007 5
Dn: I25I. tc/fsz 3"i5
Pr : 5.42 Dn* : 1044 "



303

Coil Number: 2
Run Number : 52 "
Flowrate:
Inlet Velocity:
Residence Time:

D/dz 29

.0II554 kg/ s

"7 093 m/ s
2s

0 L/d: 335
.069 Dc/d 41"6
bulk inlet): 31.5C
bulk outlet ) : 48.7 C

bulk average):40"1C

h/dz 6

h/l: 2

T
T
T

Boundary Cond i t ion :

Power Absorbed:
Logarithmic Mean Temperature Difference
Arithmetic Mean Temperature Difference
Environmental Temperature :

Average I^Ia11 Temperature :

Dirichlet

( LMTD )
(enro ) :

832.5 W

8.7 C

I1"4 C

86.4 c
5r.5 c

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

4933.
9r6.

4.32
" 7 268+04

3r.63

f c:
tcl ts :

Dn*:
GrlRe:

Gz:

.0000

.00
7 65.

. i47E+01
49 "98
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Coil Number: 2 O/d:
Run Number : 53 "
Flowrate: .0L2597
Inlet Velocity: "7132
Residence Time: 2

29

kg,/ s
m/s
S

h/d: 60
h/D: 2 " 069

t(uutt
T(bu1k
T(bu1k

L/d: 335
Dc/d 41"6

inlet): 3I.5C
outlet): 47 "6C
average ) :39.5C

Boundary Condition:
Power Absorbed:
Logarithmic Mean Temperature Difference
Arithrnetic Mean Tenperature Difference
Environmental Temperature :

Average I^Ja11 Temperature :

Dirichlet
846"4 ül

(lurl): i0"0 c
(e¡.lrn): 12"r c

86. T C

51"6 c

Non-Dimensional FIow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

5316.
987.

4.38
.809E+04

27.9r

f c:
tcl ts:
Dn*:
GrlRe:

Gzz

" 0000
.00

824.
.152E+01

54.54
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Coil Number: 2

Run Nurnber: 54"
Flowrate:
Inlet Velocity:
ResÍdence Time:

D/d: 29

.013851 kg/s
.8503 ml s

2s

h/ð: 60
h/nz 2"069

T(bulk
T(bulk
T(bu1k

L/d: 335
ncld 4r"6

intet): 31"6C
outlet ) : 48 " 3C
average):39.9C

Boundary Condition:
Power Absorbed:
Log,arithmic Mean Temperature
Arithmetic Mean Temperature
Environmental Ternperature :

Average I"fa11 Temperature :

969 " I I^r(lurr): lo.5 c
(euro): t2"6 c

192"0 C

52.6 C

Dirichlet

Difference
Difference

Non-Dirnensional Flow Parameters
Re
Dn
Pr
Gr
Nu

5890"
r094.

4.34
.869E+04

30.4r

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.0000

.00
913.

.148E+01
59.94
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Coil Number: 2 O/dz 29
Run Nurnber: 55"
Flowrate: "0L5492 kg,/s
Inlet Velocity: .95I0 m/s
Residence Time: 2 s

h/d: 60
h/n: 2 " 069

T(bulk
T(bulk
T(bu1k

L/ò: 335
oc/d 4r.6

inlet): 33"0C
outlet): 46"7C
average ) : 39 " 8C

Boundary Condition:
Power Absorbed:
Logarithmic Mean Ternperature
Arithmetic Mean Tenperature
Environmental Temperature :

Average I,Ia11 Temperature :

886"5 I^I

(l¡rrr): 9.8 c(eltrr): 11.3 c
86.4 c
5r "2 C

Dirichlet

Difference
Difference

Non-Dimens ional Flow Parame ter s
Re
Dn
Pr
Gr
Nu

6577 "
T221.

4 .35
.804E+04

29.9r

f c:
tcl ts :

Dn*:
GrlRe:

Gz:

.0000

.00
r020.

. L22E+0 I
67 .05



307

Coil Nunber : 3 D /d: 49 hld: 5 L/ð,: 532
Run Number: l" h/D: .IOZ Oc/d 49.I
Flowrare: .0I5535 kg,/ s T(bu1k inler): 28.IC
Inlet Velocity: "9498 m/s T(bulk outlet): 28.1C
Residence Tíme: 3 s T(bulk average):28"IC

Boundary Condit.ion: Isotherrnal

Static Differential Pressures and FrictÍon Factors
r .0084 .0000 " 0000 .0000 .0000 " 0000
2 253"7 .0084 "0000 .0000 .0000 .0000
3 .0 238. 1 .0084 " 0000 .0000 .0000
4 "0 .0 236.6 .008s .0000 .0000
5 .0 .0 .0 84.8 .0000 "00006 "0 .0 .0 .0 .0 .0000
7 "0 "0 .0 .0 "0 .0

r234567
Upper triangle: friction factors (dirnensionless)
Lower triangle: pressure differentials (nm H0H)

Non-Dimensional Flow Parameters
Re: 5188. fc: .0084
Dn: 741. fclfs: 2.72
Pr: 5.67 Dn*: 74I.



308

Coil Number : 3 D/d : 49 h/ d: 5 L/ d z 532
Run Number: 2" h/n: .I02 Dc/d 49.I
Flowrate : "01227 I kg,/ s t( butt< inlet ) : 28 " 4C
Inlet Velocity: "7503 u/s T(bulk outlet): 28.4C
Residence Time: 4 s T(Uutt average):28"4C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I " 0099 .0000 .0000 .0000 " 0000 .0000
2 186. 1 " 0099 .0000 .0000 .0000 .0000
3 .0 17 5 "3 .0100 .0000 " 0000 .0000
4 "0 .0 176"2 .0106 .0000 .0000
5 .0 .0 . 0 65 "7 " 0000 .0000
6 .0 .0 "0 .0 .0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 4L37 .
Dn: 59I.
Pr : 5.62

f c: "0099
f c/f s: 2.56
Dn*: 591.



309

Coil Number: 3 o/dz 49 h/d: 5 L/d: 532
Run Number : 3. h/l: . I02 Oc/ d 49 " IFlowrate: .008729 kg/ s T(bulk inlet): 28"6C
Inlet Velocity: "5338 m/ s T(bu1k outlet): 28"6C
Residence Time: 5 s T(Uutt average):28"6C

Boundary Condition: Isotherrnal

Static Differential Pressures and Frictíon Factors
I "0130 .0000 .0000 .0000 .0000 .0000
2 r23"8 "0L29 .0000 .0000 .0000 .0000
3 .0 115.3 "0129 "0000 .0000 .0000
4 "0 .0 ri5.8 .0135 .0000 .0000
5 .0 .0 .0 42"3 .0000 .0000
6 "0 "0 .0 .0 "0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (nm H0H)

Non-Dimensional Flow Parameters
Re: 2955. fc: "0129Dn: 422. fc/f.s: 2.39
Pr: 5.59 Dn*: 422.



3t0

Coil Number: 3 Dldz 49 h/d: 5 L/d: 532
Run Number: 4" hlnz .LO2 Dc/d 49"I
Flowrare: .005188 kg/ s T(bu1k inler): 28.3c
Inl-et Velocity: "3L72 m/ s T(bulk outlet): 28"3C
Residence Timez 9 s T(bu1k averale):28"3C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0181 .0000 .0000 .0000 "0000 "00002 60 "8 " 0188 .0000 .0000 " 0000 .0000
3 .0 59.4 " 0186 .0000 .0000 " 0000
4 "0 .0 58.9 "0193 .0000 "00005 "0 .0 .0 2r.3 .0000 "00006 " 0 .0 .0 .0 .0 ,0000
7 "0 .0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dímensional Florv Parameters
Re: 1744" fc: .0185
Dn: 249 " fc/ fsl. 2.02
Pr: 5.63 Dn*: 249.



317

Coil Number : 3 D / d: 49 h/ d: 5 f/ d: 532
Run Number: 5" h/l: "I02 Dc/d 49"L
Flowrare: .004141 kgl s T(bulk inlet): 27 .5C
Inlet VelocÍty: "2532 m/s T(bulk outlet): 27.5C
Residence Time: 12 s T(bulk average):27"5C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0220 " 0000 .0000 .0000 .0000 .0000
2 47"2 .0235 .0000 "0000 .0000 .0000
3 .0 47 .2 .0248 .0000 .0000 .0000
4 "0 "0 49"9 .0310 .0000 .0000
5 "0 .0 .0 21"9 .0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 .0 .0 "0 .0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangJ-e: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 1367 .
Dn: 195.
Pr: 5.75

fc: .0234
f c/ f s: 2"00
Dn*: 195"



312

Coil Number: 3 D/d: 49 hldz 5 L/dt 532
Run Number : 6 " h/D: " IO2 Oc/d 49.I
Flowrare: .003718 ks,/ s T(bulk inlet): 27 "2CInlet Vetocity: "2272 m/s T(bu1k outlet): 27.2C
Residence Time: l3 s T(bulk average):27.2C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0229 .0000 .0000 " 0000 .0000 " 0000
2 39 " 6 .0230 " 0000 .0000 " 0000 .0000
3 .0 37.3 " 0230 .0000 .0000 .0000
4 .0 " 0 37 .3 "0234 " 0000 .0000
5 .0 .0 "0 r3.3 "0000 .0000
6 " 0 .0 .0 .0 .0 .0000
7 .0 "0 .0 .0 .0 "0r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: I22l " fc: .0230
Dn: L74. fc/fs: I.75
Pr: 5"78 Dn*: I74.



313

Coil Nuuber: 3 D/d: 49 h/d: 5 Lld: 532
Run Number: 7 " h/nz " L02 tc/ d 49 " IFlowrate: .003044 kg/ s t(Uutt< inler ) : 27 "0CInlet Velocity: .1861 m/s T(bulk outlet): 27"0C
Residence Time: 16 s T(bulk average):27"0C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0255 .0000 " 0000 .0000 .0000 " 0000
2 29"5 "0249 .0000 "0000 .0000 "00003 " 0 27 " r "0249 .0000 .0000 ,0000
4 "0 .0 27"1 "0255 "0000 .0000
5 .0 .0 . 0 9 "7 .0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 .0 .0 .0 "0 "0r234s67
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-Dimensional Flovr Parameters
f c: "0251fclfs: 1.56
Dn*: 142"

Re: 995 "Dn: I42"
Pr: 5.81



374

Coil Nurnber: 3 D/d: 49 h/d: 5 L/d: 532
Run Number: 8. h/D: .102 Dc/d 49"I
Flowrate: "002296 kg/s t(uutt inler): 26.9C
Inlet Velocity: . I403 m/ s T(buIk outlet ) : 26 "9CResidence Time: 2l s T(bulk average)226"9C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
t .0310 "0000 .0000 "0000 .0000 "00002 20.4 .0302 .0000 "0000 "0000 .0000
3 .0 18"7 .0302 .0000 "0000 "00004 .0 .0 i8.7 .0308 .0000 " 0000
5 .0 .0 " 0 6 "7 .0000 " 0000
6 "0 "0 .0 "0 .0 "00007 "0 .0 "0 "0 .0 .0

r234567
Upper triangle : frictÍon factors (dimensionless )
Lower triangle: pressure differentials (rnm HOH)

Non-Dimensionaf Flow Pararneters
f c: " 0304
f cl f s z 1.43
Dn*: I07 .

Re: 749"
Dn: 107.
Pr: 5"82



315

Coil Number: 3 D/dz 49 h/d: 5 L/dz 532
Run Number: 9" h/D: "I02 Dc/d 49.I
Flowrate: "001547 kgl s T(bulk inlet): 26"7C
Inlet Velocity: "0946 m/ s T( bulk outlet ) : 26 "7 C

Residence Time: 32 s T(bulk average):26"7C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r "0420 "0427 "0425 "042r .0000 .0000
2 12.6 "0407 .0424 .04Ì8 "0000 .0000
3 24.8 l r.4 "0407 "0417 .0000 .0000
4 36"6 23.8 1r.4 "0426 .0000 "00005 40"4 27"6 15.8 4.2 "0000 .0000
6 "0 .0 .0 "0 "0 "00007 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangLe: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re : 502.
Dn: 72"
Pr: 5.86

f c: .04r8
f c/ f s : 1.31
Dn*: 72.



316

Coil Number: 3 D/d: 49 hldz 5 L/d: 532
Run Number : 10. h/l: " 102 Dc/ d 49. I
Fl-owrate: .000829 ks,/ s T(bulk Ín1et): 26"7C
Inlet Velocity: .0506 m/s T(bu]k outlet): 26"7C
Residence Time: 60 s T(bulk average) 226"7C

Boundary Condition: Isothermal

Static Differential Pressures and FrÍction Factors
1 .07 55 "0687 .067 2 " 0665 .0000 .0000
2 6"5 "0686 .0686 "0674 "0000 "00003 rl,4 5" 5 "0662 .0683 .0000 " 0000
4 16"6 rr.0 5.3 .0810 .0000 .0000
5 18.3 r2"8 7.4 2"3 .0000 .0000
6 "0 "0 .0 "0 .0 "00007 "0 .0 .0 .0 .0 ,0

r234567
Upper triangle: frÍction factors (dimensionless )
Lower triangle: pressure differentials (nm H0H)

Non-Dimensional FIow Parameters
Re: 269 

"Dn: 38 "Pr: 5.86

f c: .069 r
fclfs: f.t6
Dn*: 38.



)L /

Coil Number: 3 n/d: 49 h/dz 5 f/d: 532
Run Number: 11. h/n: .102 nc/d 49"I
Flowrare: "000679 kg/ s T(bulk inler) : 26 "4CInlet Velocity: .04I5 m/s T(bu1k ourler): 26"4C
Residence Tiue: 73 s T(bulk average):26"4C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0827 .0836 .0805 .0815 .0000 .0000
2 4"8 "08ii .0811 "0810 "0000 .0000
3 9"3 4.4 .08lr "0809 .0000 "00004 r3.3 8.8 4"4 "1005 .0000 "00005 r.5"0 r0.3 5"9 i.9 .0000 .0000
6 "0 .0 .0 .0 "0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower trÍang1e: pressure differentials (rnm H0H)

Non-Dimensional Flow Parameters
Re: 2I9.
Dn: 31.
Pr: 5.91

f c : . 08 i 7

f.c/f.s: l.L2
Dn*: 31.
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Coil Number : 3 Dl d: 49 hld: 5 L/d: 532
Run Number : 12 " h/D: " IO2 Oc/ d 49 " IFlowrate: .000535 kg/ s T(bulk inler): 26.LC
InIet Velocity: .0327 m/s T(bulk ourler): 26"LC
Residence Timez 92 s T(bu1k average):26"IC

Boundary ConditÍon: Isothermal

Static Differential Pressures and Friction Factors
1 "1065 "i0r7 .t000 "0997 "0000 .0000
2 3"8 "1021 .ro2r "1014 "0000 .0000
3 7.0 3"4 "1021 .1008 .0000 "00004 r0.3 6"9 3.4 "1294 "0000 "00005 Ir.4 8.0 4.6 t.5 "0000 .0000
6 "0 .0 .0 "0 .0 .0000
7 "0 "0 .0 .0 "0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 17I"
Dn: 24 "Pr: 5"95

f c: " r024
f c/f.s: i " i0
Dn*: 24.



3r9

Coil Number : 3 D / d: 49 h/ d: 5 Ll d: 532
Run Number: 13. h/D: "I02 tc/ð 49"L
Flowrate: .000367 kg/s T(bulk inlet): 26.IC
Inlet Velocity: "0224 m/ s t(Uutt outlet) : 26 " IC
Residence Time: 135 s T(Uutt< average) :26 " LC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0000 . r4s7 " r37 4 " r37 4 .0000 .0000
2 .0 .0000 . 1444 .1434 . 0000 . 0000
3 4.8 "0 "0000 "r5i5 "0000 "00004 6"7 4"6 "0 .0000 "0000 .0000
5 7.4 5.3 3"2 "0 .0000 .0000
6 .0 .0 "0 "0 .0 .0000
7 "0 .0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (ram H0H)

Non-Dimensional Flow Pararoeters
Re: 118.
Dn: L7 "Pr: 5.95

f c: . r425
fclf.s: 1.05
Dn*: 77 .
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Coil Nurnber: 3 D/dz 49 h/d:
Run Nuraber : 14 " h/D:
Flowrate: .000230 kg,/ s T

Inlet Velocity: .0140 rql s T

Residence Time z 2L6 s T

5 L/d:532
.102 oc/d 49"r
bulk inlet): 25"8C
bulk outlet): 25"8C
bul k aver ag,e) : 25 " 8C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0000 "2238 " 2010 . 1984 " 0000 .0000
2 "0 .0000 .2157 .2097 .0000 .0000
3 2.9 .0 .0000 .228L .0000 .0000
4 3.8 2"7 .0 .0000 .0000 .0000
5 4"2 3.0 r"9 .0 .0000 .0000
6 "0 "0 .0 "0 .0 .0000
7 .0 "0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 73.
Dn: I0.
Pr: 5"99

f c: .2135
fcl fs: .97
Dn*: I0.
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Coil Number: 3

Run Number: I6"
Flowrate:
Inlet Velocity:
Re s idence Time :

D/dz 49

"015824 ks/ s

"97 40 m/ s
3s

h/d: 5

h/D: . i02
T(bulk
T(bulk
T(bulk

L/ d: 532
Dc/d 49"1

inlet): 40"9C
outlet): 5I"7C
average) 246"3C

Boundary Condition:
Power Input: 682"4
Power Absorbed: 718"8
Heat Balance : -5 " 4srn xla rwi(c)

6 44"r

Tube ResÍstance: . 12L ohms
Tube Conductivity: I5.55 I^I/mK

Neuman n
w
I^I

/"

Tb(C)
41"0
4L "2
4r " 4
4r .6
4r.8
42 .0
42"3
42 .7
43 .2
43"6
44 .0
44"5
45 .3
46 .0
46 .8
47 "r
48"7
50.3
51.3
5r.6

1

2

3
4
5
6
7

I
9

r0
ll
T2
l3
I4
t5
r6
I7
18
I9
20

I6
25
35
46
57
70
90

r15
13s
155
178
2r7
249
289
307
383
46r
5r0
527

44 " 5
45. I
4s " 3
45 .4
44 .9
45 .9
46 .3
46 .4
46 .6
47 "6
47 "9
48"7
49 .3
50 .2
50. 9

52"r
53 .7
54.3
54.5

Rex
6885.
6911 .
6935.
6962.
6992.
7 022.
7054.
71.05.
7173"
7231,
7288.
7346"
7 444.
7527.
7 634.
7 683.
7897.
8r20.
8237 .
8275.

Prx
4"23
4.2r
4"20
4. r8
4"16
4. 14
4. 12
4"09
4 .04
4"01
3. 98
3.94
3. 88
3. 84
3.78
3.75
3.64
3. 53
3.47
3.46

Grx Nux

" 27 4E+04 45 " 62

" 2928+04 43 .24
.3368+04 37 "96
.342E+04 37.66
.335E+04 39.01
.2688+04 49 .26
.344I'+04 38. 89
.3528+04 38"74
.314E+04 44"60
.304E+04 47 " 20
.3678+04 39"90
"368E+04 40"76
.374E+04 4r"66
.384E+04 4L.70
.415E+04 40.38
" 455E+0 4 37 " 55

" 446E+0 4 4I " 19
. 483E+0 4 40.96
.45IE+04 45.85
.431E+04 48"67

Static Differential Pressures and
" 0000 .0000
"0074 "0000

Friction Factors
.0000 .0000 " 0000
.0000 " 0000 .0000
.0000 " 0000 .0000
"0077 "0000 .0000

.0000 .0000
.0000

7

I
2

3
4
5
6
1

.0

.0
5

.0075
237 "2.0 2r9"6

.0 .0
"0 "0
"0 "0.0 .0
L2

219.3
"0
.0
"0
3

.007 4

80. 0

"0
.0
4

.0
6

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (nm HOH)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

7572"
r082.

3.81
.368E+04

4r.09

fc: "007 4
fcl fs: 3.50
Dn*: 1081.
GrlRe: .486E+00

Gz: 42 " 60
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Coil Number: 3

Run Nuraber: 17 
"

Flowrate:
Inlet Velocíty:
Residence Time:

o/dz 49

.008905 kg/ s
. 548I m/ s

5s

h/dz 5

h/r: . i02
T(bulk
T ( bulk
T(bu1k

L/dz 532
tc/d 49. r

inlet): 39"4C
outlet): 52"5C
average ) :45 "9C

Boundary Condit ion : Neumann
Power f nput : 508.0 lI
Power Absorbed: 485 " 0 !I
Heat Balance: 4"5 "/"

Stn x/d

Tube Resis tance : " I20 ohms
Tube Conductivity: 15 " 54 I^I/mK

1

2

6
r6

Twi(C) rb(C)
42"9 39"6
43"4 39.8
44"0 40"0
44.2 40. 3
44.4 40 " 643.7 40.8
45.0 4r.r
45 " 4 4r.6
45 .6 42.2
45.8 42"7
46 .9 43 .2
47 .3 43. I
48.2 44.7
49 .2 45 .5
50. 3 46.5
5r.2 46.9
52.7 48.8
54. B 50.7
55 " 7 5 r . 9
55. 9 52 " 3

Rex
3760.
3779"
3795"
38 r 5 .
3838.
3860.
3886.
3922"
3966.
400i.
4037.
4082 "
4150.
4205.
4276.
4309.
4453 

"
4599.
4674"
4709"

Prx
4 .37
4 .35
4"33
4. 30
4"28
4.25
4.22
4.18
4" 13
4 .09
4.04
4"00
3 .92
3. 87
3. 80
3"77
3 " 63
3.5r
3 .44
3.42

Grx Nux
" 27 2E+04 3I .47
.292F'+04 29.72
.3268+04 26.96
. 3288+0 4 27 " L4
.329E'+04 27 " 50
.248E+04 37 "06
.3418+04 27"50
"343E+04 28.t0
.316E+04 3t.50
" 299I'+04 34 .06
. 364 E+0 4 28. 65
.359E+04 30.04
.376E+04 30.03
.407E+0 4 28.77
. 446E+0 4 27 .60
"5tlE+04 24.66
.512E+04 26.86
. 596E+0 4 25.22
.57 6E+04 27 " 42

"559E+04 28"76

325
4 35
546
657
7 70
8 90
9 ll5

l0
lt
T2
13
I4
15
i6
I7
t8
19
20

r35
155
178
2r7
249
289
307
383
46r
5r0
527

I
2

3

4
5
6
7

Static Differential Pressures and
.0i05 .0000
.0000 .0000

Friction Factors
.0000 " 0000 .0000
.0000 .0000 .0000
" 0095 .0000 .0000
.0096 .0000 .0000

.0000 .0000
.0000

.0
67

.0
204.8

.0
"0
.0
"0
t

.0000

"0
.0
.0
.0
.0
2

89.9
I2L "3

"0
.0
3

.0095

31.8
"0
"0
4

.0

.0
5

Upper triangle : frictÍon factors (dimensionless )
Lower tri-angIe: pressure dif f erentials (rnm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

4235.
605.

3 " 84
. 3B t E+04

28 " 85

f c:
f c/ f s :
Dn*:
GrlRe:

Gzz

.0100
2. 65

605.
.9008+00

23"99
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Coil Number: 3

Run Nuuber: 18.
Flowrate:
Inlet Velocity:
Residence Time:

D/d: 49

"007 632 ks,/ s

" 4690 m/ s
6s

h/dz 5

h/¡: " r02
T(burk
T(bu1k
t(uutt

r/d: 532
Dc/ d 49 " I

inlet): 37 "2C
outlet): 48"2C
average ) z 42 "7 C

Boundary Condition:
Power Input: 364.8
Power Absorbed: 351.9
Heat Balance: 3"5

Tube Resistance : " 12I ohms
Tube Conductivity: I5.50 I^I/rnK

Neumann
I,J

I^J

/"

Stn
i
2

3
4
5

6
7

8
9

t0
tt
T2
13
I4
i5
I6
I7
18
19
20

x/¿
6

I6
25
35
46
57
70
90

1I5
r35
i55
178
2r7
249
289
307
383
461
5r0
527

Rex
3075"
3088.
3i00.
31r3.
3r28"
3r43.
3160"
3188.
3220 "
3247.
3276.
3310"
3362 "
3403.
3455 "
3480"
3578.
3678"
37 44 "
3767"

Prx
4"62
4"59
4"57
4"55
4.52
4. 50
4.47
4"42
4. 38
4"34
4. 30
4"25
4.18
4. 12
4 .05
4 .02
3.90
3.78
3.7r
3. 68

rwi(C) rb(C)
40"7 37.3
4r"0 37.5
4r"4 37.7
4r.5 37 "94L.7 38. I
41.0 38.3
42. r 38. 6

42.4 39.0
42.5 39.5
42.8 40. 0
43.7 40.4
44"2 40.8
45. r 4r.7
45 .5 42.3
46 .9 43 .2
47 .3 43.5
48.9 45.r
s0. 6 46 .7
5r.6 47.7
5 t . 6 48 " I

Grx Nux
"240E+04 22"40
.251E+04 2r.72
" 268E+0 4 20 " 55

" 2638+04 21. r4
.2658+04 2r.30
. 203 E+0 4 28 .08
"2638+04 22.05
"2638+04 22.59
" 239E.+04 25 " 64
.236E'+04 26.60
.283E+04 22.70
"297I'+04 22"30
.3I4E+04 22.07
. 29BE+04 24 .07
. 368 E+04 20 .27
. 378E+0 4 20. 16
.413E+04 19.96
.468E+04 I9 " 08
. 483 E+0 4 19 .40
"454E+04 20"99

I
2

3
4
5
6
7

Static Differential Pressures and Friction Factors
" 0000 .0000 .0000
" 0000 .0000 " 0000
.0i r5 .0000 " 0000
"0i16 "0000 .0000

.0000 " 0000
.0000

"067

"0
177.5
257 .4

"0
"0
.0
I

Upper triangle:
Lower triangle:

. 0000 .0124
.0000

.0
"0 80.4
.0 i07. i
"0 "0.0 "023

" 0t22
.0000
.0116

28 .0
"0
.0
4

.0

.0
5

friction factors (dimensionless )
pressure differentials (mm H0H)

Non-Dimensional Flow Paraueters
Re
Dn
Pr
Gr
Nu

3425 "
489 "

4 .09
" 30 I E+04

22 " 4r

f c:
fc/ fs:
Dn*:
GrlRe:

Gz:

.0121
2.59

489 "

" B80E+00
20"68
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Coil Number: 3 D/dz 49
Run Number: 19.
Fl-owrare: .006230 kg,/ s
Inlet Velocity: "3825 m/ s
Residence Time: 7 s

hldz 5

h/D: .102
T(bulk
T(bu1k
T(bu1k

L/d:532
Dc/d 49"1

inlet ) : 35.4C
outlet): 46.0C
average):40"7C

Boundary Condition:
Power Input : 299 " 8Power Absorbed: 277"I

Tube Resistance : " I20 ohms
Tube Conductivity z L5 "47 þJ/nK

Heat Balance:
Stn x/d

I
2

7.6
Twi(C)
38.4
38.7
39. I
39 .2
39 .4
38. B

39 .6
40. i
40 .4
40 "7
4r .4
4r.8
42.6
43.1
44. r
44"7
46 .3
48.0
49 "0
49 .2

Ne umann
I^I

w
/"

Tb(C)
35.5
35 .7
35 .9
36. I
36 .3
36 .5
36.8
37 "2
37 .7
38 " r
38.5
38.9
39 "7
40 .4
4r .2
4r .5
43 .0
44"6
45"6
45"9

6

i6

Rex
2425.
2434.
2442 "
245r.
2462.
247 2.
2485 .
2505 

"
2531.
2552.
2573.
2598 

"
2638 

"
2674.
27t9.
27 38.
28r4.
2897.
2945.
2962.

Prx
4.78
4"76
4"75
4.73
4"7r
4 .69
4.67
4"63
4.57
4"52
4.48
4"43
4"36
4. 30
4 .22
4. L9
4 .06
3. 93
3. 86
3"84

Grx Nux
"185E+04 2I.52
. I94E+04 20"82
" 207 E+04 r9 .63
"205E+04 20.09
.205E+04 20.38
. i55E+04 27.37
. t93E+04 22"29
.201E+04 2r.90
.196E+04 23.04
. I95E+04 23.73
.223E'+04 2I .26
" 226È'+04 2I .58
. 2398+0 4 2L .29
.232E'+04 22.74
.263E+04 21.10
. 286E+0 4 79 .7 3

.3248+04 18.80

.3688+04 17.98

.385E+04 r7.98

.370E+04 i8.98

325
43s
546
6s7
7 70
B 90
9 tt5

t0
IT
T2
13
T4
15
16
I7
r8
r.9
20

135
i55
178
217
249
289
307
383
46r
5r0
527

StaEic Differential Pressures and
1 .0000 .0r 50 .0000
2 .0 .0000 " 0000
3 i42"3 .0 .0133
4 "0 .0 6i.3
5 .0 "0 82.9 2r"7
6 "0 .0 .0 .0
7 "0 "0 .0 .0

r234

Friction Factors
.0000 " 0000 .0000
.0000 .0000 .0000
.0133 .0000 .0000
. 0r 35 " 0000 . 0000

" 0000 .0000
.0000

.0
67

.0

.0
5

Upper triangle: friction factors (dirnensionless )
Lower triangle: pressure differentials (um H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

2693 "
385.

4"26
.232E'+04

2r"43

f c:
fc/ fs z

Dn*:
GrlRe:

Gzz

.0r42
2"39

385.
" B6 3 E+00

r6.95
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Coil Number: 3
Run Number: 20 

"
Flowrate:
Inlet Velocity:
Res idence Time :

D/d: 49

" 003447 ks,/ s
.2L24 m/ s

14 s

hld: 5

h/r: . r02
T(bu1k
T(bulk
T(bu1k

L/dz 532
ocld 49"r

inlet): 41"3C
outlet): 57 "4C
average)249"3C

Boundary Condition:
Power Input: 248"9
Por+er Absorbed : 232.5
Heat Balance:

Tube ResÍstance : . I23 ohms
Tube Conductivity: I5 " 5B I,i/mK

6.6
rwi(C)

44"9
45 .6
4s. B

45 "7

48. r
49"2
49 .8
50. 6

52"3
53 .2
s4.3
56 .3
59.5
60. 5

60 " 5

Neumann
I^I

I,]

/"

Tb(C)
41.4
4r.7
42.0
42.3
42.7
43.0
43 .4
44"0
44 .7
45.4
46"0
46 .7
47 .8
48"8
50. 0
50 " 6
52 .9
55.2
56 .7
57 "2

Rex
15T2"
1521.
1529.
1537.
rs46 

"
r555.
r567 "
1586.
t606.
1623 "
1640 "
r660.
r694"
1724"
17 62.
1776.
r842.
1902 "r95r.
1967.

Prx
4"19
4.L7
4"14
4.12
4 .09
4 .06
4. 03
3. 98
3.92
3.88
3. 84
3.79
3.70
3.63
3. 55
3.5r
3. 38
3.26
3.17
3.L4

Stn
I
2

x/d
6

T6

Grx Nux
" 318E+04 t4.68
. 359E+0 4 13 " 24
. 350E+0 4 L3 "7 5

.3i8E+04 t5"38

.300E+04 16.55

.2208+04 22.90

.3338+04 r5.48
"36IE+04 14"77
.312E+04 17.73
.305E+04 18. 65
.369E+04 r5 " 83
.372F'+04 t6.33
.350E+04 18. 3B
.456E+04 r4.77
. 447 E+04 r5 .97
.537E+04 13.61
.549I'+04 L4 .7 2

"7468+04 1I"93
.709E+04 13.37
" 620E+04 I5.60

325
4
5

657
7 70

35
46 45. B

45 .2
46 .7

8 90 47"5
9 rr5 47"6

i0
It
L2
13
T4
t5
i6
I7
r.B
l9
20

i35
r55
t78
217
249
289
307
383
46r
5r0
527

Static Differential
t
2

J

4
5

6
1

Pressures and
.0202 .0196
.0000 .0000

"0r95

9" 5

.0

.0
4

Friction Factors
.0000 " 0000 .0000
.0000 .0000 " 0000
.0187 .0000 .0000
.0t92 .0000 .0000

.0000 .0000
.0000

"067

.0
59"2
85.0

.0

.0

.0
t

.0000

"0
.0
.0
"0
.0
2

27 "6
35.8

"0
"0
3

"0
,0
5

Upper triangle: friction factors (dimensionless )
Lower trÍang1e: pressure differentials (mm HOH)

Non-Dimensional Florv Parameters
Re:
Dn:
Pr:
Gr:
Nu:

t740.
249 .

3 " 59
.396E+04

r 6 " 05

f c:
tcl ts:
Dn*:
Gr/ Re:

Gz:

.0i98
2. L5

248.
" 227 E+0 I

9 ,23
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Coí1 Number: 3 D/d:
Run Number : 2L 

"Flowrate: .002044
Inlet Velocity: . I255
ResÍdence Time z 24

49

ks,/ s
m/s
S

h/d: 5
h/D: .102

T(bu1k
T ( bulk
T(bulk

L/dz 532
Dc/d 49"1

inlet): 33.3C
outlet): 46"0C
average) 239.7C

Boundary Condition: Neumann
Power Input: 1f0"4 úI

Power Absorbed: 108"4 W

Heat Balance: 1.8 "Á

Tube Resistance: "I23 ohms
Tube Conductivity: 15.43 I{/mK

Stn
l.

2

3

4
5
6

7

8
9

t0
II
I2
13
T4
i5
I6
I7
rB
19
20

x/¿
6

L6
25
35
46
57
70
90

1t5
135
r55

rb(c)
33.5
33"7
33.9
34 .2
34"4
34 .7
35.0
35 " 5
36. i
36 .6
37 "0
37.6
38.5
39.3
40 .2
40 .7
42.5
44.3
45"5
45 .9

Rex
762"
766"
769.
773.
778"
783.
788.
795"
804.
BT2 "
819.
829.
845 "
858 "
875.
883.
9r4.
946.
965.
97r"

Prx
5"02
4 .99
4 .97
4 " 94
4.9r
4"87
4.83
4"79
4.73
4.69
4"6s
4 " 58
4.48
4"40
4 .3r
4 .27
4. ri
3.9s
3 .87
3. 84

Twi(C)
35. r
35.3
35 .6
35 " 8
36. I
36.3
36 .9
37 "5
37 .9
38 .2
39.0

Grx Nux
.906E+03 14"28
"9I8E+03 14"31
.9388+03 r4"2r
"929I'+03 r4 " 57
. l0 t E+0 4 13.66
"9678+03 r,4"50
.1t9E+04 12.02
. t30E+04 rr"28
. r22E+04 r2 " 4r
.lIrE+04 14.01
. I35E+04 rr.94
.134E+04 12"40
.t3IE+04 r3.35
. I43E+04 12"76
.164E+04 I1.79
. t82E+04 i0. B9
.2078+04 10.55
" 27 oE+04 8. 90
. r98E+04 12.81
" r62E+04 t5 " 98

178 39"4
2r7
249
289
307
383
461
5r0
527

40 .2
4r " I
42.2
42 .8
44.6
46 .9
47 .3
47 "3

I
2

3
4
5

6

7

static Differential Pressures and
" 03r2 " 0284
.0316 .0277

" 0243

5.3
.0
"0
4

Friction Factors
" 0282 . 0000 . 0000
.0274 .0000 .0000
.025 r .0000 .0000
.0308 .0000 .0000

.0000 .0000
.0000

"067

17.0
3r.8
43.r

,0322

r5"6
27 .4

47"6 3i.8
.0 .0
"0 "0I2

12"0
16"8

.0

.0
3

"0
"0
5

Upper tr iangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimens ional Flow
86s.
r24 "

4 .36
. i40E+04

L2"45

Parameters
f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.029 2

r.58
r23 "

.t6iE+01
5. 57

Re
Dn
Pr
Gr
Nu
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Coil Number: 3 D/dz
Run Number : 22 

"Flowrare: "001260Inlet Velocity: "0773Residence Time: 39

49

kg/ s
m/ s
s

h/dz 5

h/nz .102
T(bulk
T(bulk
T(bu1k

L/ d: 532
Dc/d 49"1

inlet ) : 32.3C
outlet): 45.8C
average):39"0C

Boundary Condition: Neumann
Power Input:
Pou¡er Absorbed
Heat Balance:
Stn x/¿
I6
216
325
43s
s46
657
7 70
8 90
9 II5

t0
II
I2
I3
I4
t5
L6
I7
18
I9
20

75"4 ür

: 70"9 LI

s"9 "Á

rwi(C) rb(c)
33.9 32.4
34 " 2 32.7
34.4 32.9
34 .7 33 .2
35. I 33 .4
35.2 33.7
35.7 34. i
36.3 34.6
36 .7 35 .2
37 .2 35.7
38. 0 36 " 238.4 36. B

39 .2 37 .8
40.r 38"6
4r .2 39 .6
4r.9 40.r
43 .9 42.0
46 .3 44 .0
47 .0 45.2
47.r 45"6

Tube Resistance: .L2I ohms
Tube Conductivity: 15.42 þllnK

135
r55
r.78
217
249
289
307
383
46r
5r0
527

Rex
462.
463 "
465.
467 

"
470"
47 2.
475.
48 r.
488.
492"
497 

"
503.
5r3.
522 

"
532.
537 "
s59.
580.
592"
596"

Prx
5"12
5. r0
5.08
5. 05
5"02
4 .99
4"95
4 .89
4"82
4"77
4.72
4"67
4. s6
4.47
4 .37
4.33
4. L5
3. 98
3 " 89
3. B6

Grx Nux
.784E+03 10.64
.819E+03 10"30
.813E+03 10.48
.818E+03 10" 57
.9188+03 9.60
.825E+03 i0 " BB

" 984E+03 9.33
. l05E+04 9.03
.97rE+03 10.t6
. 996E+03 r0. i8
" tr6E+04 8"99
.Ir2E+04 9.63
. 103E+04 I I.09
" 1l6E+04 10.36
.t3IE+04 9.68
. l56E+04 8. 39
.tBIE+04 8.07
.248F'+04 6.52
. I97E+04 8"70
.168E+04 10.38

Static Differential Pressures and
.0000 "04r7.0000 " 0406

Friction Factors
.0000 " 0000 .0000
.0384 " 0000 .0000
.0000 " 0000 .0000
" 0000 .0000 .0000

" 0000 " 0000
.0000

.0
67

I
2

J

4
5
6

7
"0
.0
5

r0.9
.0

24 .0
.0
.0
.0
1

.0543

"0t5.2
17"0

.0

.0
2

.0000

"0
.0
"0
4

.0

.0

.0

.0
3

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (nm H0H)

Non-Dirnensional Flow Parameters
Re
Dn
Pr
Gr
Nu

526 .
75"
4"43

. t19E+04
9"56

f c:
tc/ ts:
Dn*:
Grl Ke:

Gzz

.0455
r.50

75.
. 226F'+0 I

3"44



)¿ó

Coil Number:
Run Number:
F1o¡¿rate:
Inlet Velocity:
Residence Time:

3 D/d: 49
23"

5 Ll d: 532
"LOz nc/d 49,1
bulk inlet): 30"2C
bulk outlet): 4I"9C
bulk average ) :36.0C

h/d:
h/D:

"00097 2 kg/ s

"0596 m/s
5t s

T
T
T

216
325
43s
546
657
7 70
B 90
9 rr5

Boundary Condition:
Power Input : 49 " IPower Absorbed: 47.7
Heat Balance: 2"8
srn x/a Twi(c)
r 6 30"8

3r .7
3i.9
32. I
32.5
32.5
33.0
33 " s
34.0
34 .4
34"9
35.3
36. r
36.8
37 .8
38.3
40. I
42"r
42"7
42 .9

Tube Resistance: "I23 ohms
Tube Conductivity: 15.37 I{/mK

Neu mann
I.]

I^I

/"

Tb(C)
30. 3

30. 5

30 .7
30. 9

3L .2
3r.4
3r .7
32 .2
32 .7
33 .2
33 " 6
34. I
35. 0
35"7
36 .6
37 .0
38. 6

40 .4
4r.4
41.8

Rex
340 "
342 "
343 "
344 "
346 "
349 "
35 r. .
355 "
357 .
360.
363.
367.
374"
379"
386.
389.
403.
417 

"
426 "
429 

"

Prx
5. 38
5. 36
5. 34
5.3r
5"28
5 .24
5"20
5. 14
5. r0
5. 06
5.01
4.95
4"84
4.77
4. 69
4. 66
4 .47
4.30
4"19
4"16

Grx Nux
" 223F.+03 20 " 99
.517E+03 9.16
"535E+03 8"97
.557E+03 8"75
.619E+03 8.03
.537E+03 9.45
. 648E+03 B .02
.7 20 E+03 7 .45
.67 6E+0 3 8. I 3

.669E+03 8"42

.730E+03 7 "94.714E+03 8.40

.684E+03 9.28

.704E+03 9.36

.856E+03 8. I I

.966E+03 7.37

.1t4E+04 6.86

. t45E+04 5.96

.1148+04 8.09
"972F.+03 9"68

l0
I1
72
13
t4
l5
I6
t7
t8
I9
20

r35
155
178
217
249
289
307
383
46r
5r0
527

Static Differential Pressures and
1 . 0642 " 0000 .05 r 9
2 7 .6 .0000 .0504
3 "0 .0 .0000
4 17.7 rr.2 "05 19"6 i3.0 "0 2.3
6 "0 .0 .0 "07 "0 .0 .0 .0

r234

Friction Factors
.0516 .0000 .0000
"0495 .0000 .0000
.0000 .0000 .0000
.0585 .0000 .0000

.0000 .0000
.0000

.0
67

,0
"0
5

Upper triangle: friction factors (dimensionless )
Lor^rer triangle: pressure dif f erentials (um H0H)

Non-Dimens ional FIow Parame ter s
Re
Dn
Pr
Gr
Nu

382 "
55 "
4.73

" 763 E+03
8" r6

f c:
tcl ts :

Dn*:
GrlRe:

Gz:

.0555
i " 33

55.
.200E+01

2"67
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Coil Number: 3 D/dz
Run Nunber : 24 "Flowrate: .000629
Inlet Velocity: .0385
Residence Time: 78

49

ks,/ s
m/s
S

h/d: 5
h/oz . r02

T(bulk
T(bu1k
T(bu1k

L/dz 532
oc/d 49.1

inlet): 26.8C
outlet): 37 "5C
average ) :32.2C

Boundary Condition: Neumann
Power Input: 28"I I,i

Power Absorbed: 28"1 W

Heat Balance: -" 3 Z

Srn x/d Twi(C) Tb(c)
r 6 27"6 27.0
2 L6 28.0 27 .2
3 25 28.2 27 .3
4 35 28.4 27"5
5 46 2B.B 27.8
6 57 28.9 28 .0
7 70 29"2 28.2
8 90 29"6 28.6
9 iis 30.0 29.1

r0 t35 30.4 29.6
r l r55 30.8 30.0
L2 r78 3t"3 30.4
13 2r7 32.0 3r.2
14 249 32.7 3i.B
1 5 289 33.6 32.7
16 307 34. | 33. 0
17 383 35.9 34.5
rB 461 37.5 36.r
19 slO 37.9 37.r
20 527 38. i 37 .4

Tube Resistance: .I25 ohms
Tube ConductivÍty: 15.32 W/mK

Rex
205 "
206 "
207.
208 

"
209 "
210.
2IT.
2r3 "2r5.
217 

"
2r9 

"
22r.
224.
228.
23r 

"
232.
240.
248.
253 

"
254 "

Prx
5"82
5"79
5.77
5"74
5"7r
5.69
5. 65
5 " 59
5.52
5 .47
5.42
5"37
5"27
5. r8
5. r0
5 .07
4 .89
4.73
4"64
4.60

Grx Nux
.235E+03 9 " 04
. 306E+03 7 .04
.304E+03 7 " 16
.3268+03 6 .7 7

.373E+03 6.00

.337E+03 6.75

.37 2E+03 6.24

.390E+03 6. I4

.369E+03 6.7 4

.349E+03 7.30

.352E+03 7.42

.379E+03 7 .09

.398E+03 7 " r4.418E+03 7 . 19

"5llE+03 6.Ì3
.559E+03 5 " 69
.79IE+03 4.46
.9298+03 4. I5
" 5868+03 7.00
.4498+03 9"31

Static Differential Pressures and
"0694 .0708
.07 37 " 0000

"0737

1.7
.0
"0
4

Friction Factors
" 0695 " 0000 .0000
.0000 " 0000 .0000
.0000 .0000 .0000
. 1050 " 0000 .0000

" 0000 " 0000
.0000

"067

I
2

3
4
5
6

7

3.8
6.7

r0. i

.07 69

3.4
.0

II"0 .0
.0
.0
I

.0

.0
2

3"4
.0
.0
.0
3

.0

.0
5

Upper triangle : friction factors ( dimensionless )
Lorver triangle: pressure differentials (um H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

230 .
33.

5" 14
.447 E+03

6"40

f c:
fc/fs:
Dn*:
GrlRe:

Gzz

"0729r.05
33 "

. t95E+0I
1.74
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Coif Number: 3 D/d: 49 h/dz 5 L/d: 532
Run Number: 25 " h/D: .I02 Dc/ d 49 " IFlowrare: "018495 kg,/ s t(¡utt inler): 5t.iC
Inlet Velocity: 1. 1408 nl s T(bulk outlet ) : 5i. lC
Residence Time z 2 s T(Uutt< average):51" iC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0000 .0000 .0000 .0000 .0000 " 0000
2 " 0 .0092 .0082 " 0000 .0000 .0000
3 "0 377.2 .0069 ,0000 .0000 .0000
4 .0 666. B 283. r .0085 " 0000 .0000
5 .0 .0 .0 r22"r "0000 .0000
6 .0 .0 "0 "0 .0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper Èriangle: friction factors (dlmensionless )
Lower triangle: pressure differentials (rom H0H)

Non-Diuensional Flow Parauleters
Re: 960i. fc: .008I
Dn: L372. fc/fsz 4.86
Pr: 3.49 Dn*: t371.
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Coil Number: 3 D/dz 49 h/d: 5 L/d: 532
Run Number: 26. lnln: .IO2 Dc/d 49.I
Flowrate: .015722 ks,/ s T(bulk inlet): 5I.6C
Inlet Velocity: .9700 m/s T(bulk outlet): 5I.6C
Residence Time : 3 s T( Uutt average ) :51 .6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0000 .0000 " 0000 .0000 .0000 .0000
2 .0 .009 r " 0082 " 0000 .0000 .0000
3 "0 270"3 "0072 .0000 "0000 .0000
4 "0 485.0 213"4 "0000 .0000 .0000
5 " 0 .0 .0 .0 .0000 .0000
6 .0 .0 "0 .0 "0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re : 822I. fc: .0082
Dn: II74. f.c/f.s: 4"2I
Pr: 3"46 Dn*: II74.
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Coil Number: 3 D/d: 49 h/d: 5 L/d: 532
Run Number : 27 " h/D: . I02 Dc/ d 49 " IFlowrate: .0I7 I02 kg,/s t(butt inlet): 52.2C
Inlet Velocity: 1"0554 n/ s T(Uutt outlet): 52"2C
Residence Time z 2 s T(bulk average) 252"2C

Boundary Condition: Isothermaf

Static Differential Pressures and Friction Factors
r .0000 " 0000 " 0000 " 0000 .0000 " 0000
2 .0 .0087 "0077 " 0000 .0000 .0000
3 .0 303 "7 .0068 " 0000 .0000 .0000
4 .0 539"5 236"2 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 .0000
6 .0 .0 "0 .0 "0 "00007 "0 "0 "0 "0 "0 .0

r234567
Upper triangle: friction factors (dinensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Paraueters
Re: 90f8. fc: "0077Dn: 1288. fclfs: 4"35
Pr: 3.43 Dn*: 1288.
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Coil Number: 4 n/d: 50 hld: 58 fldz 528
Run Number : I " h/D: l. 160 nc/ d 56.8
Flowrare: "0L7826 kg/s T(bulk inlet): 25"2C
Inlet Velocity: 1.0889 n/s T(Uutt< outlet): 25"2C
Residence Time ¿ 2 s T(Uutt< average) 225"2C

Boundary Condition: Isotherual

Static Differential Pressures and Friction Factors
r .0079 .0000 .0000 "0000 .0000 "00002 328 " 6 .0077 " 0000 .0000 " 0000 .0000
3 .0 302 " 5 .0080 " 0000 .0000 .0000
4 .0 .0 302"5 .0064 .0000 .0000
5 .0 .0 .0 47"6 .0000 .0000
6 .0 .0 .0 " 0 .0 .0000
7 .0 .0 .0 .0 .0 "0L234567
Upper triangle: friction factors (dimensionless)
Lower triangle : pressure differentials (um H0H )

Non-Dirnensional Flow Parameters
Re: 5576.
Dn: 789.
Pr: 6.fi

f c: .0079
fclfs: 2.74
Dn* : 7 40.
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Coil Number: 4 O/d: 50 hldz 58 Lld: 528
Run Number: 2" h/t: 1"160 Dc/d 56.8
Flowrate: .013183 kg/s t(butt inlet): 24.8C
Inlet Velocity: .8053 m/ s T( bulk outlet ) : 24 "8CResidence Tine : 3 s T( bulk average ) z 24 "8C

Boundary Condition: Isotherual

Static Differential Pressures and Friction Factors
r .0092 .0000 .0000 .0000 " 0000 " 0000
2 208.8 "009i .0000 .0000 .0000 .0000
3 .0 r95 " 3 " 0094 .0000 .0000 .0000
4 .0 "0 i9s.3 .007i .0000 .0000
5 .0 .0 .0 29. I .0000 .0000
6 .0 .0 "0 "0 .0 "00007 .0 "0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 4086. fc: "0092Dn: 578. f c/f.s: 2.36
Pr: 6.17 Dn*: 542"
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Coil Number: 4 D/ ò: 50 h/d: 58 f /d z 528
Run Number : 3 " h/Dz I. 160 Dc/ d 56.8
Flowrate: .008739 kg,/s T(bulk inlet): 24"8C
Inlet Velocity: .5338 m/ s t( Uutt ourler ) : 24 "BCResidence Time: 5 s T(bu1k average):24"8C

Boundary ConditÍon: Isotherrnal

Static Differential Pressures and Friction Factors
r .0126 " 0000 .0000 .0000 .0000 .0000
2 r25 "7 .0129 .0000 .0000 " 0000 .0000
3 .0 I 2L "0 .0i32 .0000 " 0000 " 0000
4 " 0 .0 120.0 .0108 .0000 .0000
5 "0 .0 "0 19.4 .0000 .0000
6 "0 .0 .0 .0 "0 .0000
7 "0 .0 .0 "0 .0 .0

r234567
Upper triangle: frictÍon factors (dimensionless )
Lovrer t.riangle : pressure dif f erentials (nm H0H )

Non-Dimensional Flow Parameters
Re: 2712"
Dn: 384.
Pr: 6.16

f c: . or29
fc/ fs: 2. t8
Dn*: 360.
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CoíI Number: 4 D/dz 50 hldz 58 L/dz 528
Run Number: 4" h/D: 1.160 Dc/d 56.8
Flowrate : "004145 kgl s T( bulk inler ) : 24 "8CInlet Velocity: .2532 m/s T(bulk outlet): 24"8C
Residence Time: ll s T(bulk average):24"8C

Boundary Condition: Isothermal

Static DifferentÍa1 Pressures and Friction Factors
1 .0247 .0000 .0000 .0000 .0000 " 0000
2 s5 " 6 "0252 " 0000 " 0000 .0000 " 0000
3 " 0 53.3 .0257 " 0000 " 0000 .0000
4 " 0 .0 52 " 8 "0329 .0000 .0000
5 "0 .0 "0 t3.3 .0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 "0 .0 .0 "0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (um H0H)

Non-Dimensional Flow Parameters
Re: L286" fc: "0252Dn: IB2. fclfs: 2"03
Pr: 6. 16 Dn*: 17 I.
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Coil Number : 4 O / d: 50 h/ d: 5
Run Number : 5. h/D:
Flowrare: "002297 kg/ s T
Inlet Velocity: . 1403 m/ s T
Residence TÍme: 2Is T(

8 L/d:528
.160 0c/d 56"8
bulk inlet): 24"8C
bulk ouElet): 24.8C
bulk aver ag,e) :24 " 8C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I "0378 .0000 .0000 .0000 .0000 .0000
2 26"1 "038r .0000 .0000 .0000 .0000
3 .0 24.8 " 0393 " 0000 .0000 .0000
4 .0 "0 24"8 "0765 "0000 .0000
5 "0 "0 .0 9.5 .0000 .0000
6 "0 .0 .0 "0 .0 "00007 "0 .0 .0 .0 .0 .0

r234567
Upper triangle : frÍctíon factors (dimensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-Dimensional Flow Parameters
Re: 7 L3 " fc: .0384
Dn: tOl. f.c/fs: 1"71
Pr: 6. 16 Dn*: 95.
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Coil Number: 4 Dld: 50 hldz 5

Run Nunber: 6" h/D:
FlowraEe: .000529 kgl s T
Inlet Velocity: " 0323 m/ s T
Residence Time: 93 s T(

8 L/d: 528
.t60 uc/d 56"8
bulk inlet): 24"8C
bulk outlet): 24"8C
bulk average ) :24 "8C

Boundary Conditíon: Isotherrnal

Static Differential Pressures and Friction Factors
I .0i56 " 0535 .0582 .0000 .0000 .0000
2 " 6 .0000 " 0000 .0000 .0000 .0000
3 3. 8 .0 .0000 .0000 .0000 . 0000
4 6.r .0 "0 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 .0000
6 .0 .0 .0 .0 " 0 .0000
7 "0 .0 .0 .0 "0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H )

Non-Dimensional Flow Pararoeters
Re: 164. fc: "0424Dn: 23" fclfs: .44
Pr : 6. 16 Dn* : 22.



339

Coíl Number: 4 Dld: 50 hldz 58 Lld: 528
Run Number: 7. h/D: 1"160 Dc/d 56.8
Flowrate: .000236 kg,/ s T(bu1k inlet): 22.8C
InIet Velocity: "0144 n/ s T( bulk outlet ) : 22 "8CResidence Time z 209 s T(bulk average):22"8C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0000 .0000 .2295 .0000 .0000 .0000
2 .0 .0000 .0000 " 0000 " 0000 " 0000
3 .0 " 0 " 0000 .0000 " 0000 .0000
4 4.8 .0 .0 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 .0000
6 .0 .0 .0 "0 .0 "00007 "0 .0 .0 .0 .0 "01234567
Upper triangle: friction factors (dinensionl_ess)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 70.
Dn: t0"
Pr: 6.51

f c: "2295fclfs: I.00
Dn*: 9.
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Coil Nunber : 4 D / d z 50 h/ d: 58 L/ ò: 528
Run Nuuber: 8" h/D: 1"i60 nc/d 56"8
Flowrate: "014479 kg/ s T(bulk iuret): 25.6C
Inlet Velocity: " 8846 m/ s T( bulk outlet ) : 25 " 6C
Residence Time: 3 s T(bulk average):25.6C

Boundary CondiLion: Isothermal

Static Differentíal Pressures and Friction Factors
r " 0089 .0000 " 0000 .0000 " 0000 .0000
2 245.4 "0092 .0000 .0000 " 0000 .0000
3 .0 238.r .0095 .0000 "0000 .0000
4 .0 .0 238. I "0044 .0000 .0000
5 "0 "0 "0 2r"5 .0000 .0000
6 .0 .0 .0 .0 .0 " 0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dÍmensionless )
Lower triangle: pressure dÍ_fferentials (mm H0H)

Non-Dirnensional Flow Parameters
Re: 4573"
Dn: 647 "Pr: 6"04

f c: .009 2

f c/f s: 2"63
Dn*: 607 .
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Coil Number : 4 D / d: 50 h/ d: 58 L/ d: 5ZB
Run Number: 9. h/Oz I. 160 Dc/d 56 " 8Flowrate: "0i5876 kg,/ s T(bu1k inlet): 25"7C
Inlet Velocity: " 9700 m/ s T( bulk ourler ) : 25 "7 C

Residence Time: 3s T(bulk average) 225.7C

Boundary Condit ion : Iso therual

Static Differential Pressures and Friction Factors
l. .0087 .0000 .0000 .0000 .0000 "00002 287 "7 " 0090 .0000 .0000 .0000 " 0000
3 "0 279.7 "0092 "0000 "0000 "00004 "0 .0 278"r .0045 .0000 .0000
5 "0 .0 .0 26"7 .0000 .0000
6 "0 "0 .0 .0 "0 .0000
7 "0 .0 "0 "0 .0 "0r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm HOH)

Non-Dimensional Flow Parameters
Re: 5035.
Dn: 712"
Pr: 6.01

f c: .0090
f.c/f.s: 2.83
Dn*: 668 "
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Coil Number: 4 D/dz 50 hld: 58 fld: 528
Run Number: 10. h/U: 1.160 nc/d 56.8
Flowrate: "0I7972 kg/ s T(bulk ín1et): 25"8C
Inlet Velocity: 1.098I m/s T(bulk outlet): 25.8C
Residence Time : 2 s T(bulk average) :25.8C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0084 " 0000 " 0000 " 0000 .0000 .0000
2 355.3 " 0083 .0000 " 0000 " 0000 .0000
3 .0 33r"5 .0090 "0000 "0000 "00004 .0 .0 348"6 .0050 .0000 "00005 .0 .0 .0 38. I .0000 .0000
6 " 0 .0 .0 .0 .0 .0000
7 .0 .0 .0 "0 .0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 5716"
Dn: 808.
Pr : 5.99

f c: "0086fc/fs: 3.07
Dn * : 7 58.
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Coil Number : 4 D / d: 50 hl d: 58 L/ d: 528
Run Number : I l-. h/lz f . i60 Dc/ð 56.8
Flowrate: "02L466 kg,/ s T(bulk Ín1et ) : 25.9C
Inlet Velocity: I. 31 i 6 nl s T( bulk outfet ) : 25.9C
Residence Time: 2 s T(bulk average):25"9C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0082 "0000 "0000 .0000 .0000 .0000
2 497 .2 .0084 " 0000 . 0000 . 0000 . 0000
3 .0 47 6.6 .0087 .0000 " 0000 " 0000
4 "0 .0 48r"0 .0053 "0000 .0000
5 .0 "0 "0 57"2 .0000 .0000
6 " 0 .0 .0 .0 .0 .0000
7 "0 .0 "0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Diroensional Flov¡ Parameters
Re: 6837 .
Dn: 967 .
Pr: 5"98

f c: " 0085
fc/fs: 3.61
Dn*: 907 .
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Coíl Nuuber: 4 Dldz 50 hldz 58 Lld: 528
Run Number: 12, h/O: I"160 Dc/d 56"8
Flowrate: "02496I kgls T(butk inter): 25"9C
Inlet Velocity: I"5251 u/s T(bu1k ourler): 25"9C
Residence Time : I s T( bulk average ) z 25 "9C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0084 " 0000 .0000 .0000 .0000 " 0000
2 685.8 .0084 .0000 .0000 "0000 .0000
3 "0 646.2 .0088 .0000 "0000 .0000
4 "0 .0 652"5 .0052 .0000 .0000
5 .0 .0 "o 77"2 "0000 .0000
6 "0 .0 "0 .0 "0 .0000
7 "0 .0 .0 .0 "0 "0r234567
Upper triangle : friction factors (dirnensionless )
Lower triangle: pressure differentials (nn HOH)

Non-Dimensional- Flow Parameters
Re: 7949. fc: .0085
Dn: 1124" fc/f.s: 4"24
Pr: 5.98 Dn*: f055.



3t+5

Coil Number: 4 Dldz 50 hld: 58 Lld: 528
Run Number: 13. h/t: f . 160 Dc/d 56.8
Flowrate: "0i5l3l kg/s T(bulk inlet): 24"6C
Inlet Velocity: "9242 m/s T(bulk outlet): 24"6C
Residence Time: 3 s T(bulk aver açe):24"6C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .008s .0000 .0000 .0000 " 0000 " 0000
2 2s5.3 .0083 " 0000 " 0000 .0000 .0000
3 .0 235 " 3 " 0082 .0000 .0000 .0000
4 .0 .0 223"8 .0011 .0000 .0000
5 .0 .0 .0 6.1 .0000 .0000
6 "0 "0 "0 .0 n0 .0000
7 "0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Paraue ters
Re: 467 3. fc : .0083
Dn: 66I. fclfs: 2"44
Pr: 6"i9 Dn*: 620"
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Coil Number: 4 D/d: 50 h/dz 58 Lldz 528
Run Number: 14" h/O: 1"160 Oc/d 56.8
Flowrate: "000296 kg/ s T(bu1k inlet ) : 22"8C
Inlet Velocity: .0i81 rnls T(bulk ourler): 22"8C
Resídence Time ¿ 167 s T(bu1k average)z22"BC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r "0000 .0000 "1925 .0000 .0000 .0000
2 .0 .0000 .0000 .0000 .0000 " 0000
3 .0 " 0 .0000 .0000 .0000 .0000
4 6"3 "0 .0 .0000 .0000 "00005 .0 .0 .0 .0 . oo00 .0000
6 "0 .0 .0 .0 "0 .0000
7 "0 .0 "0 "0 .0 .0

t234567
Upper triangle: frictÍon factors (dÍmensionless )
Lower triangle: pressure differential-s (mm HOH)

Non-Dimensional Flow Parameters
Re: 87 .
Dn: 12.
Pr: 6.51

f c: . r925
fc/f.sz I"05
Dn*: 12.
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Coil Number: 4
Run Number: I5.
Flowrate:
Inlet Velocitv:
Residence Time:

D/d: 50

"014349 ks/ s
.8830 m/ s

3s

h/d: 58
h/Dz 1.160

T(bu1k
T(bu1k
T(bulk

L/d z 528
oc/d 56"8

inlet): 39"4C
outlet): 52"IC
average):45"8C

Boundary Condition: Neumann
Porver Input: 77I"5 W

Power Absorbed: 758"2 ül

Heat Balance : 1.7 7.

Tube Resistance: "ll8 ohms
Tube Conductivity: 15"54 LrlmK

Stn xl¿
I6
216
3 30
443
5 55
669
7 80
8 91
9 115

rwi(c) rb(c)
42"9 39"6
44.0 39"8
44.3 40. I
44 .6 40. 5
44.s 40.7
44.7 41.1
44 " 9 41 . 3
45. i 4r"6
45 " 6 42.2
46.6 42.7
47"2 43.3
47 .2 43.7
47 .8 44 .2
48"4 44.8
48 .9 45 .3
50.0 46"5
5r. r 47.6
53. 0 49 .6
55.0 5r.4
55.0 52"0

IO
II
I2
I3
I4
t5
r6
T7
r8
1.9

20

r38
r62
L79
201
224
246
297
34r
424
498
524

Rex
6059 "
6088.
6130.
6T7I"
6210 "
6254.
628s.
63r6.
6384 "
6446.
65r6.
6s68.
6632.
6693.
67 52.
6895 "
7022"
7276.
7476.
7537.

Prx
4"37
4"35
4"32
4 .29
4.26
4 .22
4"20
4. r8
4. 13
4"09
4.04
4. 00
3.96
3 .92
3. BB
3.79
3.72
3. 58
3.47
3"44

Grx Nux
" 266F'+04 49 " 26

" 3428+04 38 .7 6

.348E+04 38. B7

.355E+04 3B " 84

"327E'+04 42.86
.320E+04 44.74
"323E+04 44"85
.319E+04 46"18
.321E+04 47.3L
.376E+04 4I.44
"392E'+04 40.9r
.357E+04 45.96
.380E+04 44.42
. 39 r E+04 44.36
.394E+04 45.08
.409E+04 46 "04
" 4428+04 44.97
.466I'+04 46.89
.552E+04 42.77
" 469E+04 5L " 62

I
2
3
4
5
6

7

Static Differential Pressures and
.0000 " 0000
.0078 "0000

" 008 r.

.0

.0

.0
4

Friction Factors
" 0000 .0000 .0000
" 0000 .0000 .0000
.0000 " 0000 .0000
.0000 .0000 .0000

" 0000 .0000
.0000

.0
67

.007 7

209"4
"0 200"4
.0 .0
.0 .0
"0 .0
.0 .0
I2

20r.2
.0
.0
.0
3

"0
"0
5

Upper triangle : friction factors (dirnensionless )
Lower triangle: pressure differentials (um H0H)

Non-Dimensional Flow
6802 "

962 
"

3.8s
.370E+04

43 " 98

Parameters
f c:
tcl ts:
Dn*:
Gr/ Re:

Gzz

.0078
3. 33

902.
.544E+00

38. 96

Re
Dn
Pr
Gr
Nu



348

Coil Nunber:
Run Number:
Flowrate:
Inlet Velocity:
Residence Time:

4 D/d: 50
r6"

h/ d: 5B
h/D: 1.160

T(bu1k
T(bu1k
T(bulk

L/dz 528
Dc/d 56.8

inlet): 39.8C
outlet): 50" tC
average ) :45.0C

.015835 ks,/ s

"97 4l m/ s
3s

Boundary Condition:
Por^'er Input : 660 " B

Power Absorbed : 682 " 5Heat Balance: -3. 3

srn x/d rwi(c)
L 6 42"6

Tube Resistance : " I17 ohus
Tube Conductivity: 15.53 !l/ioK

43 .6
43 .8
44. r
44 .0
44 " 2
44"3
44"5
45.0
45.7
46"2
46"2
46 .7
47 "2
47 .6
48 .6
49 .3
51.0
52 .9
52.8

Ne umann
I.I

I,J

/"

rb(c)
39 "9
40. r
40 .4
40 .7
40"9
4r.2
4r .4
4r " 6
42. r
42"5
43. 0
43.3
43 .7
44.2
44.6
45.6
46 .5
48. r
49.s
50. I

Rex
67 34 .
67 62.
6802.
6839.
6874.
69r2.
6940.
6968.
7030 "
7086.
7r45"
7191.
7 252.
73r2"
7365.
7 490.
7600.
7819 

"
8025.
8098.

Prx
4"34
4.32
4 .29
4 .27
4.24
4"22
4.20
4.18
4. 14
4. r0
4"07
4 .04
4. 00
3"96
3. 93
3. 86
3. 80
3. 68
3. 58
3"54

216
3 30
443
5 55
669
7 B0
B 9L
9 1r5

Grx Nux
"220r'+04 52"10
.2918+04 39.79
.292E+04 40.24
.294I'+04 40 " 56

" 27 4E+04 44 .21
.269E'+04 45 .69
" 266F'+04 46 " B0

"263I.+04 47.89
.27 IE+O4 47 .58
. 308 E+0 4 42 .92
.320E+04 42"22
.287 E+04 47 .87
.307E+04 45.88
.321E+04 44"91
.324F'+04 45.44
. 335 E+0 4 45 .96
" 330E+04 48.80
. 369E+0 4 47 . r0
.463E+04 40"36
.384E+04 49.86

t0
1t
I2
r3
I4
l5
I6
T7
18
i9
20

r38
162
r79
20r
224
246
297
34 r
424
498
524

Static DifferentÍa1 Pressures and
l .0075 .0000 .0000
2 249.6 "007 4 " 0000
3 .0 23r.1 .0077
4 .0 .0 233.7
5 "0 .0 "0 .0
6 "0 .0 "0 "07 "0 .0 .0 .0

r234

Friction Factors
" 0000 " 0000 .0000
" 0000 .0000 .0000
" 0000 .0000 .0000
.0000 .0000 .0000

" 0000 " 0000
.0000

.0
67

.0

.0
5

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Diuensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

7408"
r048.

3.9r
.3028+04

45"25

f c:
tc/ ts:
Dn*:
GrlRe:

Gz:

.0075
3 " 48

983 "

" 40BE+00
43"04
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Coil Number: 4 D/dz
Run Number: 17.
Flowrate: .009411
Inlet Velocity: "5786
Residence Time: 5

50

kg/ s
m/ s
s

h/dz 58
h/n: 1" 160

T(bu1k
T(bu1k
T(bulk

L/d:528
Dc/d 56"8

inlet): 37.5C
outlet): 49"7C
average):43"6C

Boundary Condition: Neumann
Power Input: 499"3 I,l

Power Absorbed: 479"7 W

Heat Bal-ance: 3.9 "/"

Tube Resistairce: .Il8 ohms
Tube Conductivity: 15.51 I,J/rnK

Stn x/ d
r6
216
3 30
443
5 55
669
780
8 9i
9 rr5

Twi(C) Tb(C)
40.3 37"6
4r.5 37.9
4r.8 38.2
42 " 2 38. 5

42 " r 38. B

42.3 39.1
42"6 39.3
42.7 39 .6
43.0 40. r
44"2 40.7
44 .8 4r .2
44"7 4r"6
45 " 4 42.1
45 .9 42 .7
46 .4 43.2
47 .5 44.4
48. 0 45.4
50.5 47.3
52. 4 49 .0
52"5 49"6

10
II
I2
13
I4
15
t6
I7
iB

138
r62
179
201
224
246
297
34r
424

Rex
38 r 9 .
3837.
3863.
3887.
3910.
3936.
3955"
3975.
4020 .
4066.
4rr3.
4r44 "4I83.
4222.
4262.
4357 .
4432.
458r.
4722"
4773.

Prx
4. 58
4. 55
4.5r
4"48
4"45
4"42
4.40
4.37
4 .32
4"26
4. 2r
4. rB
4. L3
4.09
4.05
3. 95
3. 88
3"74
3.62
3. s8

Grx Nux
.t90E+04 39"80
" 269r'+04 28 " 48
.2698+04 29 .0r
" 27 9E+04 28 . 45

" 259E+0 4 3r .25
. 253 E+0 4 32. 56
. 26 r E+0 4 32.03
" 249E.+04 34. 05
.2438+04 36.01
. 306E+0 4 29 .52
.3I6E+04 29.54
.285E+04 33.44
. 305 E+04 32. 12
.3i3E+04 32.11
. 320 E+0 4 32 .22
. 332 E+0 4 33 .02
.290E+04 39.68
" 395E+04 32"07
.458E+04 29.99
.407E'+04 34.7 2

19 498
20 524

Static DifferenËia1 Pressures and
r .0101 .0000 "00002 II8 "7 ,0097 " 0000
3 .0 107"6 ,0i00
4 .0 "0 106"7
5 .0 "0 "0 .0
6 "0 "0 .0 .0
7 "0 "0 "0 .0

r234

Friction Factors
.0000 .0000 .0000
" 0000 .0000 " 0000
" 0000 .0000 .0000
" 0000 .0000 .0000

" 0000 .0000
" 0000

"067

.0

.0
5

Upper trÍang1e: friction factors (dimensionless )
Lower triangle: pressure differentials (nm H0H)

Non-Diuensional Flow Parameters
Re
Dn
Pr
UI

Nu

4297 "
608.

4"0r
" 292F.+04

32"32

f c:
tcl ts:
Dn*:
G¡-lRe:

Gz:

.0099
2. 67

570.
.680E+00

25 .65
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Coil Number: 4
Run Number: 18.
Flowrate:
Inlet Velocity:
Residence Time:

D/d: 50

.00763I ks/ s

" 4690 n/ s
6s

h/d: 58
h/r: r.I60

t(uuti<
T(bulk
T(bu1k

L/ d: 528
rc/d 56"8

inlet)' 37.0C
outlet): 48"4C
average) 242"7C

Boundary Condition:
Power Input: 356 " iPower Absorbed : 364 " 2Heat Balance : -2 " 3srn x/d Twi(c)

Tube Resistance: . I l8 ohms
Tube Conductivity: 15"49 W/mK

39 .4
40 .6
40. B

4t,1
41. I
4r.2
4r.4
4r.5
42.2
43 .2
44"r
44 .0
44.s
45.0
45 .4
46 .8
47 .2
49 .5
5r.5
5r"6

Ne u mann
I17

hl

/"

Tb(C)
37 "r
37 .3
37 "6
37 "9
38 .2
38. s
38 .7
39.0
39. s
40.0
40.5
40 .9
4r.3
4r.8
42 .3
43"4
44.4
46 .2
47 "8
48"3

Rex
3065.
3079"
3098.
3116.
3r32 

"
3152 

"
3168.
3184.
32r6 "
3248.
3284.
3311 .
3342.
3374.
3403.
347 2.
3534.
3643.
37 46 "
3783"

t6
216
3 30
443
5 55
669
7 80
I 91
9 tI5

Prx Grx Nux
4.64 . l6IE+04 32.70
4 " 6I " 2288+04 23 .27
4 " 57 " 2268+04 23.87
4 " 54 .237 E+04 23 " 17
4.5r .215E+04 25"94
4.48 .2058+04 27"67
4.46 . 203 E+0 4 28.33
4"43 .199E+04 29.24
4. 38 .2168+04 27 . 87
4"34 "270F'+04 22.88
4.28 .305E+04 20.90
4.25 .278E+04 23.44
4.20 .28iE+04 23.79
4. 16 . 29 r E+0 4 23.6r
4.12 .293E+04 24.03
4. 03 .3448+04 2L " 63
3. 95 .297F'+04 26.36
3.82 .389E+04 2r.92
3.7I .470E+04 19.63
3.67 " 4298+04 22 " 09

10
IT
I2
13
I4
t5
16
L7
18
19
20

r38
r62
179
20 r
224
246
297
341
424
498
524

I
2

3
4
5
6

7

Static Differential Pressures and
.0000 .0000
.0108 .0000

Friction Factors
.0000 .0000 " 0000
.0000 " 0000 .0000
.0000 .0000 " 0000
.0000 .0000 .0000

" 0000 " 0000
.0000

.0
67

85 .7
"0

.0i t t

7 8.5
.0 .0
.0 .0
"0 .0
.0 .0
I2

.0rr0

.0

.0

.0
4

77 "5
.0
.0
.0
3

.0
"0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-Dimensíona1 Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

3426 
"

4Bs.
4 .09

" 2668+04
24"67

f c:
f c/ f s :
Dn*:
GrlRe:

Gz z

.0Ii0
2"35

455.
" 7 7 5E+00

20 .84
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Coil Number: 4
Run Number: 19.
Flowrate:
Inlet Velocity:
Res idence Time :

D/d: 50

" 006044 ks,/ s

"37I5 m/s
Bs

h/dz 58
h/Dz I " i60

T(bu1k
T(bulk
T(bulk

L/dz 528
Dc/d 56"8

inlet): 37.4C
outlet ) : 49 " ICaverage):43"3C

Boundary Condition:
Power Input: 294"0
Power Absorbed : 295.5
Heat Balance: -.5

Twi(C)

Tube Resistance: "ll8 ohms
Tube Conductivity: 15.50 Lrl/mK

6 39 "7

Neumann
I^I

I,J

Tb(C)
37 "6
37 "8
38. r
38 .4
38"7
39.0
39 .2
39.5
40"0
40"5
41.0
4r.4
4L .9
42. 4

42 .9
44 .0
45. 0
46. B

48 .5
49"0

Rex
2450 

"
246r.
2477.
2491.
2505 

"
2522 

"
2534 "
2546 

"
2573.
2601 

"
263r.
2650 

"
2674.
2699.
27 22.
27 83 

"
2828 

"
29 r9 .
3004.
3035.

Stn
I

x/d

34r 47.6

Prx Grx Nux
4. 58 . i55E+0 4 28 " 62
4 " 56 .2288+04 19 "70
4 .52 " 219E+04 20 .86
4 " 49 " 2258+04 20.67
4.46 " 2028+04 23.42
4.43 .i93E+04 24.92
4"41 "197I'+04 24.76
4.39 .2128+04 23 .35
4.34 . 23 1 E+0 4 22. 12
4.28 . 268 E+0 4 19 .6r
4.23 .306E+04 17.74
4 " 20 " 2828+04 19 .66
4 " 16 .27 9E+04 20 " 42
4.tt .2BBE+04 20.3r
4 .07 .299F'+04 20 .00
3. 98 . 333E+0 4 19 " t23.90 .281E+04 23.69
3.77 .4lIE+04 17"77
3.66 .459E+04 17.t8
3.6t "4t0E+04 t9.78

216
3 30
443
5 55
669
7 80
8 9r
9 1i5

40"9
41. r
4r.4
4r"3
4L.4
4r"7
42. L

42.8
43 .6
44.s
44 .5
44"9
45.4
4s .9
47 .2

10
tt

r38
r62

T2 179
t3
I4
15
T6
T7
i8
19
20

424
498

50"2
52"0

20r
224
246
297

524 52"r

Static Differential Pressures and
I " 0129 " 0000 .0000
2 62.3 "0126 " 0000
3 .0 57.3 .0128
4 .0 .0 56.8
5 "0 .0 .0 "06 "0 "0 .0 .0
7 "0 .0 .0 .0

r234

Friction Factors
.0000 "0000 "0000.0000 .0000 .0000
.0000 .0000 .0000
.0000 "0000 "0000

" 0000 .0000
o0
.0
5

.0000
"067

Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm HOH)

Non-Dinensional Flow Parameters
Re
Dn
Pr
Gr
Nu

2743"
388.

4"04
.2648+04

21. T5

fc:
tcl ts:
Dn*:
GrlRe:

Gz:

.0r28
2"19

364.
.963E+00

r6.48
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Coí1 Number:
Run Number:
Flowrate:
Infet Velocity:
Residence Time:

4 D/d: 50
20"

h/ d: 58
h/r: t.i6o

T(bu1k
T(bu1k
T(bulk

L/d:528
nc/d 56.8

inlet): 37 "2Coutlet): 5I.0C
average) z44"lC

.003837 ks,/ s

"2359 m/ s
12s

Boundary CondiÈion: Neumann
Power Input: 238"9 W

Power Absorbed: 222"3 I{
Heat Balance: 7 "0 %

Tube Resistance: " ll8 ohms
Tube Conductivity: I5.50 I,I/mK

Stn
1

2

3
4
5
6
7

B

9

l0
tl
T2
I3
I4
t5
t6
T7
IB
l9
20

x/d
6

I6

rwi(C)
39"4
40 .7

41. I
4i. t
4r.5
42"2
42"5
42.9
44.L
44 .8
44.9
45 .6
46.0
46 .8
48 .2
48 .6
5r.7
53.6
53.8

Tb(C)
37 .3
37 .6
37 .9
38 " 3
38.6
39.0
39.3
39. s
40 .2
40. B

4L " 4
4r .9
42 .4
43.0
43 .6
45 .0
46.1
48.3
50 .2
s0. 9

Rex
r547 "
1s56.
r567 

"r578.
1589 "
1601.
r610.
i6i9.
1640.
1662 "
r683.
1697.
1715.
r733.
r.753.
1794.
r830.
i901.
1967 "
r987 "

Prx
4"6r
4. 58
4"54
4"50
4.47
4 .43
4.40
4. 38
4 .32
4"25
4"20
4. L6
4. rr
4 .06
4.0r
3. 91
3 .82
3 .67
3. 53
3"49

30 40"8

Grx Nux
.147E+04 24"22
.22r8+04 16.35
.2rrE+04 17.50
.213E+04 77.66
.t9rE+04 20.08
.201E+04 19.49
"232F'+04 17 "19.2408+04 I6 " 87
.2268+04 I8. 59

"287F'+04 r5"r8
.3tlE+04 14.51
.281E+04 16.46
.3068+04 r5.56
.287I'+04 L7.03
.327 E+04 I5 .45
.350E+04 t5.45
.284F'+04 20 .05
. 436E+0 4 r4.56
.47 7 E+04 I4 .61
.422¡.+04 17.00

43
55
69
80
9i

115
r38
r62
L79
20r
224
246
297
34r
424
498
524

Static Differential Pressures and
1 .0197 .0000 .0000
2 38"5 .0190 "00003 .0 34.9 .0187
4 .0 .0 33.3
5 "0 "0 .0 .0
6 "0 "0 "0 "07 "0 .0 .0 .0

r234

Friction Factors
" 0000 .0000 .0000
.0000 .0000 " 0000
.0000 .0000 .0000
.0000 .0000 .0000

" 0000 .0000
.0000

"067

.0

.0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm HOH)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

1769.
250 "

3 .97
" 27 4E+04

r6.98

f c:
fc/rs:
Dn*:
GrlRe:

Gz:

.OI9I
2 " TT

235.
. l55E+0I

10.45
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Coil Number: 4
Run Number: 2I "
Flowrate:
Inlet Velocity:
Residence Time:

D/dz 50

"002104 ks/ s
.129 1 m/ s

23s

58 L/d: 528
.I60 nc/d 56.8
bulk inlet): 32"4C
bulk outl-et): 44.3C
bulk average ) :38.4C

h/d:
h/D:

T
T
T

Boundary Condition:
Power Input: I07.1
Power Absorbed: 104.3
Heat Balance: 2"6

Tube Resistance: .II9 ohms
Tube Conductivity: 15.41 LrlmK

x/d rwi(c)
6 33.9

I6

Ne umann
I^I

I^I

rb(c)
32 .6
32"8
33. i
33.4
33 .7
34.0
34 .2
34"5
35.0
35.5
36. 1.

36.5
37 "0
37 .5
38. 0
39. i
40" l
42 .0
43 .6
44 .2

S tn
1

2

Rex
773.
775.
779.
784"
788.
793"
798"
802 

"BI2.
820.
828.
834.
843.
85 t .
860.
88 I .
B9B "
933.
962.
97 2.

Prx
5.1t
5. 09
5.06
5. 03
5.00
4.96
4 .93
4"90
4 " 83
4.78
4.73
4.70
4.66
4"59
4 .53
4.42
4"32
4. 15
4.01
3 .96

Grx Nux
.67 3E+03 17 .84
.9638+03 r2 " 60

" 8638+03 I4.30
" 87 7 E+03 r4 .34
.9I0E+03 i4.08
. 896E+03 t4 .61
.934E+03 r4"25
.908E+03 t4.89
.914E+03 I5.33
.126E+04 11.43
. I25E+04 I t.86
. I05E+04 r4.39
. ttBE+04 13.22
"tl9E+04 I3.57
. t36E+04 72.L4
.143E+04 12"39
.119E+04 15.69
. i66E+04 12.57
" l68E+04 I3.49
.137E+04 17.04

3 30
443
5 55
669
7 B0
B 91
9 115

34.6
34 .7
35.0
35.3
35 " 5
35 " 8
36.0
36. s
37 .5
38.0
38.0
38.7
39. I
39.8
40 .9
4r.5
43 "7
45 .3
45.5

t0
ti
I2
r3
I4
i5
l6
T7
iB
T9
20

r38
r62
179
20r
224
246
297
34r
424
498
s24

Static Differential Pressures and
1 " 0309 .0000 .0000
2 r8.1 "0287 .0000
3 .0 r5.B "02964 "0 .0 15.8
5 "0 .0 .0 .0
6 "0 .0 .0 .0
7 .0 .0 "0 "0r234

Friction Factors
" 0000 " 0000 " 0000
.0000 .0000 .0000
.0000 .0000 .0000
.0000 " 0000 .0000

" 0000 .0000
.0
.0
5

.0000
.0
67

Upper triangle : friction factors (dimensíonless )
Lower triangle: pressure differentials (mm H0H)

Non-Diroensional Flov¡ Paraueters
Re
Dn
Pr
Gr
Nu

867 .
r23.

4"49
.1i2E+04

r3 " 69

f c:
tcl ts:
Dn*:
GrlRe:

Gzz

"0298r.6r
115"

. I 29E+0 I
5.79



Coil Nurnber: 4 D/dz 50
Run Nuuber : 22 "Flowrate: .00064i kgls
Inlet Velocity: "0392 rnl s
Residence Time z 76 s

354

L/ d: 528
oc/ d 56. 8

inlet): 28.7C
outlet): 37.3C
average):33.0C

h/d: 58
h/o: r " t6o

T(bulk
T(bu1k
t(outt

Boundary Condi t ion : Neumann
Power Input :

Power Absorbed
Heat Balance:
Stn x/d
16
216
3 30
443
5 55
669
7 80

26"8 tù

: 23"0 !I
14.0 "/"

rwi(c) rb(c)
29 .5 28. 8
29 "9 29 "0
30. 0 29 " 2
30. 3 29 .4
30.4 29 .6
30.6 29"8
30. 8 30. 0
3r.0 30.2
3 r . 3 30 . 6
32.0 3r.0
32.4 3r " 432.6 3r.6
33.0 32.0
33.4 32"4
33.9 32.7
34.7 33"6
35. i 34.3
36.9 3s.6
37 "9 36"8
37 .9 37 .3

Tube Resistance: .119 ohms
Tube Conductivity: 15 " 33 I,l/mK

8
9

IO
it
I2
t3
I4
15
i6
I7
1B
i9

91
i15
r38
162
179
20r
224
246
297
341
424
498

Rex
2IB.
219 .
220 

"
22r 

"
222 

"
222 "
223.
224.
226 "
227 .
229 "
23r.
233.
235 "
236 .
239.
243 .
250.
256.
258 .

Prx
5. 56
5 " 54
5.5r
5.48
5"46
5.44
5"41
5. 39
5.35
s.3r
5"25
5 .2r
5.16
5"12
5.10
5.0r
4.93
4.77
4 .67
4.62

Grx Nux
.2578+03 9. 09

" 388E+03 6. i0
.345E+03 6"96
.354E+03 6"87
.346E+03 7. I l
" 324E'+03 7 .69
" 347 E+03 7 .27
.345E+03 7 "38.3418+03 7.67
.487E+03 5.5r
.493E+03 5.62
.468E+03 6.06
.525E+03 5.57
" 557E+03 5.34
.648E+03 4.67
.666E+03 4.77
.509E+03 6.55
. 834 E+03 4. 33

"7188+03 5.41
.4788+03 8.3220 524

Static Differential Pressures and
" 09 26 .09 27
.r01r "0989

Friction Factors
.0000 .0000 " 0000
.0000 .0000 .0000
.0000 " 0000 .0000
.0000 .0000 .0000

" 0000 " 0000

I
2

3
4
5
6

7

5"3
9.7

14.3

.0

.0
I

" 0988

5.1
9"9

. r043

.0
"0
"0
4

"0 "0
"0
"0
2

5" i
.0
"0
.0
3

.0

.0
5

.0000
.0
67

Upper triangle: frÍction factors (dinensionless )
Lorver triangle : pressure differentials (nm H0H )

Non-DÍmensional Flow Paraueters
Re:
Dn:
Pr:
Gr:
Nu:

237 
"

33.
5 " 07

" 47 4E+03
6"2r

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

.098 r
r.45

31.
" 200 E+0 I

r"79
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Coil Number: 4 D/dz 50
Run Nunber : 23 

"Fl-owrate: .000564 kg,/ s
Inlet Velocity: .0345 m/ s
Residence Time: 87 s

h/dz 58
h/n: I . i6o

T(bu1k
T(bu1k
T(bulk

r/d¿ 528
Dc/d 56.8

inlet): 25"3C
outlet): 35"7C
average ) :30.5C

Boundary Condition: Neumann
Poqrer Input:
Power Absorbed:
Heat Balance:
Stn x/¿
I6
216

138
162
179
20r
224
246
297
34r
424
498
524

Twi(C)
26"2
26"6

27 .3
27 .6
27 .8
28 .3
29 .0
29 .5
29"8
30. 3
30 .7
31.3
32.2
33. I
34.8
36.0
36"2

[I
I^I

Tb(C)
25.5
25"6
25"9
26 .2
26 .4
26 .7
26 .9
27.r
27 "6
28 .0
28 .5
28 .9
29"3
29 .7
30 .2
3r .2
32"0
33 .7
35. r
35.6

Rex
178.
178,
i80.
l8i.
IB2.
183.
184.
185.
IB6.
188.
r90.
192"
194"
r95.
197 .
20r.
205 "2TI.
2L8.
220.

27 "0
24.4
9"6

Tube Resistance: " 120 ohms
Tube Conductivity : I5"29 LrlmK

3 30 26"7
4 43 27.0
5 55 27"r
669
7 80
8 91
9 i15

Prx Grx Nux
6. 06 .2348+03 7 .7 9
6"02 "2998+03 6"20
5 . 98 .262E'+03 7 .24
5.94 .257 E+03 7 . 55
5. 90 " 24BE+03 7 .98
5. 86 .2258+0 3 B. 96
5.83 .25t8+03 8.18
5"80 "257F.+03 8.tt
5.74 "255E+03 8.42
5.68 .377F'+03 5.88
5.60 .38rE+03 6"04
5.55 .380E+03 6.22
5"50 "443E+03 5.49
5.45 .429I'+03 5.83
5.40 .520E+03 4.94
5.28 " 4928+03 5. 59
5.15 .569E+03 5.20
5. 00 . 630E+03 5. I 3
4"82 .5678+03 6"27
4"77 "378E+03 9"65

t0
tl
12
l3
74
t5
r6
t7
r8
r9
20

I
2
3
4
5
6
7

Static Differential Pressures and Friction Factors
.0000 .0000 .0000
.0000 ,0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000

.0000 " 0000
.0000

.0
67

4.6
8.2

12 .0
"0

" TT64

4.6
.0
.0
.0
J

. r084
" 120I

"0
"0
"0
4

. r096

4.6
8.4

.0

" r0r2 " 1008

.0 .0

.0 .0
L2

"0
"0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr

i9B.
28"

s " 36
.374E+03

6"67

f c:
tc/ ts:
Dn*:
GrlRe:

Gz:

.1094
i.35

26"
" t89E+0i

r " 58Nu:
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Coil Number: 4 D/d:
Run Number : 24 

"Flowrate: "000175Inlet Velocity: .0107
Residence Time: 28I

50

ks,/ s
m/s
S

h/d z 58
h/D: 1.I60

T(bu1k
t(¡u1t
t(uu1t

L/dz 528
De/ d 56 " 8inlet): 23"9C

outlet ) : 39 " 0C
average ) :31.4C

Boundary Condition: Neumann
Power Input:
Porver Absorbed:
Heat Balance:
Stn

I
2

3

4
5

6
7

I
9

t0
1t
I2
i3
t4
t5
T6
I7
r.8
T9
20

12 " 2 l,rl

I1.0 r.\l

9.3 "/"

x/d Twi(c) Tb(c)
6 24.7 24.r

16 25"2 24.3
30 25.7 24 "743 26.1 25.r
55 26.5 25.5
69 26.9 25"9
80 27"4 26"2
9t 27.8 26.5

115 28.8 27.2
138 29.8 27.8
162 30 .7 28. 5
179 3r.2 29"0
201 32"2 29.6
224 32.9 30.3
246 33.8 30. 9
297 35. 5 32.4
341 36.7 33.6
424 39"3 36.0
498 41.0 38 " r524 41.0 38.9

Tube Resistance : . I22 ohms
Tube Conductivity: 15.31 W/rnK

Rex
53.
54"
54 "
55.
55 "
56.
56"
57"
57.
58.
59.
60.
6i.
61.
62"
64"
65.
69"
72"
73.

Prx Grx Nux
6"28 .166E+03 4"43
6 " 24 " 2468+0 3 3. 05
6 " 17 " 284 E+03 2.7 3
6. L2 " 306E+03 2.6r
6"06 "321E+03 2.56
5"99 .338E+03 2.5r
5 "94 " 400E+03 2. 18
5.89 .4558+03 r.97
5.79 .573E+03 1. 65
5"70 .738E+03 t.33
5.60 .84BE+03 1.22
5"53 .912E'+03 t.18
5.46 .108E+04 1"03
5"38 .lt6E+04 r.00
5.31 .t35E+04 .90
5.12 .t6lE+04 .84
5. 00 " t7 2E+04 . 84
4.73 .2L48+04 .78
4 " 52 .215I'+04 " 88
4.44 .165E+04 1"20

Static Differential Pressures and
I . 47 30 . 4385 .447 4
2 1.9 "6027 .5356
3 3.4 2.3 "67374 5.r 4.0 2.5
5 "0 .0 .0 .0
6 .0 .0 .0 .0
7 .0 .0 .0 "0r234

Friction Factors
.0000 .0000 " 0000
.0000 " 0000 .0000
" 0000 .0000 .0000
.0000 .0000 .0000

" 0000 .0000
.0
.0
5

.0000
.0
67

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm HOH)

Non-Dimensional Flow Parameters
Re
Dn
P¡-
Gr
Nu

63"
9"
\-)1,

.89 I E+03
r.58

fc:
tcl ts:
nn:t .

GrlRe:
Gz:

.5285
2.07
8.

" t42E+02
.49



Coil Number: 4 D/dz 50
Run Number: 25 "
Flor¿rate: "003992 kg,/ s
Inlet Velocity: "2457 m/ s
Residence Time: 12 s

h/ d: 5B
h/n: 1.160

T(bulk
T(bu1k
T(bulk

L/dz 528
nc/ d 56.8

inlet): 27.0C
outlet): 66"3C
average ) :46.6C

Boundary Condi t ion : Neumann
Power Input: 672"5 W

Power Absorbed: 655.5 üI

Heat Balance: 2"5 "Á

Tube Resistance: .L20 ohms
Tube ConductÍvíty: 15.54 I^l/mK

443
5 55
669
7 80
B 9I
9 Lt5

Stn
I
2

3

x/d
6

T6
30

Rex
L317.
1337.
r370.
r395.
I4L9 

"r456.
r473"
L497 .
r555 "
1608"
1668.
17t1.
1769.
1825.
i878.
2007.
2T12"
2325 .
2545 

"26r5.

T¡¿i(c) Tb(C)
34.2 27 .4
36. I 28 " 2
37 .0 29 .2
37.8 30"2
38.1 3i. t
40.2 32. t
4r"6 33.0
42. r 33. 8
43. I 35.6
46 .3 37 .3
48 " r 39. I
48.4 40. 3
50.2 42.0
51.3 43.7
53. 5 45 .3
57.r 49.r
59 " 6 52.4
65.5 58.5
69.9 64.r
7 r .4 66. 0

Prx Grx Nux
5"75 "2488+04 2r.41
5. 65 . 334 E+0 4 16 .68
5.5r .325E+04 r8. 56
5.39 .339E+04 18.87
5"29 .332E+04 20"47
5. r4 "416E+04 17.77
5.08 "463E+04 16.56
4 .99 .47 rE+04 17 .20
4.78 "4848+04 tB" 69
4.62 .635E+04 r5.7 4
4.42 "712F'+04 15"54
4. 30 . 68 r E+04 17 .49
4.t5 .769E'+04 17.00
4.01 .783E+04 18.23
3.88 .909E+04 t7.01
3.6t .108E+05 17.24
3.4I .114E+05 I8.93
3.07 .143E+05 19.44
2.78 "150E+05 23.18
2.70 . I5iE+05 24"87

10
II
I2
t3
I4
15
16
17
t8
r.9
20

l3B
r62
179
20r
224
246
297
341
424
498
524

Static Differential Pressures and Friction Factors
.0000 .0000 .0000
" 0000 .0000 .0000
.0000 .0000 .0000
.0000 .0000 .0000

.0000 .0000

1

2

3

4
5

6

7

"0
"0
.0
"0
I

"0189
40"0

" 0 33 " 9

.0000 .0000

.0170 .0000
.0171

.0

.0

.0
4

"0
.0
"0
.0
2

33 " 1

.0

.0

.0
3

.0

.0
5

" 0000
.0
67

Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm HOH)

Non-Dimensional Flow Parameters
Re
Dn
Pr
Gr
Nu

192T "
27 2.

3"79
.685E+04

r7.80

f c:
f c/ f s :

Dn*:
GrlRe:

Gz:

"0r77
2. 12

?55-
.357E+01

10"82
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CoiI Number: 4 D/d: 50
Run Number: 26.
Flo¡.¡rare: .001640 kg,/ s
Inlet Velocity: " l0l3 m/ s
Residence Timez 29 s

h/d: 58
h/r: I. r6o

T(bulk
T(bu1k
T(bulk

L/d:528
Dc/d 56"8

inlet): 31"9C
outlet): 75"5C
average ) :53.7C

Boundary Condition:
Power Input: 300.7
Power Absorbed: 299 " IHeat Balance: .5
srn xld Twi(c)
1 6 36"7

Tube ResÍstance: .1,20 ohms
Tube Conductivity: 15.58 þIlmK

Ne umann
I.i

I,J
o/

Tb(C)
32 .4
33 .2
34.4
35.4
36"4
37 .6
38. s
39.4
4r " 4
43.3
45 .3
46 "7
48.5
50. 4
52 .2
56.4
60. I
66 "9
73.0
75"2

Rex
600.
608.
623 "
638.
650.
665 "
677 

"
690.
7 19 .
7 44.
77 r.
790"
BI5.
843"
86s.
924.
979.

1058.
r058.
1058"

Prx
5"12
5 " 05
4"9r
4"79
4"70
4 " 58
4"48
4 .39
4.20
4 .04
3.88
3"78
3 " 65
3.52
3.42
3. 18
2.99
2"74
2.74
2.74

2 16
3 30
443
s 55
669
7 80
I 9r
9 tr5

38.8
39.3
40. B

4r"9
42. B

43 .7
44 .7
46"5
48 .9
51.0
5r.6
53.6
55.6
57 .7
60. 5

64 .3
70. I
76.2
77 "6

Grx Nux
" 2248+04 L4 .90
.304E+04 r1.48
.293E+04 r2.84
.337E+04 It.93
.365E+04 I I.63
" 37 7 E+04 r2. 08

" 396E+0 4 12. r0
.422¡.+04 rr .97
" 465E+0 4 12. 18

"563E+04 11.09
.636E+04 r0.86
"5848+04 r2.67
. 67 i E+0 4 12.03
.752E'+04 rr.74
.85 1 E+0 4 rr .20
.765E+04 14.93
. 938E+0 4 I4. L5
.854E+04 18"82
.852E+04 18"87
. 660E+04 24 .35

10
TI
T2
t3
T4
I5
l6
I7
18
19
20

138
162
179
20r
224
246
297
34r
424
498
524

Static Differential Pressures and
r .0365 .0000 " 0356
2 L3.r "0354 .0000
3 .0 12.0 "03774 36.6 "0 12.4
5 .0 .0 "0 .0
6 "0 "0 "0 .0
7 "0 "0 .0 .0

r234

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
" 0000 .0000 " 0000
" 0000 .0000 .0000

.0000 .0000
.0
.0
5

.0000
"067

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Pararneters
Re
Dn
Pr
(lr

Nu

888.
126.

3. 33
.579F.+04

r2"64

f c:
fc/f.s:
Dn*:
î¡lDo.

Gz:

" 0363
2.02

ll8.
.653E+01

4"40
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Coil Number: 4
Run Number: 27 "
Flowrate:
Inlet Velocity:
Residence Time:

D /d:

.006030
" 37I I

8

50

kgl s
ro/ s
S

58
t. 160

T(bulk
T(bu1k
t(¡utt

h/d:
h/n:

L/ d: 528
nc/d 56.8

inlet): 36.IC
outlet): 55.8C
average ) :46.0C

Boundary CondÍtion: Neumann
Power Input : 504.3
Power Absorbed : 497 " 5Heat Balance:

Tube Resistance: .119 ohms
Tube Conàuctivity: i5 " 54 I,I/mK

1.4
rwi(C)

40"2
4r .9
42"1
42"8
42 .7

T^I

üI

/"

Tb(C)
36.3
36 .7
37 .2
37 "7
38 .2
38 .7
39. i
39.5
40 .4
4r.3
42"2
42 .8
43 .6
44 .5
45 .3
47 "2
48 .9
52"0
54.7
55.7

Rex
2384.
2402.
2427 "
245r.
2474"
250r.
2522.
2543.
2590.
2637.
2682 "
27r2"
27 55.
27 98.
2837.
293r.
3018.
3r67 "
3303.
33s8.

Prx
4.7r
4"68
4 .63
4"57
4"5r
4 .46
4 .42
4.38
4 .29
4 .2r
4"13
4.08
4"01
3.94
3.88
3"7s
3.63
3.44
3 .28
3 .22

216
3 30
443
5 55

Stn
I

l0
It
T2
13
L4
t5
16
I7
18
t9
20

x/d
6

Grx Nux
.256E+04 27.63
.355E+04 20 "43
.343E+04 21.78
" 366E+04 20 "99
.335E+04 23"54
.329E+04 24.70
.331E+04 25.16
. 363 E+0 4 23 .44
.408E+04 2r.98
" 465E+04 20.31
.541E+04 r8"30
.5tIE+04 19.97
.517E+04 20.63
.556E+04 20.05
.581E+04 19.97
.674F'+04 I8.93
.69iE+04 19.94
.853E+04 t8.55
.9798+04 I8.15
.8t2E+04 22"89

6 69 43.0
7 80 43.3
8 91 44 .0
9 r.r5 45.2

r38
162
179
20r
224
246
297
34r
424
498
524

46 .4
47 "9
48.0
48 .7
49 .7
50.5
52 .7
54. r
57 .5
60 .4
60 .2

Static Differential Pressures and
r .0132 .0000 .0i30
2 63.8 .0130 .0000
3 .0 59.1 .0130
4 179.6 .0 s7.2
5 .0 "0 .0 "06 "0 .0 .0 "07 "0 .0 .0 .0

r234

Friction Factors
.0000 .0000 .0000
.0000 " 0000 .0000
.0000 .0000 " 0000
.0000 .0000 .0000

.0000 " 0000
" 0000

.0
67

"0
.0
5

Upper triangle : friction factors (dímensionless )
Lower triangle: pressure differentÍa1s (mm H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
P:- :

Gr:
Nu:

2869 "
406.

3 " 83
. 49 2Y,+0 4

21"T4

f c:
f c/ f s:
Dn*:
GrlRe:

Gz:

.0r30
2"34

38 r .
"171E+0t

r6 "37



Coil Number: 4 D/dz
Run Number: 28 "Flowrate: .000396
Inlet Velocity: "0242
ResÍdence Time: I24

50

ks,/ s
m/s
S

h/ d: 58
h/l: I" i6o

T(bulk
T(bu1k
T(bu1k

360

L/dz 528
Dc/ d 56.8

inlet): 26"3C
outlet): 41" IC
average ) : 33 "7 C

Stn
I
2

x/d
6

r6

Boundary Condition:
Power Input: 27 "2
Power Absorbed : 24.4
Heat Balance: 10.3

Twi(C)
27 "0
27 "8
28. I

4 43 28"s
5 55 28.8
6 69 29.r
7 80 29"4
8 91 29 .8
9 tt5 30.5

Tube Resistance: "l2I ohms
Tube Conductivity: 15"33 W/mK

Ne uman n
I.J

!i

Tb(C)
26"5
26 .8
27 "2
27 .5
27 .9
28 .3
28 .6
28 .9
29 .5
30 .2
30.9
31.3
32 .0
32.6
33 .2
34 .6
35.9
38 .2
40.3
4r.0

Rex
I2B.
r29 "
130.
l3I"
r32 "
133.
r34.
135.
r37 "r38.
r40.
142.
r44.
r45.
r47 .
r5t.
r55.
162.
L69 .
17 2.

Prx
5 " 89
s"85
5"79
5"74
5.70
5.64
5. 60
5. 55
5.47
5. 40
5 .32
5 .25
5. r6
5.lt
5.05
4.88
4.75
4.5r
4"3r
4.23

Grx Nux
. I63E+03 12.27
.341E+03 6.00
.340E+03 6 " I9.348E+03 6.20
.344E+03 6.40
"3228+03 7.05
.340E+03 6. B3
.360E+03 6.63
. 398E+03 6 .25
.561E+03 4.61
. 5B5E+03 4.62
.559E+03 5.02
.545E+03 5.43
" 6628+03 4.61
. I I 6E+03 3. 86
.952E+03 3.64
.7I5E+03 5.20
. i06E+04 4.02
. i0tE+04 4.75
.561E+03 8.94

3 30

t0
t1
I2
t3
L4
15
16
I7
t8
I9
20

i3B
162
179
201
224
246
297
34 r
424
498
524

31.5
32.r
32 .5
33.0
33. B

34 .7
36 .2
37 .0
39.6
4L .5
4L .6

1

2

3
4
5
6

7

Static Differential Pressures and Friction Factors
" 0000 .0000 .0000
.0000 .0000 .0000
.0000 " 0000 .0000
.0000 .0000 .0000

.0000 " 0000
.0000

.0
67

. r4B0 .r477 " 1523
. 1669 " t6463.0

5.9
9.0

.0

.0

.0
I

3"2
6.3

.0

.0

.0
2

3"4
"0
.0
"0
3

" t824

.0

.0

.0
4

.0

.0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr':
Nu:

148.
2I "

4"99
.557E+03

5"4r

f c:
tc/ ts:
Dn*:
GrlRe:

Gz:

. r603
r.49

20.
.376E+0I

r. t0



)ot

Coil Number: 4 D/d: 50
Run Number: 29 "Flowrare: .001265 kg/ s
InIet Velocity: .077 5 m/ s
Residence Time: 38 s

h/d: 58
h/D: t. 160

T(bulk
T(bu1k
T(bulk

L/ d: 528
nc/d 56"8

inlet): 28.2C
outlet): 4I"2C
average ) :34 "7 C

Boundary Condition:
Power Input: 74.9
Pov¡er Absorbed: 68.6
Heat Balance : 8.4

x/d rwi(C)
6 29.3

I6

Tube Resistance : " I20 ohms
Tube Conductivity: 15"35 hrlmK

Stn
I
2

Neumann
t"I

I,rI

rb(c)
28"4
28"6
29 .0
29 .3
29 .6
29 .9
30 .2
30. s
3i.0
3i.6
32.2
32.6
33 .2
33 .7
34 .3
35.5
36 .6
38.6
40.5
4r.1

Rex
426 .
428 "
432 

"
435 "
437 .
440.
442.
444 

"
449.
456.
462.
465.
469 "
474.
480.
493.
503.
524 "
544.
552.

Prx
5"63
5.59
5"54
5. 50
5.47
5 .43
5. 40
s. 36
5. 30
5.2r
5. 14
5. r0
5. 05
4 .99
4.93
4.78
4.69
4.46
4.29
4 .22

3 30
443
5 55
669
780
8 9r
9 ir5

30 " i
30.3
30. 8
3r.. i
3r .2
31.6
3r.8
32. 4
33 .4
33.9
34. I
34.s
35 " 5
36"2
37.4
38.0
40 " 5
42.0
42.3

Grx Nux
.366E+03 17.23
"597E+03 r0"77
.553E+03 I 1.96
.652E+03 r0 " 34
.645E+03 r0 " 64
.58 1 E+03 r2.06
.632F'+03 rr.28
.609E+03 tt.9i
.652E+03 I I.58
.884E+03 8.96
.8998+03 9.I9
.77tE+03 r0.92
.7268+03 I1.93
" 979E+03 9. t9
.it2E+04 8.30
" r I 8E+04 8. 53
.975E+03 r.0.99
"l3BE+04 8.71
.134E+04 10.0t
. l04E+04 13.38

r0
1t
L2
13
t4
15
I6
L7
l8
r9
20

r38
162
179
20r
224
246
297
34r
424
498
524

Static Differential Pressures and
1 .0497 .045i .0459
2 r0.5 "0422 .0438
3 r8"5 8.4 "04264 27.6 L7.r 8.2
5 .0 .0 .0 .0
6 "0 .0 "0 .0
7 "0 "0 "0 .0

r234

Friction Factors
.0000 .0000 .0000
.0000 .0000 .0000
.0000 "0000 "0000.0000 .0000 .0000

.0000 .0000
" 0000

.0
67

.0

.0
5

Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (um H0H)

Non-Dimensional Flow Parameters
Re:
Dn:
Pr:
Gr:
Nu:

485.
69"
4"87

.828E+03
10"40

f c:
tcl ts:
Dn*:
GrlRe:

Gz:

"0449
I " 36

64.
"t7IE+013"5r



362

Coil Nurnber: 4 D/d: 50 h/d: 58 L/dz 528
Run Number : 30 " h/l: f, 160 Dc/ d 56.8
Flowrate: .000949 kg/ s T(bulk inlet): 24"4C
Inlet Velocity: .0580 m/s T(bulk outlet): 24"4C
Residence Time : 52 s T( bulk average ) 224 " 4C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0000 .0000 " 0000 .0000 .0000 .0000
2 .0 .0000 "0793 "0000 .0000 .0000
3 .0 .0 " 067 3 " 0000 " 0000 .0000
4 "0 i7"3 7"2 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 " 0000
6 .0 "0 .0 .0 "0 .0000
7 .0 "0 .0 .0 "0 .0

1234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Pararoeters
Re: 292 

"Dn: 4I 
"

Pr : 6.22

f c: "0733
fc/fs: L.34
Dn*: 39.



363

Coil Number: 4 o/d: 50 h/d: 58 Lld: 528
Run Number : 31 . h/¡: I " 160 nc/ d 56.8
Flowrate: .001848 kgl s T(bulk inlet): 24.4C
Inlet Velocity: "II29 m/s T(bulk outlet): 24.4C
Residence Time: 26 s T(bulk average):24"4C

Boundary Condition: Isotherual

Static Differential Pressures and Friction Factors
i .0000 .0000 " 0000 .0000 " 0000 " 0000
2 " 0 .0000 " 0000 " 0000 .0000 .0000
3 .0 " 0 .0430 .0000 " 0000 " 0000
4 .0 .0 t7.5 .0000 .0000 "00005 .0 "0 .0 "0 "0000 .0000
6 .0 " 0 .0 .0 .0 .0000
7 .0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle : pressure differentials (mrn H0H )

Non-Dimensional Flow Para¡oeters
Re: 569. fc: .0430
Dn: 80. fclfs: 1.53
Pr: 6"22 Dn*: 75"



364

Coil Number : 4 D / d: 50 hl d: 58 f/ d: 528
Run Number: 32" h/l: 1"160 Dc/d 56.8
Flowrare: .000769 kg/s T(bulk inlet): 24"4C
Inlet Velocity: .0470 rols T(bulk outlet): 24"4C
Residence Time z 64 s T(bulk average):24"4C

Boundary Condition: Isothermal

StatÍc Differential Pressures and Friction Factors
I . 0000 " 0000 " 07 50 " 0000 . 0000 " 0000
2 .0 .0000 .0000 .0000 .0000 " 0000
3 .0 .0 " 0000 .0000 " 0000 " 0000
4 16.6 .0 .0 "0000 "0000 "00005 .0 .0 .0 .0 " 0000 .0000
6 .0 .0 .0 .0 " 0 .0000
7 "0 "0 .0 .0 .0 "0r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 237 "Dn: 33.
Pr: 6"22

fc: .0750
fclf.s: i.iI
Dn*: 31.



365

Coil Number: 4 D/dz 50 h/d: 58 f /d: 528
Run Number : 33. h/n: I " 160 Dc/ d 56. g

Flowrate: "000655 ks,/ s T(bu1k inlet): 24"4C
Inlet Velocity: .0400 m/ s T(bu1k ourlet ) : 24 " 4C
Residence Time: 75 s T(bulk average) :24 "4C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0000 " 0000 .085s " 0000 " 0000 " 0000
2 .0 " 0000 .0000 .0000 .0000 .0000
3 .0 " 0 " 0000 .0000 .0000 .0000
4 t3.7 .0 " 0 .0000 .0000 " 0000
5 "0 "0 .0 .0 .0000 .0000
6 "0 "0 .0 .0 .0 .0000
7 .0 .0 .0 "0 .0 "01234567
Upper triangle: friction factors (dirnensionless )
Lower triangle: pressure differentials (rnm HOH)

Non-Dimensional Flow Parameters
Re : 202 " fc: .0855
Dn: 29" f.c/f.s: 1.08
Pr: 6.22 Dn*: 27.



366
Coil Number: 4 D/d: 50 hldz 58 r/dz 528Run Number: 34 " h/Oz t " 160 Dc/d 56 " B

Flowrate : .000529 ks,/ s T( bulk inlet ) : 24 " 4C
Inlet Velocity: " 0323 m/ s T( bulk ourler ) : 24 " 4C
Residence Time : 93 s f( Uutt average ) z 24 " 4C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
l " 0000 .0000 . 1037 .0000 .0000 .0000
2 "0 "0000 .0000 "0000 .0000 "00003 .0 " 0 .0000 .0000 .0000 .0000
4 r0.9 " 0 .0 .0000 " 0000 " 0000
5 .0 .0 " 0 .0 " 0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 "0 .0 .0 .0 .0

r234567
Upper triangle: frÍction factors (dimensionless )
Lower triangle : pressure differentials (rom H0H )

Non-Dimensional Flow Parameters
f c: . r037
f.c/ f s: 1.06
Dn*: 22 "

Re: 163.
Dn: 23.
Pr: 6"22



367

Coil Number; 4 Dld: 50 h/dz 58 L/ð: 528
Run Number: 35" h/D: i.t60 Dc/d 56"8
Ffowrare: "002748 kgls T(bulk inler): 23"3C
Inlet Velocity: .1678 m/s T(bulk ourlet): 23"3C
Residence Time: l7 s T(bulk averag,e):23.3C

Boundary Condition: Isothermal

Static Differerrtial Pressures and Friction Factors
1 "0272 "0270 .0274 .0000 .0000 .0000
2 26 .9 "027 0 " 027 7 . 0000 . 0000 . 0000
3 5r.8 25"r .0279 "0000 "0000 .0000
4 77.2 50"7 25.r .0000 .0000 .0000
5 .0 .0 .0 ,0 .0000 .0000
6 .0 .0 .0 .0 " 0 .0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangJ-e: pressure differentials (mm HOH)

Non-DÍmensional Flow Parameters
Re: 823" fc: .0274
Dn: 116. fc/fs: 1.41
Pr : 6.4I Dn*: 109.



368

Coil Number: 4 D/dz 50 h/dz 58 Lld: 528
Run Number: 36" h/D: 1.160 Dc/d 56.8
Flowrate: "003347 kg,/ s T(bu1k inler): 23"3C
Inlet Velocity: "2044 n/s T(bulk outlet): 23.3C
Residence Time: 14 s T(bu1k average) :23.3C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
i " 0222 .0224 "0228 .0000 .0000 .0000
2 32.6 "0226 .023 I .0000 " 0000 .0000
3 63 " 8 3r.2 "0235 .0000 .0000 .0000
4 95.4 62.7 3r.4 "0000 .0000 .0000
5 .0 .0 " 0 .0 .0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 "0 .0 .0 .0 .0

r234567
Upper trÍang1e: friction factors (dimensi_onless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Pararneters
Re: 1002. fc: .0228
Dn: L42. f.c/fs: I.43
Pr: 6.4I Dn*: 133.



369

CoiI Number: 4 D/d: 50 h/dz 58 f/dz 528
Run Number: 37 . h/n: I " 160 Dclà 56 " 8Flowrate: .003697 kgls T(bu1k inlet): 23"3C
Inlet Velocity: "2257 m/ s T(bu1k ourler ) : 23 "3CResidence Time: 13 s T(bulk average):23.3C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0222 .0000 .0000 " 0000 .0000 .0000
2 39 " 6 "0226 .0000 .0000 .0000 .0000
3 .0 3B"t "023s .0000 .0000 .0000
4 .0 .0 38.3 .0000 " 0000 " 0000
5 .0 .0 "0 "0 "0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower tríangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 1t07"
Dn: I57 "
Pr : 6.41

fc: "0228
f c/f s: I.57
Dn*: I47 "



370

Coil Number: 5 D/d: 4 hldz 6I L/d: 286
Run Number: l" trll:t5"250 tc/d 98"3
Flowrare: ,000469 kg,/s T(bulk inlet): 3I"IC
InIet Velocity: "0287 m/ s T( bulk outler ) : 3l . i C

Residence Tine : 57 s T( butk average ) :3I. I C

Boundary Condition: Isothermal

Static Differential Pressures and FrictÍon Factors
l . 1595 .0000 .0000 .0000 .0000 .0000
2 7.6 "0000 "0000 .0000 .0000 .0000
3 .0 .0 .0000 .0000 .0000 .0000
4 "0 .0 "0 .0000 .0000 .0000
5 .0 .0 " 0 .0 .0000 .0000
6 " 0 .0 .0 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure dÍfferential-s (mm H0H)

Non-Dinensional Flow Paraneters
Re: 167 

"Dn: 83.
Pr: 5"29

f c: " r595
fc/is: I"66
Dn*: 17.



)/L

Coil Number: 5 D/dz 4 h/ðz 61 L/d: 286
Run Number : 2. h/D: I 5 " 250 Dc/d 98. 3
Flowrate: .000588 kgl s T(bulk intet): 3i"tC
Inlet Velocity: .0360 m/s T(bulk ourler): 3t " tCResidence Time: 45 s T(bu1k aver ag,e):3I " tC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I " l08B .0000 .0000 .0000 " 0000 .0000
2 8"2 "0000 "0000 .0000 .0000 .0000
3 " 0 .0 " 0000 .0000 .0000 .0000
4 " 0 .0 .0 .0000 .0000 .0000
5 .0 "0 "0 .0 .0000 .0000
6 "0 .0 "0 .0 .0 .0000
7 "0 "0 .0 .0 "0 .0

r234567
Upper triangle : friction factors (dímensionless )
Lower triangle : pressure di fferentials (nm HOH )

Non-Diuensional- Flow Parameters
Re: 209.
Dn: 105.
Pr : 5.29

f c: .1088
fc/fs: I"42
Dn*: 2I.



Coil Number: 5 Dldz 4 h/d:61 L/d: 286
Run Number: 3. h/D:15"250 Dcld 98.3
Flor+rate: .000708 kg,/s T(bulk inlet): 3l.lC
Inlet Velocity: .0433 m/s T(bulk outlet): 3l.lC
Residence Time: 37 s T(bulk average):3t.lC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0839 .0000 "0000 "0000 "0000 "00002 9 " r .0000 " 0000 .0000 .0000 .0000
3 .0 .0 .0000 " 0000 .0000 " 0000
4 " 0 .0 .0 " 0000 .0000 " 0000
5 "0 .0 .0 "0 .0000 .0000
6 .0 "0 .0 .0 "0 .0000
7 .0 .0 "0 .0 .0 .0

1234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 252. fc: .0839
Dn: 126. fc/fsz 1.32
Pr: 5.29 Dn*: 25"



)/)

Coil Number: 5 D/d: 4 hldz 6I t/d: 286
Run Number: 4" h/D:15"250 Dcld 98.3
Flowrare: .000827 kg,/s T(bulk inlet): 31"
Inlet Velocity: .0506 u/s T(bu1k outlet): 3i.
Residence Time : 32 s T( bulk average ) : 3l .

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 .0678 .0000 "0000 .0000 .0000 .0000
2 10"1 .0000 "0000 .0000 .0000 .0000
3 .0 .0 .0000 .0000 .0000 .0000
4 .0 .0 .0 .0000 " 0000 " 0000
5 .0 .0 .0 .0 .0000 " 0000
6 .0 "0 ,0 .0 "0 "00007 .0 .0 .0 .0 .0 .0

r234567
Upper Lriangle : friction factors (dimensionless )
Lower triangle : pressure differentials (rnm H0H )

Non-Dimensional Flow Parameters

C

c
C

Re: 294"
Dn: 147 .
Pr : 5.29

fc: .0678
fclfs: L.25
Dn*: 30.



374

Coil Number: 5 D/dz 4 h/ðz 6I Lld: 286
Run Number : 5. trlt: t 5 " 250 lc/d 98. 3

Flowrate: "000947 kg/s T(bulk inlet): 31.lC
Inlet Velocity: .0580 m/s T(bulk outlet): 3I.IC
Residence Time: 28 s T(bu1k average):31 " 1C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
l .057 6 .0000 .0000 .0000 .0000 .0000
2 rr " 2 .0000 " 0000 . 0000 .0000 . 0000
3 " 0 .0 .0000 .0000 " 0000 .0000
4 " 0 .0 .0 .0000 .0000 .0000
5 .0 .0 .0 "0 "0000 "00006 .0 .0 .0 .0 .0 .0000
7 .0 .0 "0 "0 .0 .0

r234567
Upper trÍang1e: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional- Flow Parameters
Re: 337 .
Dn: 168.
Pr: 5"29

f c: .057 6

f c/ f s: l.2l
Dn*: 34.



375

Coil Nu¡ober: 5 D/dz 4 h/dz 6I L/d: 286
Run Number: 6" h/¡:t5"250 tc/d 99"3
Flowrate: "00f545 ks,/s T(bulk inlet): 3I.tC
Inlet Velocity: "0946 n/ s T(bulk ourler ): 31. lC
Residence Time: 17 s T(bulk average):31. IC

Boundary Condition: Isothermal

Static Differential Pressures and Fríction Factors
r .0348 " 0000 .0000 .0000 .0000 .0000
2 18 " r " 0000 .0000 .0000 " 0000 .0000
3 .0 "0 .0000 "0000 "0000 "00004 " 0 .0 .0 " 0000 .0000 .0000
5 " 0 .0 .0 .0 .0000 " 0000
6 "0 "0 .0 .0 "0 .0000
7 .0 .0 .0 .0 .0 "0t234567
Upper triangle: friction factors (dimensionl_ess )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 550.
Dn: 27 5.
Pr : 5.29

f c: .0348
Íclts: 1.20
Dn*: 55.



376

Coil Number: 5 Dld: 4 hldz 61 Lld: 286
Run Number : 7 . trlt: t 5 "250 Dc/d 98. 3

Flowrate: .002L43 kgls T(bulk inlet): 31.1C
Inlet Velocity: "I3I2 rnls T(bulk outlet): 31. iC
Residence Time: 12 s T(bulk aver ag,e):31 . iC

Boundary Condition: Isotherual

Statíc Differential Pressures and Friction Factors
r .0267 .0000 " 0000 .0000 " 0000 .0000
2 26.7 .0000 " 0000 .0000 " 0000 .0000
3 .0 .0 .0000 .0000 .0000 .0000
4 "0 "0 .0 .0000 .0000 .0000
5 .0 .0 " 0 .0 " 0000 .0000
6 .0 .0 "0 "0 .0 .0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: fríction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Di¡oensional Flow Parameters
Re: 763" fc: "0267Dn: 38I. fclfsz I.27
Pr: 5"29 Dn*: 77"



377

Coil Number: 5 D/d: 4 h/dz 6f Lld: 286
Run Number: B" trlt:i5"250 Dcld 98.3
Flowrare: "00274r ks,/ s T(bulk ínlet): 3l.lC
Inlet Velocity: "L678 ro/ s T(bu1k outlet) : 31. lC
Residence Time: 9 s T(Uutt average):31 " IC

Bounðary Condition: Isothermal

Stalic Differential Pressures and Friction Factors
1 . 0212 " 0000 .0000 " 0000 .0000 .0000
2 34 "7 .0000 .0000 .0000 .0000 .0000
3 .0 "0 "0000 .0000 "0000 "00004 .0 .0 .0 .0000 .0000 .0000
5 .0 .0 "0 .0 00000 .0000
6 .0 "0 "0 .0 .0 .0000
7 .0 .0 .0 .0 .0 "0r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (rnm H0H)

Non-Dimensional Flow Parameters
Re: 97 5. fc : .02L2
Dn: 488. tc/f.sz I.29
Pr: 5"29 Dn*: 98.



378

Coíl Number : 5 D / ò: 4 h/ d: 6I t/ d: 286
Run Number: 9. n/n:t5.250 ocld 98"3
Flowrate: .003339 ks,/ s T(bulk inlet): 3I.lC
InIet Velocity: "2044 m/s T(bulk outlet): 3I.IC
Residence Time z 7 s T(bulk average ) :3I. lC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r " 0184 .0000 " 0000 .0000 .0000 " 0000
2 44 "8 " 0000 .0000 .0000 " 0000 " 0000
3 .0 .0 " 0000 .0000 " 0000 .0000
4 " 0 .0 .0 " 0000 .0000 .0000
5 .0 .0 .0 "0 "0000 "0000
6 "0 .0 .0 .0 "0 "0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (um H0H)

Non-Dimens ional- Flow Parame ter s

Re: 1188. fc: .0184
Dn: 594. fcl fs : L.37
Pr: 5.29 Dn*: 120.



379

Coil Number: 5 D/d: 4 hldz 61 f/dz 286
Run Number : t0. h/D: t 5 "250 Dcld 98 " 3
Florvrate: .003688 kg,/ s T(bulk inlet): 31.1C
Inlet Velocity: .2257 rnls T(bulk outlet): 3t.lC
Residence Time : 7 s T(bulk aver age):31. lC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0i84 " 0000 .0000 .0000 .0000 " 0000
2 54.5 .0000 . 0000 . 0000 " 0000 . 0000
3 .0 .0 " 0000 .0000 .0000 .0000
4 .0 .0 .0 " 0000 .0000 .0000
5 .0 "0 .0 "0 "0000 "0000
6 "0 .0 .0 "0 .0 "0000
7 "0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (nrn H0H)

Non-Dimensional- Flo¡¡ Paraueters
Re: I3I2. fc: .0184
Dn: 656" fclfs: 1.51
Pr: 5.29 Dn*: I32"



380

Coil Number: 5 D/d: 4 hld: 6I L/d: 286
Run Number : 1l . trll: t 5 " 250 Dc/d 98. 3

Flo¡¿rate: "004825 kgls t(Uutt inlet): 3l"IC
Inlet Velocity: "2953 m/ s T(bulk outlet): 31.1C
Residence Time: 5 s T(Uutt< average ):3i " lC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0121 .0000 .0000 .0000 .0000 " 0000
2 6r"3 "0000 "0000 .0000 .0000 .0000
3 .0 .0 .0000 " 0000 " 0000 .0000
4 "0 "0 "0 .0000 .0000 .0000
5 "0 "0 "0 .0 "0000 .0000
6 "0 "0 "0 .0 .0 .0000
7 .0 .0 .0 .0 .0 "0r234567
Upper triangle: friction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 17 17 .
Dn: 858.
Pr : 5.29

fc: .0121
f.c/ f s z I " 30
Dn*: L73.



JÖI

Coil Number: 5 D/d: 4 h/dz 6t L/d: 2g6
Run Number : 12 " h/D: 15 " 250 Dc / d 9g . 3
Flowrare: "006978 kgls T(bu1k inlet): 31. tC
Inlet Velocity: "4270 m/s T(bulk ourler): 3I.lC
Residence Time : 3 s T( bulk average ) :31. I C

Boundary Condition: Isothermal

static Differential Pressures and Friction Factors
1 " 0092 .0000 .0000 " 0000 " 0000 .00002 97"2 "0000 .0000 .0000 .0000 .0000
3 .0 " 0 " 0000 .0000 .0000 " 0000
4 .0 "0 .0 "0000 "0000 "00005 .0 "0 .0 "0 .0000 "00006 " 0 .0 .0 .0 .0 .00007 .0 .0 .0 .0 "0 .0

r234567
Upper triangle: friction factors (diroensionless )
Lower trÍang1e: pressure differentials (um HOH)

Non-Dimensional Flow Parameters
Re: 2483. fc: "0092Dn: I24L" f.c/fs: I.42
Pr: 5.29 Dn*: 250.



382

Coil Number: 5 D/d. 4 hld: 6t L/d: 286
Run Number: 13. h/D: i5"250 Dc/d 98.3
Flo¡¿rate: .008847 kg/ s T(bulk inler): 3i"lC
Inlet Velocity: "54I4 ¡ols T(bulk ourler): 31. IC
Residence Tirne: 3s T(bulk aver ag,e) : 3I. IC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
1 . 007 4 " 0000 " 0000 .0000 .0000 .0000
2 126.5 .0000 .0000 .0000 .0000 .0000
3 .0 .0 " 0000 .0000 .0000 .0000
4 .0 .0 .0 " 0000 .0000 .0000
5 .0 "0 .0 "0 .0000 "00006 .0 " 0 .0 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

1234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure dífferentials (mm H0H)

Non-Dimensional Flow Parameters
Re: 3148. fc: "007 4
Dn: 1574. fc/fs: L"46
Pr: 5.29 Dn*: 3I8"



383

Coil Number: 5 D/dz 4 hld: 6I L/d: 286
Run Number : 14. h/D: t 5 " 250 Dc/d 98 " 3Flov¡rate: .010656 kg/s T(bulk inler): 3t"IC
Inlet Velocity: "652I m/s T(bu1k ourler): 31. IC
Residence Time z 2 s T( bulk average ) :31 . IC

Boundary Condition: Isothermal

SÈatic Differential Pressures and Friction Factors
r . 0067 .0000 " 0000 " 0000 .0000 " 0000
2 166 .7 . 0000 . 0000 . 0000 . 0000 " 0000
3 .0 .0 .0000 " 0000 .0000 " 0000
4 " 0 .0 .0 .0000 " 0000 .0000
5 "0 .0 "0 .0 .0000 .0000
6 .0 .0 .0 .0 "0 "00007 "0 .0 .0 .0 "0 .0

r234567
Upper triangle: friction factors (dirnensionless )
Lower triangle: pressure differentials (nm H0H)

Non-Dimensional Flow Pararneters
Re: 379I.
Dn: 1896.
Pr: 5"29

f c: "0067
f c/ f s: I.60
Dn*: 382.



384

Coil Number: 5 D/d: 4 hldz 61 L/ð: 286
Run Nunber: 15. trlt: t5.250 oc/d 99.3
Flowrate: "012032 kg/ s T(bulk inlet ) : 3t " tCInlet Velocity: "7363 m/s T(bu1k ourler): 31. IC
Residence Time z 2 s T(bulk average):3l. lC

Boundary Conditíon: IsotherrnaL

Static DÍfferential Pressures and Friction Factors
r .0070 .0000 " 0000 .0000 .0000 .0000
2 219"s "0000 .0000 "0000 "0000 .0000
3 " 0 .0 .0000 .0000 .0000 .0000
4 "0 .0 "0 .0000 .0000 .0000
5 .0 .0 " 0 .0 .0000 .0000
6 .0 .0 .0 " 0 .0 .0000
7 .0 "0 .0 "0 "0 .0

r234567
Upper triangle : fríction factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Diuensional Flow Parameters
Re: 428L.
Dn: 2140 

"Pr: 5"29

f c: .0070
f c/f.s: I"86
Dn*: 432 

"



385

Coil Nuruber: 5 D/d: 4 h/d: 6f L/d: 286
Run Number: 16. n/n: t5"250 Oc/ð, 98.3
Flowrate: "0L4684 ks,/ s T(bulk inlet): 31. iC
Inlet Velocity: .8986 m/ s T(bulk outlet ) : 31. 1C
Residence Time: I s T(bulk average):31. tC

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r .0057 .0000 .0000 .0000 " 0000 " 0000
2 269"2 .0000 "0000 .0000 "0000 "00003 .0 .0 .0000 .0000 .0000 " 0000
4 " 0 .0 .0 .0000 " 0000 " 0000
5 .0 .0 .0 .0 .0000 " 0000
6 .0 "0 "0 .0 "0 .0000
7 .0 "0 .0 .0 .0 .0

r234567
Upper triangle: friction factors (dimensionless)
Lower triangle: pressure differentials (um HOH)

Non-Diuensional Flow Parameters
Re : 5224.
Dn : 26L2 "
Pr : 5.29

f c: .0057
f c/ f.s: i " 87
Dn*: 527 .



386

Coil Nurnber: 5 Dldz 4 hld: 6I L/dz 286
Run Number: 17" h/l:t5"250 Dcld 98.3
Florvrate: .000487 kg,l s T(bulk ínlet): 23"9C
Inlet Velocity: .0298 m/ s T( bulk outlet ) : 23.9C
Residence Time: 54 s T(bulk average):23"9C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
r. .1146 "0000 "0000 .0000 "0000 .0000
2 5.9 .0000 " 0000 " 0000 " 0000 .0000
3 "0 "0 .0000 "0000 .0000 "00004 .0 .0 " 0 " 0000 .0000 .0000
5 .0 .0 .0 .0 " 0000 .0000
6 .0 .0 .0 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangte: fricti-on factors (dimensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Diinensional Flow Parameters
Re: 148"
Dn: 74.
Pr: 6.3I

f c: . r.r46
f.c/f.s: I.06
Dn*: 15.



387

CoiI Number: 5 D/dz 4 hld: 61 L/d: 286
Run Number: 18" h/l:t5"250 Dc/d 98"3
Flowrate: .000583 ks,/s T(bulk inlet): 23"9C
Inlet Velocity: "0356 m/s t(Uutt ouElet): 23.9C
Residence Time: 45 s T(Uutt average):23.9C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I " 0904 .0000 .0000 " 0000 .0000 " 0000
2 6 "7 .0000 " 0000 .0000 " 0000 " 0000
3 "0 "0 .0000 .0000 .0000 .0000
4 " 0 .0 .0 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 .0000
6 "0 .0 .0 "0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triangle : friction factors (diroensionless )
Lower triangle: pressure differentials (mm H0H)

Non-Dimens ional Flow Parame ter s

Re: I77 . fc: .0904
Dn: 89. f.c/fs: i.00
Pr: 6. 3t Dn*: 18.



3BB

Coil Number: 5 l/dz 4 hlðz 6I Lldz 286
Run Number : 19. h/D: I 5 " 250 Dcld 98.3
Flowrare: .0007I5 lrcg/s T(bulk inlet): 23"9C
Inlet Velocity: .0437 m/s T(bu1k outlet): 23"9C
Residence Tir,re: 37 s T(bulk average)223"9C

Boundary Condition: Isothermal

StatÍc Differential Pressures and Friction Factors
r " 07 39 . 0000 ,0000 " 0000 " 0000 " 0000
2 8"2 .0000 .0000 .0000 .0000 .0000
3 .0 .0 .0000 .0000 " 0000 .0000
4 .0 .0 .0 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 " 0000
6 "0 .0 "0 .0 .0 .0000
7 .0 .0 .0 .0 .0 .0

r234567
Upper triar-rgle: friction factors (dimensionless)
Lower triangle : pressure differentials (mm H0H )

Non-Dimensional- Flow ParameEers
Re: 2I7. fe: "0739
Dn: 109. fclfs: 1.00
Pr: 6.31 Dn*: 22.



389

Coil Number: 5 D/dz 4 hld:. 6l Lld: 286
Run Number : 20 " h/D: I 5 " 250 Dcld 98. 3

Flowrate: "000829 kg,/ s T(bulk inlet): 23"9C
Inlet Velocity: "0506 m/s T(bu1k outlet): 23.9C
ResÍdence Timez 32 s T(bulk average):23"9C

Boundary Condition: Isothermal

Static Differential Pressures and Friction Factors
I .0614 "0000 .0000 .0000 .0000 "00002 9"r "0000 .0000 .0000 "0000 .0000
3 .0 .0 .0000 .0000 .0000 .0000
4 "0 "0 .0 .0000 .0000 .0000
5 .0 .0 .0 .0 .0000 .0000
6 "0 .0 .0 .0 .0 "0000
7 .0 .0 .0 .0 "0 .0

r234567
Upper triangle : friction factors (dimensionless )
Lower triangle: pressure differentials (mn H0H)

Non-Dimensional Flow Paraueters
Re: 252.
Dn: 126 "Pr: 6"31

f c: . 06 r 4
f.c/f.s: .97
Dn*: 25"


