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AI\ A\ALYSIS OF CO}.VECTIVE HEAT TRANST'Eìì IN TUBES

by

Gerrnain Joseph Maguet

Apri1 J_Ç65

APq'Fìl^^ñaLpv ! r\Õv J.

mir'¡:e convec;ive heat transfer inside a tube has been investígated. for
cor:'citio¡rs varying fror'l-arninar to turburent flow; over a Reynolds Nurnber
Tange frorn r'164 to 135,900' Thirty-six tests were carried out:i.i¡ ar1 ap-
pa::aius which consisted of an inner þipe surrounded by an outer pipe
rh:cugh which water was passed. for cooiing purposes. The experirnental
rvo.rk for ;his ,.iLesis was carried out during the l95B _ 59 academic year.

-i-lre Apoenêix contains the taburated resurts and plotted curves
ri'i'rich weîe based' on a surface coefficient h* for water in the annurus of
5ûc 3 T-tJ / nr /ftz ioìn' rt was finally established. that the value of h* should
have been in the ord'er of 50 ,-Tu/.,,r/'tz/o,-. when the test resurts were
'ep'octed based on the corrected. Ç they weïe found. to agree closelv
wilh that of other observers.

Resuhs for the aveïage heat transfer coefficient
concitions 'were inconclusive .ue to the srnall nurnber of
ou'c a't iow flow conditions: At turburent frow conditions;
tainec by Sieder and Tate (Reference I in the thesis).

The iocal heat transfer coefficient along the tube was found. to be
-Large at rhe tube inlet, decreasing rapidly in the d.irection of frow for a
Ìength of five diameters, then decreasing srowly over the remaining length.

at larninar flow

tests carried

the results ob-
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NOMENCLATURE

LA'TIN LETTERS

4L çd

constant

Cp specific heat at constant pressure

Cf skin friction coefficient

C6 heat transfer factor

u

D

E

.E

diameter or characteristic length

ratio of momenturn to heai diffusivitv

degrees Fahrenheit, also Martinelli factor

friction coefficient for flow through a tube

mass velocity

mechanical eguivalent of }reat,, heat transfer factor

thermal conductivity

ln natural logarithm

lengih

Lc critical length

heat flow per unit time

radius of pipe

g acceLeration of gravity

h heat iransfer coefficient

hx loca1 heat transfer coefficient

h",h* average or mean heat transfer coefficient

K

L

o



x11

R degrees Rankine

t .temperature

ts,tw surface or waLl temperature

tb, tB bulk temperature

ta, tm average or mean temperature

tc temperature at centre of pipe

tð main stream temperature

u: v . velocitycomponents

V,=, mean velocity

Vc, free stream velocity

U, overall heat transfer coefficient

V velocity

\M flow rate, weight d.ensity

x distance from tube inle t

x, y, z coordinate axes .

GREEK LETTERS

oL (alpha) thermal diffusivity

A (nefta¡ incremental or difference sign

^ 
t, temperature difference

5 : (delta) boundary layer thickness

6trr, turbulent boundary ì.ayer thickness

5;6, Iaminar sublayer thickness



x111

€ ( epsil.on) ( *, eddy diffusivity for momentum

É q, eddy diffusivity for heat

lJ (m.t) dynamic viscosity

f B, at bulk fLuid temperature

f f., at fiLm temperature

U (rru) kinematic viscosity

f (rho) density

Í (sigma) shear stress

7 (ùau) transmissiviti

DIMENSIONLESS NUMBERS

NR". = Reynolds Number

Np" = Prandtl Number

NN* Nusselt Number

Np" = Plclet Number

NSt = Stanion Number

NG, = Graetz Number



INTRODUCTION

The science of heat transfer which deals with the rates of

exchange of heat between bodies of different ternperatures is very

cornplex. Theoretical analyses are stilL lirnited and a great deal

of experirnentation and research is still necessary to fu1ly evaluate

all aspects of a particular problern.

. Tubes and pipes are frequently used for the transrnission of

liquids and gases frorn one location to another and as heat exchanger

surfaces, consequently, the heat transfer characteristics for tubes

is of great irnportance to the designer of heat exchange equiprnent.

The effect of the tube entrance conditions on the overall heat

trànsfer characteristic along the tube length is an irnportant phase

in the study of heat transfer in tubes. In tubular heat exchangers

designed to transfer large quantities of heat frorn low viscosity

fluids flowing in tubes, the tubes rnay be of such a length and turbu-

lent flow develop so quickly tihat, the entrance effect is negligible.

tr'or highly viscous fluids such as oi1, the tube length necessary for

the fuI1 developrnent of the hydrodynarnic and therrnal boundary

layers rnay be so long t}:at ít, rray never be attaíned in a particular

heat excharLger 
"

This thesis is an.analysis of heat transfer in tubes subs-

tantiated by experirnental work to deterrnine the locaI and average



z

heat transfer coefficients when using air as the flowing rnediurn The

developrnent of the hydrodynarnic and therrnal boundary layers in tubes

is analysed to deterrnine the relationship between the two.

The Local heat transfer coefficient varies along the tube

frorn a high value at the inIet, to a constant value after the flow has

becorne fulIy developed. The average heat transfer coefficient over

any portion of the tube likewise decreases in the direction of flow.

The hydrodynarnic boundary layer becornes fu1ly developed

at Reynolds Nurnbers, based on tube diameter, between ZrSOO and

3,500 depending on the Furfaçe conditione and tube length to diameter

ratio. The developrnent of the therrnal boundary layer is related to

the hydrodynarnic layer but the relationship is dependent upon the

heat flux and the therrnal properties of the fluid.



PA'RT ONE

THEORETICAL AND EMPIRICAL ANALYSES

THEORETICAL AN.A.LYSES

MODES OI. HEAT TRANST'ER

The theory of heat transfer may be subdivided into three

main categories, each of which represents a method by which heat

is transferred.

The three methods are commonly referred to as: radiation,

conduction and convection. As the net heat transfer in most

appì.ications occurs by a combination of two or three of these

methods, a brief description of each rnethod will be made here,

however, the body of the thesis will deal only with the convective

method of heai transfer.

Radiation consists of energy transfer from one body to

another by the flow of electromagnetic 'waves.

Conduction Jakobl has two definitions for conduction.

Considered from an atomistic viewpoint, conduction is due
io the elastic impacts of molecules in gases, to longitudinaL os-
cillations in solid nonconductors of electricitv and to the rnotion
of electrons in rnetals"

Considered from a phenomenological poini of view, ii
rneans the exchange of heai between contiguous bodies or parts
of a body which are ai a different ternperature.

The following fundamentaÌ conduction equation is attributed
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to Fourier2:

where

O- -KA dtldx ....(r)
( = therrnal conductiwity - B TU /nr/ft/oF
A- area-f.tZ

dt/dx = ternperature gradíent in direction of flow

dt = ternperature differential in length dx.

The therrnal conductivity rr1çrr is a property of the substâïrcerwhich

varies with ternperature for a given rnediurn. rn rnost gases, Iiquids
and hornogeneous solids, 'K, varies approxirnately as a linear
relation with ternperature over a rnoderate ternperatuïe range.

convectionZís the transfer of energy by actual physical

'o'o.,r-"rrt, frorn one l0cation to another of a substance in which

energy is slored. rt follows,that any rnethod of increasing the rate

of rnixing will correspondingly incïease the rate of convective

heat transfer. The rnixing rnay occur due to free convection. as

hot air rising in a roorn, or,it rnay be forced by causing a fluid
to flow over a surface or through a tube.

Heat flow by convection frorn one rnediurn to another can

be dete¡rnined frorn the following relation developed by Newtonz:



where

O_

AT=

hA^'r

Difference in temperature

the surface - oI-

between ihe medium and

.4' = Area of the surface _ ftZ

h - Convective heai iransfer coefficient BTU/hr lft| ¡op
which is described in the next section.

CONVECTIVE HE¿'T TRANST'ER
COEFT.TCIENT

Newtonrs 
'aw 

of cooLing, Tepresenied by the equation:

Q = hA (t"r"fu."" - tftrri.¿) ....{3)
is usefur in definin, "n" as a mea",rt" tf the convective capacity
of the ftowing fluid. Noting that the units for ,rh,, are BTU/hr/)
ft'lotr- it can be seen that they differ from units of ¡rKr only by a
Iength factor.

Re-writing the basic conduction equation (ì.) as

Q= KA ts - t- where ts _ t€ is the temperature differen_. --T-
tiaL in length "L" and, comparing it to Newtonf s cooling 

'aw,'Equation (4) points out the similarity between ,h, and ,Krl



Q = hA'(ts -t-)=KA ts -t- ........oo............"(4)

where t" = surface ternperatureL- otr'

t-= fluid ternperatrr"u otr' at distance rrI,n

frorn the surface

K = therrnal conductivity of the fluid - BTU/hr lttlop

It is apparent that if an appropriate value of nLr'.weïe

used, the heat tranfer could be considered as occuriing by

conduction with fihrr equar to K/L. This points out that the heat

flow through a very thin layer of fluid near a wa1I occurs by con-

duction. rt is difficult to deterrnine the thickness of this layer.

For the wal1 shown in Figure 1, having a therrnal boundary layer
a

rr 
6' 

rf , the slope of the ternperature profile in the fluid at the wall

is (dt/dx)", then:

Q = h.{ (ts - t.o ) = -I(A (dt/dx)s e c.e......e .o.."...(5)

therefore:

þ = -K(dtldx)s o o o c . e . e . . . . . . .. .(6)
++rs - [oo

'Then, for constant t" and t- , h is a function of (dt/dx)s, which is

the slope of the ternperature gradient, at, the surface.



T.TGURE 1

PHYSICAL TNTERPRETATION OT' THE
HEAT TRA'NSF'ER COET'FICIENT

tr-rorn the above considerations, another defiirition of

convection can be forrnulated which describes convectior.3 a"

rra cornbination of rnechanicar and therrnal f1ow, narnely, the

transportation of heat energy by relatively large rnasses of the

fluid in which rnolecular transportation (heat conduction) is

included".

HYDRODYNAMTC BOUNDARY LAYER EQUA.TION
r.OR LAMINA.R r'LOlM'

A hydrodynarnic or velocity boundary layer rnay be

described as a region around a body where a velocity fierd is

q =-kA(i+)r=hA(rs-r-)

. / dt \-*\ìT/'
or h=' l+ + \

\ ts- lco,l

I

l-THERMAL BOUNDARY LAYER- g

GRADIENT = O
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disturbed. To illustrate the boundary layer, consider an unbounded

incornpressible viscous fluid flowing with uniforrn velocity over
a thin flat plate. As the fluid passes over the leading edge of
the plate, the friction between the surface and the layer of fluid
adjacent to it theoretically brings the layer to rest. Viscous
forces between this layer and adjacent layers of fluid reduce their
velocities in successive stages. A plot of the velocities of these

layers yields the shape of curve shown in tr igure Z. The portions
of the fluid in which the friction and viscous forces are controlling
the velocity, are 

'a:own 
as the hydrodynarrric boundary layer.

t¡6 
-
g

Ø>
l-

;o+=o
() l¡J

+o

E

F t¡¡ØÊ
o3z<
9o.öt
trË

x____{

F'IGURE 2

THE VELOCÏTY AND TEMPERATURE DTSTRIBUTIONS INA LAMTNAR BOUNDARY LAYER, ALONG A tr'LAT PLATE

w



To deterrnine the differential equations whích apply to this

systern' consider a unit width of the plate outlined in Figure z,

taken sornewhere near its centre, to elirninate any side effects.

A rnornenturn' energy and fiLass balance for the srnall parallere-

piped-shaped volurne ( a x x ay x l) shown in Figure 3 enables

a theoretical analysis,

("*#oÐ

TTIGURE 3

VELOCTTY CHANGES AND VISCOUS FORCES ACTING
ON ELEMENTAL VOLUME FROM T'IGURE 2

since viscous and inertia forces are the rnost significant in the

boundary layer, the pressure forces can be negrected as they are

of sl.cond ord2r of rnagnitude. pertinent quantities are shown.in

two dirnensions in Figure 3. Equating trre rnornenturn change

per unit tirne to the forces acting in the x-direction yields

u ðu +
ôx

I au,1ãr *
ð ¡ður 'ì

ã t-ãTlaYJA
/L------.

Òyz

o . . . . c . c . c . o . o o . . o o o . . " " 
(7)
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which is a two dirnensional equation of rnotion for the

hydrodynarnic boundary layer for 1arninar flow.

THERMAL BOUNDARY LAYER EQU.q'TION
f'OR LAMINAR Ï'LOV,/'

The therrnal boundary layer rnay be described as a region

around a body where a ternperature field builds up if the body is
being heated or cooled. TTre diagrarn in tr igure z illustrates
the therrnal boundary layer in cornparison to the hydrodynarnic

boundary layer previously referred to. If the two layers are of

the sarne thickness, the ternperature and velocity distributions

rnay be sirnilar, each increasing frorn ,-e'o at the plate to free
stream conditions at the upper lirnit of the boundary rayer.

An equation for the therrnal boundary layer can be developed

wíth the aid of Figure 4, which shows the energy quantities enter_

ing and leaving the elernental volurne of Figure z" As the rate of

ternperature change in the x-direction is srna1l, it is neglected

as a first approxirnation. since the ternperature in the systern

varies only with location and not with tirne, all energy quantities

entering the volurne rnust equal zero"



II

t"* # ay)axvcp ¡t+$f ar)

Ir
'llr${ra-na.{#*

.. ¡., 2

t(#) A¡Ay = work done by
elernent in over-
corning viscous
J*^.q.rag

balance across the

boundary layer

rr Òt

-T

ðx
Òt _ K
ðy wcp

(8)

I

rn order to evaruate the ternperature field in the boundary

Iayer, a case sirnirar to the above is considered with relatively

low free strearn velocity and with a smarr temperature diff-

r
I

I

Ay

IL

FIGURE 4

ENERGY QUANTITIES ENTERING AND LEAVING
ELEMENTA'L VOLUME TN FIGURE 2

Cornbining above with the fact that a nrass

elernent equals zero, leads to the therrnal

equation:

| ¡"+$ a*¡x

l-3s:'!:cÈ'el

.."- f'À'*crt

. ..'!u'a.(fi)

4 + -t lè"foy" J\4rcp \av/
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erence between pì.ate and free stream. tr'or the above conditions

the effect of frictional heat generated, expressed by the term

¡¡ ( au/ avlz/urcpJ can be negtecred and Equation (8) simp).i-

fies to:

u At n ra, = &AZt ..... .....(9)
.ax ay æ

where K/\À/C_ is replaced by the thermal diffusivity, d .p

îor fi = t/ Equation (9) is identicar to Equation (?) with irt'r

replacing "urr, it follows then, that for such a case, the tempera-

ture and velocity distribution would be identical. This resurt has

practical significance since for gases il OL il is approximateLy

equal ¡o tr 'y tr ' it follows that the difference between tempera-

ture and velocity profiLes wil.I increase as the ratio / t e

differs from unity. The ratio // I e recognized as r'.T]KIC
P

is an important dimensionless parameter containing the reLa-

tive thermal properties of a fluid and is known as the prandtl

Number or moduLus:
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SOLUTTON OF' BOUNDARY LAYER EQUATION
r.OR LAMTNAR T'LO\ü TN TUBES

'Wtren a liquid or gas flows through a tube, the tube wal1

is heated or cooled causing a therrnal boundary layer to buiId.

up along the tube waIls. The boundary layers becorne thicker

up to a certain point where they rneet on the axis at a certain

distanèe frorn the starting cross section. The length of tube

over which the therrnal boundary layer is building up is known

as the entrance regi on; after this distance along the tube,

the flow is said to be fully developed for which the verocity

profile has the shape of a parabola. This flow condition is

usually referred to as Poiseuille florn .4

The heat transfer to the wa1ls of a tube under conditions

of Poiseuille flow has been calculated by Grätz, carLendar and

Nusselt by a solution of differential equations" The energy

equation was derived frorn an eneïgy balance on a ring-shaped

volurne elernent of length 1r dxil, radius tt r rt and width'rdrrl

located in the flow concentrically with respect to the tube axis.

An account of the heat transported by conduction and convec-

tion in the radial direction for the case of constant heat flow

at the wall, results in the following e>(pression for the ternperature

profile:



'::.,1:: ..,:,::'

L4

0 = i-\Ã¡= Zf Courn&? At

I r l,<
L 4 \Rl

Ka:¡-
4-- I /r\ - 3 I7 t:t î;-lrb \,r( / rb J ... ..... (It)

For fuLly deveLoped flow, the temperature profile is the same

at any station rrxrr and the heat transfer coefficient is deter

rnined by the ternperature gradient at the warl. tr-rom the above

equation, exaci solutions are obtained for the Nusselt Number

based on the local difference between warL temperature and

fluid bulk temperature :

ÀT 
- 

À af ? .

- *Nrrd = Q.36 for a constant heat rate . (IZ)
ano

N^,__ = J. 65 for a constant waLL temperature. " . . . (I3)Nu.
o

Eckert has deveì.oqed an approximate sor.ution for fully deve-

loped laminar flow conditions, this solution is expressed as:

N'N.,.,. = 4.!? ce e do (I4)¡ì sd

Equation (r4) gives results 6 per cent smaller than Equation (IZ),

and 13 per cent larger than Equation (13).

The above soLutions are developed for constant proper-

ty conditions, and consequently,:differ somewhat from test

results of various observers, as most tests in the laminar flow

range are carried out using high viscosity liquids" As the

viscosity varies with temperature, the velocity profiLe is changed,

thus affecting the temperature profile and the heat transfer

characieristics 
"
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LAMINAR AND TURBULENT i'.Low IN TuBEs

osborne Reynolds proved in rB83 that there are basically

two different forrrrs of fLow, namery, laminar and turbulent. rn

laminar flow the individual streamLines run in an orderl.y manneï

side by side, whire in turbulent flow the streamlines aïe inter-

woven with each other in an irregular manner.

rn going from laminar to turbuLent flow conditions, the

medium goes through a transition zone, in which the particLes

of the flowing fluid start oscillating and eventually become

irregular in shape and transform into vortices which are

characteristic of turbulent flow.

As air flows over aflat ptate as shown in Figure 5, a

boundary layer forms at the Ieading edge. .rts thickness

increases towards the rear and at a certain distance Lc

from the leading edge, the flow within the boundary Layer which

at first is laminar changes to turbulent" \Mithin the turbulent

boundary layer there stil1 exists a ihin laminar film of

thicknes" " Eb" next to the surface as shown in Figure 5.

This film thickness was found tovary from 0.OZ6tu to

0"00005 6tu, where 6 t* is the thickness of the fully deve-

loped turbulent boundary layer
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The distance Lc decreases as the velocity rt u-rr is

increased such that the product u- Lc rernains unchanged.

Reynolds discovered that the change f rorn larninar to

turbulent flow takes place at a critical value of the dirnen-

sionless terrn uæ Lc/u which is referred to as the

Reynolds Nurnber or rnodulus. r'actors such as roughness,

shape of leading edge of plate and presence of a turbulence

grid in the fluid stiearn all tend to lower the value of the

critical Reynolds Nurnber.

FTGURE 5

LAMINAR Á.ND TURBULENT LAYERS
ON A FLAT PLATE

The flow conditions in a pipe at the vicinity of the inlet are

. sirnilar to the conditions for flow over a plate in parallel flow"

.As shoim in Figure 6, t]'e boundary layer increases frorn zero

thickness at the inlet, to a rnaxirnurn value at sorne distance Lc

down the pipe at which p.oint the boundary layers becorne so thíck
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that they rnake contact with each other

Depending on whether the boundary layers are larninar or
turbulent, the velocity profile æfter this length rrlc, will
approach the forrn of either a parabola or an arched cuïve as

shown in Figure 6. The velocity profíle further downstrearn

frornthis point does not change, thus, the frow is then referred
to as ldtv developed. As in the case of the flat prate the frow

becornes turbulent if the Reynolds Nurnber (*R". ) exceeds a

certain critical value, For flow ín srnooth tubes, this critical
value is usually taken at about z3oo, but depending on conditions

such as roughness and degree of agitation, this value rnay change

consíderably.

FIGURE 6

FLOTT TN A TUBE NEAR INLET

Various rnethods have been used to deterrnine the

critical value of Njg"^, a1r of which agree quite crosely,

shown in Table I"

I

.l

I

I

¡

\turbu lent
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TABLE T

CRITICAL REYNOLDS NUMBER NR"" r.OR SMOOTH
CIRCULAR PIPES DETERMINBD-Bù DII.FERENT

METHODS OF OBSERVATIONs

METHOD

Pipe friction

.Color Band

Stethoscope

Motion of Coloidal
particle

cRrTrcAL VALUE Otr NRec

Between 2,100 and 2,300

Above 2,000

Between 1,890 and 2,130

Between Z, 000 and 3, 200

THEORETICAL METHODS å'PPLIED TO
TURBULENT T'LOIA¡ REGION IN TUBES

rnvestigation of the verocity distribution in pipes during

turbulent flow conditions indicate the presence of three

ciistinct zones, a laminar sublayeï, a buffer layer, and a

turbulent coïe. Due to different characteristics of each

region, the heat resistance by each rayer must be carculated

separately. Equating the heat flows through the varior,rs

boundary layer.s, and using shear stress and velocity ratio

relations, enables the development of, Equation (15)
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f cn*^
where A is given by Hofman as A = l. 5 Np" - Il 6. 

.

The left hand side of Equation (15) consists of a dimensionless

parameter known as the Stanton Number which is often used to

correLate experimental data, since it can be evaLuated without

determination of physical properties.

Equation (15) was developed for constant property values.

Hoffman .investigated the influence of the variability of the

property values on heat transfer, and found that Equation (15)

hoLds true when the property varuee are inserted at a reference

temperature t o where:

t' = tR - O.l ND- + 40 t+r, - -'-tsr \"8 - tw) .".;.....(16)
Np" + 72

The reference temperature is a function of Np" only, and

consequently must be considered as a first approximation, as

it must be expected that the heat transfer in. fluids with variabre

properties will de.pend on how the properties vary with tempera-

ture and pressure.

Another solution may be developed by considering the ftuid

flow in the pipe as laminar at the waì.I, and being subject to an

irregular eddying type motion within the centre of t]re tube. rt

is useful to define an eddy viscosity or eddy diffusivity for mo-

rnentum ê by:. \flf ,_

I9

= o. orrn (**"u) - t{n

W(Npr-r)...(r5)
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du'r¡ =P( m ¡y
Sirnilar1y, an exp res sion

be defined as:

..... ............... ......(lZ)
for turbulent díffusivity of heat rnay

q *-f cp € q ð1 ......c....................(lg)
Ay

Frorn expressions for € m in the rarninar sublayer, the buffer

layer a¡rd the turhulent core, and the definition € q = E €m
the following e)<pression for the ternperature drop between

pipe surface and centre was developed by Giedt 2:

t" - t6= 5Q"

E cpïr-a|ffi
ttt

f gN.^ + T.n /tr Á!r'Àr r r ^ r r,- i?
| -, , Ln (1+ 5ENpr) * 0.5 Ln NR" V-{1L f,n-',8j (re)

The three terrns in the brackets of Equation (I9) can be

considered as indicating the proportionate resistance of the

three fluid layers. Equations for the dirnensionless ternpe-

rature distributíon in any layer n:ray be obtained by taking the

ratio of the therrnar resistance frorn the wail to any point

ttyt', to the total resistance. For the larninar sublayer this

becornes:

+. +Ls -L
+- L.Ls -LC

NR" lT eol-60- 8

ENp" + Ln (1+ 5E Np1) * 0.5 Ln
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Differentiation of Equation (20) and accounting for the

influence of rnolecular conduction in the turbulent core by

including the factor ,Fr, yields the following relation for the

Stanton Nurnber:
r/:- /ts -tc\Nsr= E Yrle \T"-rb]

s [uNo.. * Ln ( t + 5ENp¡) + 0.5 F Ln Np"l[] 1zr¡
3-Õ- '8r

LOCAL AND AVERAGE HEAT TRA}IST'ER COEF'FICIENTS

The heat transfer coefficient was defined in a previous

section as a measure of the convective capacity of the

flowing fluid, and was defined for the fLat plate systern

by Equation (6)

h=_I( /gl\ "e .e .o.¡. oå¡¡r......(ó)l:-l\oxrsts -t-

where: (dt/dx)s= the slope of the ternperature gradient at the

surface

ts - t- = ternperature differerjce between the plate

surface and surrounding rnedia.

The above relation can be used to define two heat transfer

coefficients, one, a local coefficient denoted by h* arid

the other' an aveïage coefficient denoted by ha. 'For flow

in tubes the local coefficient h* í" a rneasure of the heat
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transfer rate at a specific distance rxrr frorn the tube inlet,

while tl:e average coefficient h" represents an average heat

transfer rate over the tube length nLn.

The local heat transfer coefficient rnay be defined in

terrns of the difference between the wall ternperature t"

and the rnean fluid ternperature tr' at thal¡ point, i.e. :

9l=)_= h* (t" -t:*) =-( /_g-j\
A tar/11 rx... o.e ce e e c.o"(ZZI

where trrr .!-, ["' ut 27Trdr............ c .. (23)
urnv-{)"

. The average heat transfer coefficient h" over a length

rrLrr can be defined by the relation:

O = h" .A. (ts - trrr) BTU/hr. ... (Z4l

where: t" and tr' are average surface ternperature and ave-

Tage fluid ternperature respectively over a length rl,rf o The

average heat transfer coefficient cairalso be defined as the

average of the local heat tra¡rsfer coefficient over the

length ilLtr i. e..



z3

As the ternperature distribution varies along the pipe

lengtþ it follows that the local ,,h*r,, which varies as the

slope of the ternperature gradient at the wal1, will vary

along the tube length until the ternperature distribution has

becorne fully established, and will then rernain constant.

The average trh"tr will likewise vary along the tube length

frorn'a high value near the tube inlet, then decrease along the

tube length to an alrnost constant value after the flow has

becorne fully developed.

Frorn the definition of the heat transfer coefficient¡ âs

the slope of the temperature distribution at the surface, it is

possible to define a dirnensionless heat transfer coefficient

by the relation hD/K, where

h = the loca1 heat transfer coefficient ilh re

D = the inside diarneter of the tube - ft.

K = the therrnal conductiwity of. the fluid.

The terrn hD represents the dirnensionless slope of the
-K' ternperature distribution at the súrface, and is usually

referred to as the dirnensionless heat transfer coefficient,

and known as the Nusselt Nurnber or Modulus.

or the average heat transfer coefficient tth.tt
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Depending on whether the local or the average heat transfer

coefficient is used; the corresponding terrn will yierd the

local or average Nusselt Nurnber respectively.



SEMI-EMPIRICAL ANALYSES AND DESIGN PR-ACTICES

DIMENSIONAL ANALYSES

Dimensional Analyses yield a possible form of solution

to a process by relating aII the physical properties in_

volved, (through their dimensions), and grouping these factors

into dimensionLess combinations. This system has been used

to estaËlish the correlation between various dimensionless

factors and the heat transfer coefficient rrhrr for forced

convection conditions. This method gives the following

re suli:

h B NR.. NP"" :KtL ...(26l

where ê, B and c are parameters which can readily be eva-

luated by experiment. Equation (26l rnaybe rewritten in the

form:

hL=BNR"tNpr"
K

which is a General Equation for Forced convection" The

term hL can be recognized as the Nusselt Number, defined in
K

the previous section, withrtL'r the characteristic length re-

pLacing ttDrr 
ô

Equation (271 cana be rewritten as:

NN,, = f (NnerNpr) = f(Npe) ...............o... (zïl
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v¡l:ere the product of NR. and N"" yields a further dirnensionless

nurnber N"u known as the Pdclet Nurnber which is denoted by

Npu = DGCp |K.. r.................... i o o ¡ ¡... o. ....(Zgl

A further cornbination of dirnensionless nurnbers yields

tlre following relation for the Stanton Nurnber N I
sr'

NSt = NNo = þ .....................,.(30)

' N¡. Npr CpG

which is a very useful dirnensionless nurnber often used for

correlating test data.

The Graetz Nurnber, NG" = W Cp/Kx is another useful

dirnensionless nurnber developed fror¡rr dirnensional analysís"

REYNOLDS ANALOGY

In 1874, Reynolds pointed out that a relationship exis-

ted between heat tra¡rsfer and pressure drop" He later deve-

loped an expression for fLuids having a prandfl Nurnber of

' unity frorn the knowledge that for this case, the velocity and

ternperature profiles are identical. Reynolds concluded that

for the above noted case, the stanton wrråber egual.s one haff åhe
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Equation (31) is usually referred to as "Reynolds Analogyrr.

tr'urther studies on fluid:s having Prandtl Numbers other

than unity have reveaLed that the reration between the stanton

Number and the skin friction coefficient is approximately

expressed by the equation:

NSt Nprz/3 = Cftz

Equation (32) represents the General tr'orm of Reynolds Analogy.

FORMULAE USED LAMINAR T'LO\ry INSIDE TUBES

This section shalL be devoted to the listing of possible

methods of solution to a problem involving forced convection

for laminar flow inside tubes. The formulae in common

usage shalL be discussed together with any limitations which

apply to them.

The following semi-empirical formula by Hausen6

representing the average Nusselt Numbero is in comnaon

usage

**o* = h*D 3 .65 + 0. 068 (D/ L)NR. Np"

K I + o.o4 [(D/L) NRe *"Jrr, (33)

This formula, applies only for uniform waII temperatures and

fuì.Iy developed flow, and is restricted to constant physical

properties of the fluid, i.e., to small temperature diffetrences or

r'OR
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Iow heat flux.

tr'or large temperature differences, the change in viscosity

of the flowing media affects the veLocity profile and, therefore,

the heat iransfer rate. Equation (33) can be applied to larger

temperature differences if the right hand side of the equation is

multiplied by (Fbrp*)o'14 *h.te ¡16 is the viscosity at the fluid

bulk terqperature and F w the viscosity at the watì. iempera-

ture.

sieder and Tatel have correLated convection data for

Iaminar flow conditions and have accounled for the influence of
/

temperature on viscosity and, therefore, on fì.ow pattern and heat

transfer in the following empirical formula for the avetage NNr.ä.

]\r - 
1t7 1l?.'Nu"- 1. 86 (Np" | 

^''' 
(o/ Ll't t /fg\0 "L4 " .LysI

where "srt and ttatt refer to surface temperature and arithmetic

mean of the ftuid temperature i" = (to + t¡) respectively and
--T

where to and t" are the entering and Ieaving temperatures.

Equation (34) can also be written as

**u"= r.86 31fT (Ncr) t 
e,âo

where 
\/ " I

NGt wcp 4L
P NRu Npt
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is the Graetz Number which is a useful dimensionless number

in the study of convection under raminar flow. Equations (34)

and (35) are limited to tubes with sma1l diameters where the

effects of natural convection are minimized.

rt has been found in reviewing published literature that

experimental data for the Laminar fLow of gases are rather

scarce" Kays and NicolIT suggesi that this may be due to the

numerous problems in obtaining accurate results for the low

gas flows corresponding to laminar conditions.

As the rate of heat transfer for gases in the laminar

flow region is generally lo*,( small unaccountable heat leaks

become .significant and read to high inaccuracies in the test re-

sults. High temþerature differentials are developed at low

veLocities corresponding to raminar flow, consequently, natural

convection can have serious effects on the shape of the velocity

profile. Rosen, llanratty, scheele et aI8. craim that for

their experiments in the N*" range from 350 to 640, naturar

convection accounted for zo : 3o% scatter frequency iá ttreir

re suLts
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METHODS OF DETERMINING THE TRANSITION REGION

The transition region lies between the end of the laminar

flow region and the start of a region of well, developed turbulent flow.

The ReynoLds Number N¡1s corresponding to the lower Limit of the

transition zone in a tube is normally taken at about z,3oo. The up-

per limit of the transition is generally taken at about N*. of 6,000,

but can, depending on conditions, be as high as N*" of I0,0oo.

Figures 7 (a) and (b) show the different velocity distribu-

tions in a pipe, for fluid flow under laminar and turbulent flow con-

ditione respectively. In these illustrations, ,vr is the average ve-

ì.ocity of the flowing fluid and ,v*"*" is the maximum velocity at

the pipe cross-section"

ts
()
o
q,

EooJ
¡¡

V/Vmax = 0.5

(a) Laminar Motion

V/Vnrax = 0"8J

(b) Turbulent Motion

F'IGUR.E 7

,,1íTET.,OCITY DISTRIBUTtrON IN .A. PTPE
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o.9

o.8

i
o" eo.z

\>

o.6

-ô1.f: lR'"Y
O.5 ¡-

los lo'l þ¡ loó

Reynolds modulus, Nnr

T.IGURE 8

RELATION BETÏI/EEN VELOCITY DISTRIBUTION AND
REYNOLDS NUMBER

tr'igure 8 shows that up ro NR. of Z,l00rV/Vmax is 0.5

. while in the range of NR" frorn ?,,LOO to 3,000,V/Vrnax rises

sharply frorn 0.5 to 0.726 and thereafter increases slowtry as

Reynolds Nurnber is íncreased.

The terrn tra¡rsition region rnay also be applied to that

sectíon in the tube entrance region where the Larninar flow

boundary layer on the inner wall has increased in thickness

until the boundaty'layets rneet at the centre of the tube.

when the boundary layers fitt the tube, the flow is said to be

fully developedç
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It has been found by a number of observere, that the length -

L. from the tube inlet at which the flow becomee fully developed, is

a function of the Reynolds Nurnber and the type of entry condition .

For a beII-mouthed entry, Latzkos predicte that for turbulent florv

conditions, the length L. can be determined from the relation:

L"/D= O.693 NRe I/4

under laminar frow conditions, Langharrz gives the length L" by:

. Lq/D= 0.05 Ngs ..... ....: (3?)

It is useful to relate the variation in veLocity and ternpera-

ture profiles in the tube entrance region to the heat transfer rate in

this region. tr'igure 9 illustrates that the local f\rssert Number NN..*

varies along the tube entrance region up to a certain distance from

the tube inlet, after which it remains constant"

o'ooor o.oot o.ot 0.1

,/D /N". Nrn

F'IGURE 9

VARIATION OF' THE LOCAL NUSSELT NUMBER
FOR F'ULLY DEVELOPED I,AMINAR T'LOI¡Y IN A TUBE

aÍ
o

ta'tzz

I = UT{IFORT WALL TEÍ',PERAIURE It{cREAgE
2 ¡ COÎI9TANl HEAT RAÎE
3 S UNIFONH WALL TEÍIPERAIURE
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It can be noted from tr'igure,9 that the conetant value of the

local Nusselt Number NNux is 3.65 for a uniform wall temperature.

tr'or a constant heat rate, or a uniform increaee in wall temperature
?

Giedto gives 4.36 ae the constant value for the local Nuseelt Number,

According to Figure 9r the local Nuseelt Number N¡lrr*. becomee

constant when

xx

length L. in which the temperature distribution is changing can be

estimated by:

L. = Q.05NRe NPr. .".(38)
D

A comparison of Equations (37) and (38) shows that they

differ only by Npr. Thus, for fluids with sma[ Npr, the therma].

transition length is short as compared to the vèl.ocity transition Length,

while the converse .is true for fluids having i.arge Npr" F'or N", of

ynity the velocity and thermaL transition Lengths are identi.cel as pre-

viousry suggested. r-rom the behaviour of the local NNux along the

tube entrance length, and the relation between \ *d **,r* it follows

that the local Ç will also reach a constant value at the tength L".

Equation (36) gave the distance Ls for a bell-mouthed entry

and turburent flow conditions as: Lc = p x 0.693 NR.l/4. . For lengths.

other than the critical length predicted in Equation (36) the mean heat

= 0.05 Thue, the
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transfer coefficient hm (from L of 0 to L) may be calculated for tur-

bulent florx' conditione from the fol.lowing relatione, where h* ie

the local heat transfer coefficient at the criticar rength L".

hm = l.1l ¡loclrr)t/5 I o'z7s

Li¡.toiqs- I
....(39)

hæ

hñr
hoa

hrr.,
h@

Equation (39).was deveLoped by Latzkos and applies to

Lengths Iese:than the critical length Lç. Recent data by Boelter,

Young and Ivereon hae eubetantiated this equation.

Equation (40) was also deveLoped bï ï,atzko and applies to

lengths greater than the criticaL length La. The value of C in Equation

(40) is r.epresented by:

' Ç = o.144 (Ðc/Plr/4 .. " ".{4Zl
From rece¡rt data for a beLl-mouthed entry, for N¡1u from 26r 000 to

56,000 Boelter, Young and ïversons found a vaLue of C=1..4"

Equation (a1) is recomrnended by Kroll5 for sharp edged

entrances and for gases under turbul.ent fl.ow for L/Ð up to 60. Fo¡r

LID greater than 60, Kroll claims that,the ratio hm/h€ approaches

unity.

Equation (43) wae developed

he etatee that for L/D valües Lese than

air in tubee by Ermoling,

equal to 40: ' r

foT

or
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' NNux 0.0t45 NRs o. tt **" o. n (t + Kx D/x) .. . . .(431

where Ç, for x/D greater than or equal to 5, is dependent on NR",

and for x/Ð less than 5, the Local **rr* drops rapidly toxlD = g.

The effect of L/D on the heat transfer coefficient for
gases was iLlustrated in the preceding paragraphs. Figure I0 illus_
trates ihe correLation made for liquids by sieder and TateI and in_

dicates that the effect of. LrD is ar.so important for liquids, parti-
cuì.arly in the laminar and transition regions.

s
o
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À
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o.oo5
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oooooo833
/rr \
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F'IGURE ].0

DIMENSTONLESS REPRESENTATTON OT" HEAT TRANST'ER
IN SEMT TURBULENT FLOIM

T'ORMULAE USED T'OR TURBULENT T'LO14I INSIDE TUBES

' This section deals with the various formulae availabLe for
solving problems of forced convection involving flow inside tubes.
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The formulae in cornmon usage are discussed, together with any

Iimiiationè which apply to them.

Evaluation of the parameters in Equation (271 l,as been

done by a number of observers over a moderate temperature

range, for conditions ranging from Prandtl Numbers of 0.7 to

ì.20, for Reynolds Numbers from I0,000 to L20,000, and for L/D

of 60 or rnore" The results of various observers are represented

in the fol).owing semi-empirical equations:

(NR")o'8

(NR")o'8

(Nn")o'8

(NR")o'8

(ol r.¡I/re

NNrt

NNo

NN,,'

NNrt

0.0243

0.0265

0.027

0.036

(xpr)o '4 ..i. o. o "...(44)

(Npr)o.3.. .... (45)

(N"r)t/' (por*,0' 14 '1+6)

(Npr)t/ 3 (po/¡r*)o'tn

(471

It can be noted from the above equations that most ob-

servers agree with the form of the equation, but give slightly dif-

ferent constant factors and exponents for Np, to account for heat-

ing and cooling. Equations (44) and (45) 'were developed frona tJ:e

results of Ditius and Boelter and apply for heating and cooling,

respectively, of the fluid inside the pipe"

Equation (46) developed by Sieder and Tate is made

h = lcpP\cnuG \ x i r
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appì.icabì-e to heating and cooLing by applying the ratio (¡16lP*)0'la

to account for the varying viscosity. AII properties except p* it

Equation (46) are evaluated at the bulk temperature. Equation (47)

was developed by Burbach, Eagle and Ferguson from the results of

their tests inthe range of. LID from I0 to 400. This equation ac-

counts for the variation in the heat transfer coefficient with tube

length by including the factor (olr.¡I/rs. A1I properties in Equation

(47) except Av are evaluated at the bulk temperature. choLettel

recommends that the influence of the tube length to diameter ratio

D/L is best expressed by (D/t ¡l/to in lieu of (D/l¡I/ts as proposed

in Equation (47).

Equation (48) suggested by colburr.S h"" alL the properties

except cp in the stanton Modulus evaluated at the 'filmrr tempera-

ture" The "filmrr temperature is usually taken as the arithmetic

average of the wal.r and buLk temperature" Colburn claims that the

form of Equation (48) has several advantages in correlating data.

He defines a heat transfer factor "J" such that:

where ttlpu cp is recognized as the stanton Number" tr or laminar

and turbulent flow in smooth tubes, Oolburn found that the factor,tJtl

(8-+)z/3 =NstNP"2tE" '(4s)J= h.'...'.......-

P.uCP

lvaS equal to one half the skin friction coefficient, thus,

J=C¡lZ =0.023 _^
loc/¡'r) v' ¿

= Nsr Nprzi 3 . .. .. (50)
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which confirrns the General Form'of Reynolds Analogy stated in

Equation (32).

DESIGN CONSIDERATIONS

.A.s the local heat transfer coefficient is largest at the

tube entrance and decreases in the direction of flow up to a cer-

tain criticaL distance, the tubes shourd be kept as short as possi-

bLe to be most effective from a heat transfer point of view. As

there is considerable pressure drop in tube entrances, the high

pressure drops encountered with numerous short tubes would

offset the heat transfer advantages.

There are practical limitations to the size and shape of

heat exchangers. It is, therefore, the designerts duty, to select,

t:|e proper number of tubes and the best length to diameter ratio,

to make up a heat exchanger having a practicaL síze and high

efficiency.

Theoretical considerations and data from various ob-

.servers point to the fact that turbulence increases the heat trans-

fer rate. The designer then has ihe choice of selecting the size

and number of tubes which will yierd the highest tube velocity and

consequently, the most turbulence. 'When it is noi po'ssible to

cause turbulence by increasing the flow velocity, it is sometimes
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Practical to induce turbuLence by using mixing devices or turbulators,

which have the effect of artificially roughening the pipe surface.

Data from various observers confírm the adva¡rtages of a

rough surface from a heat transfer standpoint. Lanceil0 states:

NNrr* = o.o4Z xR.o'8 Nprt/3 fot a rough duct.... {5I)

as compared to CoLburnr s ¡

. **'oà = 0.023 NR"o'8 NprI/3 fo" a smoorh pipe. ; (szl

. A similar improvement.in heat transfer rate was substantiated by

Dipprey and saber"kyll. It was estabrished, however, by a number
t0 Lz 13of observers , that the effect of roughness has a rarger

effect on the friction factor C¡ (eressure drop) than it does on the

heat transfer facto" CH. It follows then, that if pressure drop is taken

into consideration, a smooth tube is a more efficient heat transfer

surface than a rough one.

If the friction Losses are taken into consideration in the

design of heat exchangers, it foll.ows that the designer must sacrifice

heat transfer advantages to reduce the pressure drop.
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EXPERIMENTAL STUDIES

PURPOSE Or. TEST AND CRITERION OT' EQUIPMENT DESIGN

The purpose of the test was to estabLish ihe local and

average heat transfer coefficients in a pipe for conditions of flow

ranging from laminar to turbuLent.

Test equipment was sei up consisting of two concentric

pipes arranged as shown in Figures lI to 13. The equipment was

set up to pass air longitudinally through the inner pipe, and water

in cross-flow through the annulus. Air and water \Ã/ere selected

as iest media, partly due to their .avaitability but mainly due to

the relative ease in taking measurements with these media. Air

was considered for both media; however, the heat transfer

characierisiics of air are rather poor as compared to water, con-

sequently, small temperature differences would have been obtained

resulting in higher relative in.accuracies. I-urthermore, ina.ocurate

estimates of the convective heat transfer coefficient in the annulus

would have affected the results considerably more than for water.

As air fLow through the annulus would have been very difficirlt to

measure, thecombination of air in the inner pipe and water in the

annulus was selected"

To maintain a uniform wall temperature over the entire
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Iength of the test section, the annulus was cooled by passing water

in cross-flow over the inner pipe. The annulus was divided in a

number of sections to enable the observation of heat gains by the

water (heat ).oss by the air) along the incremental lenglhs of the

test section. The sections were kept small to maintain a uniform

temperature of the cooling fluid within each section by eliminating

the possibility of short circuiting within the section. The smaLl

temperature difference within any one section and between adjacent

sections reduced the possibility of longitudinal heat transfer from

one section to another, thus maintaining a constant axial temperature

gradient

To reduce the heat gains from the jacketed end sections,

the ends of the first and last sections of the annulus were insulated

with one inch of insulation. Howéver , this insulation proved rather

inadequate, as it was evident from the test results that considerable

heat was gained by the water in the end sections"

One feature which was incorporated in the design of the test

equipment, (although not used for the test) was the installation of

test connections in the inirer pipe with corresponding conduits through

the annulus to the outer pipe to enable taking temperature readings

at various points along the tube length. This feature may be used

to good advantage should ,anyone widr to use this test rig for futuæe

research on this subject"

6iñ1vEÂsÞ
ü.IBRARY

.8F Nni{rros[
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General Views of Test EquiPment

T.IGURE II

PHOTOGRAPHS OF' TEST EQUIPMENT
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Close-up of EquiPment
Showing'Water PiPing

and Therrnometers

Close-up of Air Measurí.ng
Equipment

;'

Sections of the Outer PiPe
Before As sembì.Y

T.IGURE IZ

PHOTOGRAPHS O3' TEST EQUIPMENT
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DESCRIPTION Or. EQUIPMENT

A Sir Godfrey and Partners heat pump unit consisting of. a

diesel driven centrifugal compressor and turbine assembly was

used to supply air for testing purposes. The heat pump unit which

is normally used as a heating and air conditioning unit operates as

outlined beLow. Air is corrrpressed in a diesel driven centrifugal

compre€sor and passed through a turbine where it expands to

discharge conditions and. delivered to the space. The unit..dis-

charge air temperature can be controlled by varying the cornpressor

speed, by various degrees of re-heating or intercooling between

compressor and turbine, or by varying the air flow through the

turbine portion of the unit. In passing through .the turbine the air

does work, and consequently, helps to dtive the air cornpïessor

by means of the connecting drive assembly

As it was desirable for ltest purposes to maintain an air

supply as hot as possibLe, the turbine portion of the heat pump

unit was by-passed for aLl tests. The temperature of the air

entering the test section could be varied by changing the speed of the

compressor, thus varying the compression ratio,and conseguentl1r,

the discharge temperature. tr.or most tests the inlet air temperature

was kept as high as possibl.e in order to maintain an appreciable

temperature dif{erence between air and water and, consequently, a



45

higher heat flux.

To reduce fluctuations in the supply air pressure to the test

equipment, air from the compressor was discharged directly into a

receiver tank, and from there it was piped to the test section. A

long length of pipe was placed ahead of the test section.to reduce

the turbulence caused by a sudden contraction at ihe tank.and to

attain fully developed flow"

'In order to eliminate the disturbing effect of the valve placed

downstream to conirol the amount of air flow through the test

section, a length of pipe having an inner diameter equal to the test

section was welded between the test section and the vaLve. Down-

stream of the control valve, an additional length of straight pipe was

installed in order to obtain fully developed flow at the impact tube

traverse. The impact tube was used in conjunction with a

precision manometer to measuïe air flows at high flow conditions.

At low flow conditions air f,Iow measurements were carried out

using a positive displacemgnt meter connected downstream of the

flow control valve

. The connecting pipe between the surge tank and the test

section was jacketed by means of a concentric pipe arrangement as

shown in Figures 13 and 14" Air from the tank was supplied to this

jacketed section through a by-pass. This piping arrangement made

it possibLe to obtain the air temperature entering the test section
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without placing a thermometer in the air stream which would have

disturbed the flow. The total air supplied by the compresaor \¡as

the sum of the air flowing through the test section and through the

by-pass.

The discharge air temperature was measured with a

thermocouple pLaced a short distance beyond the end of the test

section, to avoid disturbing the flow within the test section. The

length of inner pipe between the end of the test section and the

temperature measuring'point was jacketed similar to the inlet

section, except that no air was by-passed to it.

The cooLing water to the various sections was supplied

through a common header, thus maintaining a uniform supply water

temperature to a1l sections. To eliminate the effect 'of pressure

fluctuations in the system water supply, a standpiPe was set up as

shown in Figure 13. This arrangement maintained a constant head

of water at all times tö the supply header. The individual connec-

tions from the water suppLy header to each annulus section \¡rere

equipped with controL valves enablin g tine control of water flow " '

through each section, to maintain an equal discharge temperature '

from all of them. Buckets were used to collect the water passing-

through each section. Thermometers were used on the supply

header and on individual discharges: from each section.
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TESTINC PROCEDURE

The diesel driven compressor was allowed to run at

least one harf-hour before each test in order to have the system

supply air temperature reach equilibrium before each test.

The volume of air passing through the test section was

adjusted for each test by ppening or closing the valve on the dis-

charge. end of the test equipment. The remaüd.e'ï ,. of the air from

the compressor was dis.charged through the by-pass. Once equi-

libria in air flows was achieved, the water flows to the various'

sections of the annulus \¡vere adjusted to maintain a uniform dis-

charge temperature from each section. This was very difficult to

achieve, as a very minute change in valve'opening caused an ap-

preciable change in water flow, and therefore, of discharge

tem¡rerature. The water inlet temperature to aII sections was

equal as these were all supp).ied from a common header. Once

the vaLves were adjusted to maintain equaL discharge tempera-

tures, the test was started and run for twenty or thirty minutes.

The first fifteen tests were run for thirty minutes and the remain-

der for tweniy minut,es" The water contror valves ivere adjusted

throughout the test, if , due to fluctuations in air or water flow,

the discharge water temperatures did not remain constant. The

water from each section was discharged in separate buckets, and

weighed duräng and/or after each test intervar. Temperature
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readings of inlet and outlet air and water were taken at five

minute intervals as \Ãtere air volume measurements.

After each test, the valve setting on the discharge end of

the equipment was changed to vary the amount of air passing

through tJ:e test section and ihus the test Reynolds Number.

Conditions:were then allowed to reach equilibrium under the new

setting, $/ater flows were again adjusted and the new test carried

out. .itotal of thirty-six tests were carried out over a range of

Reynolds l[umbers from I,L64 to 135,900.

' INSTRUMENTATION

AIR r.LOVf MEASUREMENT

A number of methods of measuring the air flow were

considered. In an attempt to avoid disturbing the air flow be-

fore or after the test section, the air flow leaving the comPressor

and that leaving the by-pass were measured using impact turr'-es"

The difference between these two readings should have represented

the volume passing through the test section" This method was

not found reliable, as the velocity distribution in the duct ahead

' of the compression tanlc was not uniform. This was caused

mainly by the centrifugal forces acting on the air passing through

the elbows immediately ahead of the plane where the impact
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readings weïe taken. Attempts were made to render the veì.ocity

distribuùion more uniform, by pl-acing turning vanes in the elbows,

fol.lowed by siraightening vanes in the horizontal section of ducting,

however, these modificaiions did not appreciably improve the

re sults

A method of measuring the air flow through the test section

in a positive manner, rather than by difference, was finaì.Iy

adryteô. As impact tubes are not reliable at very low velocities

such as encountered for the low air flow conditions corresponding

to laminar flow, a posiiive disp).acement meter was used for ihe

low velocities. Beyond the capacity range of the meter an impact

tube was used in conjuntion wiih a water manometer. To check ,

the accuracy, ïeadings were taken by both methods under flow

conditions near the upper limit of the meter capacity, the two

meihods gave resulis which compared within three percent. rt is

esiimated that the air flow measurement was accurate within one

percent when using the positive displacem'.ent meter and within :three

percent when using the impact tube. The higher inaccuracy when

using the impact iube is attributed to the considerable variation

in manometer readings during each test.
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TE MPER.q' TT'RE ME.A'SUREMENTS

COOLING V¡ATER

ïn order to obtain as high a ternperature difference as

possible between air in the inner pipe and water in the annulus, the

inlet water ternperature was kept as low as possible by drawing

large volurnes of water frorn the rnain water supply line. As all

this water could not be passed through the test equiprnerit, since the

water ternperature rise wouLd h*ave been too srnall , a by-pass line

was connected frorn the supply main a-nd directed into a drain"

The cooling water ternperature rise was only five to ten

degrees, consequentlf , precision therrnorneters having an

accuracy of one hundredth of a degree were selected for water

ternperature rneasurernents. Due to variations in ternperature

readings, it was impossible to read the therrnorneters to their fu]l

accuracy. The estirnated error in water ternperature readíngs,

based on the ternperature rise through the test section was in the

order of two percent.

AÏR

The inlet air ternperature was taken as an average of

three therrnorneter readings, one indicating the tank ternperature,

ar*other, the by-pass ternperature and a third, the ternperature in



53

the jacketed inlet section. Calculations.were rnade for the velocity

ternperature effect in the by-pass and in the jacketed section; these

were found to be in the order of one quarter of one percent of the

ternperature loss through the test section and, consequently, were

neglected. The three inlet ternperature therrnorneters indícated

considerable variance, as the tank ternperature was always

considerably lower than the other two. This difference in ternper-

ature rnayhave been due to the highheat'loss through the tank wall,

which caused a lower ternperature at the therrnorneter well near the

wall, than in the rnain air strearn. It is estirnated that this variatíon

in inlet ternperature firay have given results for the heat transfer

coefficient which are three percent low at the low air flows, and

fifteen percent low at the high air flows

The discharge ternperature was taken a short length aJter

the ínsulated section, it was rneasured using an iron constantin //

therrnocouple arranged as shown in Figure l3 in conjunction with

a precision potentiorneter" This arrangernent for the therrnocouple

was used to obtain a total ternperature" The corresponding static

ternpe rature \Mas obtained f rorn velocity ternpe rature corrections .

Before the test, the therrnocouple used was checked agaínst a

precision therrnorneter in a water bath at various ternperatures,

and was found to give agreerrLent within two percent based on air

ternperature drop in test section.
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rvl¡ATER I'LOW

The cooling water passing through the various sectíons ïvas

collected separately and weighed during or after each test, using a

scale having an accuracy of 0.01 pounds in ten pounds, thus giving

an accuracy of one tenth of one percent.



PART THREE

RESULTS ,

CALCULATIONS AND PRESENTATION OF RESULTS

,Average values of the test ieadings and of the ialculated

resurts are tabulated in tables rr to xvr in the Appendix.

The bases of caJculations leading to the tabulated results are

outlined below, and a sarnple carculation.is shown in the appendix.

The rnass air flow through the test rig was calculated for

each test frorn the rneasured or calculated volurne rate of air f1ow,

by taking into account the ternperature and pressure conditions at the

discharge of the test rig. The volurne flow rates for tests sixteen

to thirty-síx were calculated frorn the velocity pressure and

ternperature readings taken at the rig outlet. tr'or the first fifteen

tests the volurne flow rates were obtained directry frorn rneter

readings. Table rv tabulates the vôIurne and rnass flow rates for

all tests

The rnass velocity G which is a ûì.easure of the rnass flow

per unit area' was calculated for each test frornthe rnass flow rate

and the cross-sectionar area of the test section. The Reynolds and

Prandtl numbers \Ã/ere evaluated using physical properties of the air

at the average ternperature of the test section. The inside diarneter

of the inner test pipe was used as the characteristic dirnension in the



JO

calculation of Reynolds nurnbers. Values of G, Ng" and No" for each

test are tabulated in table VII.

The heat gain frorn surroundings was established frorn a

heat balance across the test section, frorn the following relation:

Heat frorn surroundings equals heat gained by water in annulus rninus

heat loss by air in inner pipe. Frorn the heat gained frorn surroundings,

an overall heat transfer coefficient ?rlJs, between annulus and

surroundings was calculated for each test, based on outer area of

outer pipe and arithrnetic rnean ternperature difference between water

in the annulus and the space ternperature. Values of fr$"n for each

test are tabulated in table VI. As the results of the first fifteen tests

were rrrore accurate than the latter ones, an average n$"r'based on

the first fifteen tests was used as described later to calculate the
\

heat gained frorn surro\rndings to each section of the annulus.

An overall heat transfer coefficient nuiail between the annulus.

and the inner pipe was calculated using the logarithrnic rnean ternper-

ature difference betwee',| the two flowing rnedia. As the inside
I

ternperature of the innet pipe was not available frorn test data, the

average heat transfer coefficient ?rh¿?¡ inside the inner pipe was

calculated frorn the overall heat transfer coefficient rrïJ"rr. To enable

the'calculation of the heat transfer coefficíent inside the inner pipe it

v/as necessary to assurne a heat transfer coeffícient between the

inner pipe and the water in the annulus. McAdarns 5 states that the
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heat transfer coefficients for water vary frorn 50 to 3000

BTU/hr/ftz/oî depending on the water veLocity. For the norrinal

water velocity encountered here, a factor of 500 was selected as

being representative. The sarnple calculations show that the

results obtained using an rfhw, of 500 differ only by L% f..rorn tinat

obtained using a:: rrhw?t value of 400.

Frorn the calculated values of rrhart average Nusselt nurnbers

NNrr" were calculated for. each test, based.on ilKil values correspond-

ing to the average ternperature in the test section. The calculated

values of U", h" and ***" are tabulated in table IX.

The wiscositiés Fb.and Fw were evaluated for each test at

the average of inlet and outlet ternperatures for air and water

respectively. The effect of wiscosity on the test results are tabulated

in table x and incorporated in the curves plotted on figure s 19, zo

and 2l

The ternperature drops along length incrernents of the test

section \^/ere calculated frorn water flow rates through the indiwidual

sections and frorn the average overall heat tra¡rsfer coefficient

tru' tr prewiously referred to. f'rorn the ternperature drops along the

test section, the local heat transfer coefficient nhxn and the local

' Nusselt nurnber.N¡s* were calculated for a nurnber of tests, the

results of above calculations are tabulated in tables XTTI and XV and

'plotted on curves in figures 22 to 24.
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DISCUSSION OI' fi.ESULTS

COMP.q.RTSON OF RESULTS VTITH PUBLISHED DATA

tr-igures 15 to 25 indicate a cornparison of the actual test

results with that obtained by other observers.

Figure 16 shows a plot of N¡¡o/Np ,O.n vs. N11., solwing

for the p.ararneters of Equation (27) f.rorn the above curve, it can be

rewritten as:

NN* = 0.06 NR"o'ó9 Np"o .. ... . . .. . (53)

A sirnilar plot of N*rr/Nn"'lt vs. Ng" in Figure 1Z gives the

following value for the pararneters.of Equation (ZZ):

nAo
NN., = 0.058 NR.u'oY Np"l/ ...(54\

Coinparing Equations (53) and (54) to Equation (45) which is Dittus &

Boelterrs equation for cooling, the test results are found to give

higher values of N¡r, at low N1¡" and lower values of N¡* at high

Ng. than the Dittus Boerter equation. This is as anticipated, due to

the larger errors at the high flow rates, as calculated in the

Appendix.

To establish the effect of varying wiscosity on Nusselt

Nurnber, NNu/Np ,Ll3 Q'a/P*)0'14 *r" plotted vs. Np" on

Figure 19 frorn which the following equation v/as found to be represent-



aiive of the results obtained.

0"6s - Il3 , ,0.14' NNu = 0.060 NR." "" Npr-' - (t ¡/lç)-'^ ( 5s)

It can be seen from Figure 19 thai the tesr results give sornewhat

lower values than predicted by Sieder and Tate in Equation (46).

To cornpare the results obtained with thai predicted by

Burbach, Eagle and Fergr.rson in Equation (47) in which they clairn ihat
I /ìß

ihe Nusselt Number varies as (D lL)-'^-,

**l*"=) rl3 (16ry*)6'ia 1D/r-¡1/ra was

ploited versus N*" in Figure 20. The equation:

^ ^-ì 0.68 Il3 ,0.14,^,-,1/18NN... = 0 - 07r NR" Npr-' - (¡r6/Pw) - (D I L)-' -- (56)

was found to satisfactorilv represent the results obiained. This is seen

to give somewhat lower val-ues of N¡' ihan did Equation (47).

Test resulis were plotted in Figure ZI ín the form of

- z 13 ,0.14NSt Np, (¡:*/¡16) vs. N*" for LID of. 25-

It was esiablished from the resuliing curve ihat the foll"owing equaiion

is representative of the res:ults:
? t? .0.14Y - NSt Npr-'" (¡-r*/¡i') 0 . 09 (57)

NRu -0'33

This equation gives slightì-y higher vaLues excepi at large NO" ihan

predicted by Coì.burn in Equation (48).

Upon exarnining the various data plotted versus Np. it can

be noted thai the transition from laminar to turbuleni flow appears to
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begin at about NR" of 3,000. The iransition region although not

showing a definite break, does appeaï io end at N¡1" of about 6,000.

The N11" of 3,000 at which the transition region begins is sornewhat

higher than the normal N*" of 2,300. This rnay be due to'che use

of Shelby tubing for tl:e tesi rig rather than ordinary piping, the

tubing being considerably smoother woul"d permii the fr-ow to re-

main larninar for a longer lengih, ihus causing the iransiiion poini

to occur at the higher NR..

To esiablish the variation of the loca1 heat transfer

coefficieni within a tube wiih distance from ihe iube entrance2

Figure zz was plotted from the calculated value of "h*'r aLong the

iube. ri can be seen that for tests lo, 16, zo and 26 for which ihe

flow was iurbulent; the'rh-'r is veïy large at the iube enirance,

then decreases very rapidly up to a distance along the tube,

equivalent to L/þ = 5, and from that point on reduces veïy
10slowly. This approaches Deislerrs clairn thai for Np, = I and

for high Ngu ihe heaiing rates reach 99To of. the fu1ly developed

iurbuleni value in 5 to 7 diarneiers. Hartnettl4 claims that for oi1

and water, the heat transfer coefficieni attains a value within 5To of.

iis uliimate value within 2 or 3 diarneters. r'or 1aminar flow con-

ditions, represented by curves on Figure zz corresponding to test

#1 the local Ç,dropped quickly from a rarge value at tlr,.e tube inret,
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then decreased slowry in the clirection of frow, but did not reach a

consta't value within the length of the test section. The IocaI
I

Nusselt Nurnber NN** is found to behave in rnuch the sarne way

as the local heat transfer coeíficient, this is shown for conditions

of lar'inar and turbulent flow on curves in Figures 23 and 24

respectiveLy wher" NNrr._- is plotted vs X lÀ D ñã" Np,

unfortunately, the test section was not long enough to achieve a

fulIy established ternperature distril¡ution, consequently, it was

not possible to verify Giedtrsz craírn that for a uniforrn wall

ternperature; the local Nusselt Nurnbeï noïrrÌally reaches a constant

value of 3.65 when X I reaches 0.05.
D ÑRJP.

Figure 1B shows a curve of the average heat transfer coefficient
t'h"r' plotted versu" NR.. tr'rorn the above noted curve, the

following equation can be written as being repïesentative of the test

re sults:

ha = Q. oo58 Nnuo'69

As very few tests were carried out at larninar flow condi_

tions' no specific conclusions can be reached as to the heat tra,,_

sfer characteristics under these conditions. rn Figure 25 a f.ew

points corresponding to the larninar flow range weïe plotted as
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1t" 0.14Np. versu.s **o, (D1L)*," (tAl¡r*)

yielding the following equation:
0. 31 rl 3 0.L4**o. = r' 82 lNee)u (D/L) (p,l¡r*) (5 e)

Equation (34) for the larninar flow range is also plotted on Figure.25.

It can be seen that the test results are consid.erably lower than that

predicted by EquaLion (34) for larninar flow cond.itions.

The above cornparison of results with published d.ata by

other ob'servers, reveals that the test results are generally low. This

discrepancy rn'ay be d.ue to various inaccuracies in the testing proce-

dure, or to,incorrect assurnptions as d.iscussed in the following sec-

tions.

EXPLAI\ATION AND DTSCUSSION'OT' ERROR A}TALYSES' ,

A calculation of the possible eïrors in the results is

carried out in the Appendix. The various criteria used in the cal-

culation of errors are discussed below.

ivfASS I.LOI¡/

-A.s successive readings at the sañre point of the irnpact

tube traverse taken at the end. of the test rig varied. appreciably,

sorne error in the ñÌeasured frow rates is anticipated," The varia-

tions in readings taken as a percentage of the total reading cons-
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titute the error in rnass flow., which was calcurated. as * 3To,

V¡.A.TER TEMPERå.TURE RISE

Therrnorneters having an accuracy of one hund.red.th of a de-

gree v/ere used for rneasurernent of inlet and. outlet water ternpera-

tures. .4.11 therrnorneters were imrnersed. in a bath of cold. \Ã/auer

prior to testing and'were found to be accurate within their stated.

calibration lirnits. Variations in water ternperature conditions lirnit-

ed the reading accuracy to one tenth of a d.egree. The readi:ag accu-

'racy cornPared to the ternperature rise i:e the section constitutes the

possible error which was calculated as * ZTo.

.WATER 
T'LO14¡

The scale used. for weighilg the water passing through each

section was accurate within one hundredth of a pound., consequently,

as the water collected in each bucket per test \Ä/as approxirnately ten

pounds the inaccuracy in water flow rneasu.rernents was calculated.

as *"LTo which is considered negligible.

N\TLETAIRTEMPERATURE. - , 
";

.A.s stated in pages 52 and 53, t]ne tank ternperature was con-

sistently lower than, the by-pass and. jacket ternperatures. The possi-
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bIe absolute error in inlet air ternpe-rature was taken as one half the

d-ifference between the tank ternperature and an average of the by-

Pass and jacket ternperatures. The absolute error when applie¿ to the

ternperature drop across the section established. the possible percent

error, as * 1170.

DISC I-ÏARGE AlR TEMPERATURE

. The accuracy of therrnocouple readings using the potentio-

rneter, is lirnited by the discrepancy in successive read-ings at a

given point in the traverse. This was found. to be one half d.egree,

which, applied to the overall ternperature drop across the section

established the percent accuracy as * Zlo.

As the ternperature was not rneasured. irnrnediately at the

end of the test section, in an effort to avoid disturbances in the air

strearn, the rneasured. ternperature would. tend. to be slightly 1ow"

An estirnate of the error is rnade by consid.ering the ternperature

j:a the jacket at tine end. of the test section as being twenty d.egrees

lower than the ternperature at the end. of the test section. The

ratio of the local heat transfer coefficient to the average coefficient,

and the ratio of lengths are used. to arrive at the possíbre error in

d-ischarge ternperahrre. This was calculated. as being one percent

Iow.

combinj:rT, t}.e various possible errors calculated. in the



65

Append.ix and. noted above it follows that the results should. be accurace

within twenby percent.

To verify the above noted accuracy the heat gained frorn sur-

round.ings was also carcurated frorn published. data. McAd.arn"5 girr."

the cornbined. heat gain frorn surround.ings to a pipe at 40o differential
.?

frorn roorn ternperatuïe as 1. 84 BT\J l]nrlft- lo5.. The Appendix shows

a cornpaïison of the heat frorrl surroundings for various tests, with

the calcuf.ated. values frorn published. data using the above basis. For

rnost tests, the accuracywas forrnd to be within tine 20To figure stated.

above.

The Sarnple Calculation and the Error Analyses in the Appen-

dix illustrate the effect of the assurned value of l\" on the calculated

value of h". This effect is particurarly noticeable at high air flow

rates corïespond.ing to high Reprold.s Nurnbers.

It is apparent frorn the calculation "f ç by two rnethods as

shown in the Append,ix, tinat the value of h* should. have been in the

order of 50 rather tha¡r 500. The rnain cause for the low Ç here,

is the extrernery low velocity through the annulus as cornpared. to

tfrat norrnally encountered in heating applications"

As the error in the calculated h" gets progressively larger

FI.I'ECT ,Otr. ASSUMED hw

?
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with increase in frow rate., the net effect is to change the slope of the

curves. The above is illustrated. in Figure 19 frorn results calculated

using Ç of 50. The resultant curve can be seen to agree very close-

Iy with that predicted by Sieder and. Tate.

C ONCLUSIONS

It is apparent frorn the d-iscussion of possible errors an¿ the

calculation of h" based on h* = 50 that the d.iscrepancy in the results

frorn that of other observers is rnainly attributable to the incorrecr

assurnption for Ç. I'igures 18 and 19 illustrate the effect of \^, on the

calculated value of h. particularly at high heat transfer rates.

Revised curves were plotted only for Figures 1g and. 19 to

point out the effect of the irnproper assurnption, however all curves

which include a relation of h" and NNua would be sirnilarly affected..
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SU-MMARY

The convective heat transfer insid.e a tube has been investiga-

ted for conditions of larninar and turbulent flow over a Reynolds Nurnber

rarrge frorn I,164 to I35,900. Thirty_si:< tests were carried. out using

air in the inner pipe and. water in the annurus of a concentric pipe test

rig.

The transition frorn larninar to turbutent flow cond.itions .was

fo'nd to occur at a Rernold.s Nurnber of approxirnately 3, 000. This is

sornewhat higher than the norrnally accepted Reynold.s Nurnber of 2,300 .

at the transition point.

The equations:

**r" = 1.82 (Np.)uo'ut (norp*)o''n ("lurl3
and

**r" = 0. oz7 NRu 'tt *"r0. tu 
,rr,r*)0.14

represent the results obtained for the average Nusselt Nurnber at larni-

nar a¡rd turbulent flow conditions respectively" These resurts agree

veïy closely with that predicted. by other observers"

The average heat transfer coefficient for a srnooth tube hav-

::;rg a lengtJr to diarneter ratio of twenty-five is represented. by h" -
ô 7a .

0" 0027 NR."' '" fo= N*" Iarger than 3. 0 x I0" and by h" = O. Zg NR.O. ZI

for N*" less than 3. 0 x I03"

' The loca1 heat transfer coefficient was found. to be very large
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at the tube inIet, it then decreased. rapid.Iy in the d.irection of flow up to

a lengtJ: along the tube equal to five diarneters, then d.ecreased. very

slowly along the rernairing length of tube.

The tabulated resuJ.ts and. the plotted curves \Ã/ere based on

aÐ' assurïLed' value of \, = 500, this was seen to give low results.
'W-hen an \ of 50 was used, results coûrparable with that of other ob-

servers were obtained, these are plotted on Figures lg and 19.
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SAMPLE CALCULATTONS

Equiprnent Dirnension Data:

External diarneter of inner test pipe = I.930 ín.

Internal diarneter at test section = 1.875 in.

Internal diarneter at irnpact tube = 1.435 in.
2

X-sectional area at test section v'x 0.156- =

-

2
X-sectional area at irnpact, t:ube V'x 0.1i96- =T

=Total length of test section

Length of test section excluding sections 1 & 13

Ir¡ner area of inner pipe 77'x 7"875 x 47 .I25 =w
Outer area of inner pipe V' x I"930 x 47 "I?5 =

I?x 12

Average area of inner pipe 1.933 + 1.983 =
2

External diarneter of outer pipe =

External area of outer pipe V'x 4.25 x 39.625=

= 0.161 ft.

=- 0.L563 ft.

=^ 0.1196 ft.
2

_ 0.jLgz ft.-
z

- 0.QIIZf.t..

47.I25 ín.

39.625 in.
?,

L.933 ft.
2

1.983 fr.
z

1.958 ft.

4.25 ín.
')

3.69 ft.'
TZ

.{ll calculations are based on data frorn test #1 unless otherwise noted.

1. Calculation of Mass Flow'W', Mass Velocity G and Reynolds

Nurnber NR""

As the air flow was rneasured by two rnethods, a sarnple calculation

. 
is shown using each rnethod.

(a) Test I

A.ir flow was rneasured directly by rneter = 3.3cfrn



Air derrsity at outlet 14.7 xI44
53.3 x 560

'Where discharge ternperature and

L4.7 psía respectively.

W = Mass flow = 3"3 x .0709 x 60

G = Mas s Velocit y = 14. 03 /O . OnZ

'Wlrere: 0.0I9? = cross-sectionaL area at

NRu = GD

tr

74

= 0. 0209 l]os /ft.

pïessure are 100or = 560oR and

= 14" 03 lbs /hr.

¡-. i" t"f."n at average

Aveiage ternperature

y at I37. B degree I'

NR. =0"lZZ x O"lS6Z
0.0482,

(b) Test 16

'Where d*

lbs /ft3 f or

The above

inlet and outlet ternperatures

175.60 + 100"00

- O "732 ]lbs /hr.f.t.Z

test section

- 137. B degree F"

9A

.{ir flow was obtained f rorn irnpact tube readings using relationship

0.0482 Lbs/lnr/ft.

237 5

= 'W'ater density in the rrranorneter, this was taken as 6?.4

all tests 
"

relation sirnplifies to V=1096.2 ]ft",..vrF-
l4

0.0663 Lbs /ft/3

where h-, is the rnanorneter reading at the irnpact tube and d, is the

air density at the

tr'or test #16, da

; ** ^ ^+ +,.1^ ^rr¿rP@Lu Lsuç e

- 1/1 '7 -- 1t1/1
-I=.rÀIT=

Wo+l38)



0.693r0g6.z

A.V

- .0112 x 2920

where 0.0112 = cross-sectional area at,

'W' = Mass tr-low -- 32.7 x 60 x 0.0663

Average aír temperature in test section

Viscosity p at I57.6 degree tr' -

e = lvf."" Velocity = 139.q0.0192
Ng. = GD = 6780x.1563

p 0.0494
zo H-qq!_ Ç+Fe9 Þy lvateq

The water flow through sections 1 and

had an extrernely high heat gain frorn

Test #1 - Itrater flow through sections

Mass flow test #1 = 14.03 lbs/hr.

Temperature drop - through test

Heat loss by aír = I4.O3 x 75.2 x

Heat Gained Frorn Surroundings.

ôFI)

2920 f.t,lrnin.

= 32.7 cfrn

irnpact tube.

= 130.0lbs/hr.

= !77.2 + I38.0=L57.óof .

T.
- 0 .0494 llos lhr /ft.

= 67 BO Lbs lUr /f.t?

2r,440

13 were ornitted as these sections

the end section.

Z - 72 inclusive for 30 rninute

V=

o-

test = 80.10 lbs. i.e. 160.20 lbs/hr.
'W'ater temperature rise = 4.4 degree tr'.

Heat picked up by water 160 " 
20 x 4.4 = 7 05 0 BTU/hr.

3. Heat loss by .A.ir in Inner Pipe

section = 75.2 degree tr'.

0.24L =- 255 BTrJ /hr

4

The difference between heatpicked up water andheat loss by air in the

inner pipe can only be attributable to heat gain frorn.surroundings which
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for test #1 = 705.0 - 255"0 - 450.0 BTU/hr

5. L. M. T. D. between air in the inner pipe and water in the annulus.

L"M.T.D. =
ln ( AT hot) I ( 

^T 
cold)

'Where AT'hot = ,{ir ínIet ternperature - water outlet ternperature

ÀT cold = Air outlet ternperature - water inlet ternperature

I est fl

ol''= L"M'r'D" = 
"tu'uo*líäut]r;¡ltçtf;f 

- no""

' 70.8 = 90.zoF
O. ? BZ'

/tb. 4vglq,gg .Overall Heat Transfer Coefficient Ua

U" between air in the inner pipe and water in the annulus, is based on

the average area of the inner pipe = I"g5B ftz

U" = Heat f rorn air = 255 = l. 45 BTU /t r /ttZ /of "-.4

.A. A Trn i.958 x 90 "Z
-A7 . "A'verage Heat Transfer Coefficient h,.-l-*

The overall coefficient calculated in itern 6 is based on the resistance

in going through the tube wall and through film coefficients on both

sides of the wa1I. i. e. ,

U^=4

I *x + i
--hwKha

(a) 'Where h* = heat transfer coefficient in the annulus, assrlrrre value of

50o B TTJ lhr /ft' lor.

x = thickness of tube wall = 0"I25 inches.

k = therrnal conductivity of the waIl = 300.

ha = heat transfer coefficient in the inner pipe.
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4

I +0.125 + 1

500 300 ha
0.002 +0.0004 + 1

a

whichsirnplifiesto: 1 - I - 0.0024qÇ
For test #1

I = 1 - 0"0024 = 0.68?
ha I.45
4 = r:l9 BTU /hr /ttz ¡ot

For test #31

I = 1 -O.OOZ4;-:fla ua

I = 1 - 0.OOZ4=0.04662

- 
-

ha :¿0.40

h- = 2T-45

(b) Check effect en h, if hw assurned as 400

I = 1 - ( 1 + 0.0004\
I_ |ha ua \¿oo I

= 1 (0"0025 + 0.0004) = I -o.oozg-ua q
For test #1

I = 1 - 0.0029 - 0.68?1;- 
-=

oa L.+5

ha = I'46

For test #31

1 = 1 - O"OO?,9 = Q.046I
hffi..A &v. =v
'l^ 

- 21 '7
"a - ul,c t

NOTE: This is only I.L'TI higher than for h = 500'w
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(c) Check effect. on ha if h*-a.ssurned at 100

1 = 1 - (0.01+0.0004) = I - 0.0104
h;%E-
For test #1

I = 1 - 0.0104 = 0.6796
-- =.lI¿ l. +)

ha = 1.47 which is withínl7o of h, based on h* - 500

For test #31

1 - 1 - 0"0104 = Q.0386
fJ.a " ¿u.+v

ha = 25.9

NOTE: This is 19.?To highe'r than for hw = 500

(d) Calculation for ha based on waII ternperäture equal to average water

ternp e rature

tr'or test #1

Average water ternperature = 4?.8otr'

.A.verage air temperature = I37. BoF

Q = ha .A'AT

255.0 = hax i.958 (L37.8 - 42.B)

ha = 255;0 = 1.3? which ís 7To lower than v¡hen h
1.958 * gil-

500 was assurned.

For test #31

,A.verage wate r ternp e rature

Average air temperature = 1

ha = 4870
1.958 x (167.10 - 44"75)

='44.7 5otr*

6z, loo¡'

= 2g:9_



NOTE: That this

(Y

result is a1s o 7To lower than whet h* = 500 was

= 75.2 - 4Z.B = 32.4otr-

= 3.69 ftZ

= Us AAT

= 45013.69 32.4 = 3.77 BTTJ /hr /ftz /ot

of Prandtl Nurnbrer Npt

= Cn p/K

as surne d.

8. Calculation- of overall heat transfer coefficient U" between the annulus

and surroundings.

-t'or test fI

**tr*"orn surroundings =  SOBTU/hr

Ternperature difference = roorn ternperature - average water ternperature

.\rea

O

U^

9. Calculation

x

10.

NPt

cp

¡r and K, evaluated at

re sp e ctivelyo . .

¡'or test fI

*N*"

where D

For test

= 0.?4I for all tests

average air ternPerature are 0 .0482 and 0.0166

Np" = O.Z4IxO.Q48Z/0.0166 = 0¿700

Calculation of average Nusselt Nurnber NN,'"

+l

= lní-D lK
)

inside diarneter of test section = 0.15 63 f.t"

**ot = L;45 x 0.1563 10.ú66 = 13.70
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11. Calculation of the local heat transfer coefficient h* along the tube length

For test #1. Section 12

To establish the heat gain frorrrthe surroundings to each section of the

annulus, the aveïage value of the-calculated Us (itern B) was obtained

frorn the results of the first fifteen tests. This average value of U"

was 3.95 BTU/nr/ftZ/of . W'ater collected in section 13 (frorn test

data) -- 5.67 Ibs. in 30 rnin. or 11.34lbsllnr.

Ternperature rise in coolíng water = 4.40F' (frorn test data)

Heat picked up by wate'r = II.34 x 4.4 = 51.02 BTU/hr

Area of the section exposed to surroundings = 4.?5 x I = 0. 0gZ7 ftzTT
Temperature differential between annulus and surroundings = 3Z.4op

(see itern B)

.Heatpicked up frorn surroundings = 3"95 x O.O9?7 x 32.4 = LL.B4 BTU/hr

Heatpicked up frorn aír = 51"02 - 11.84 = 39"18 BTU/hr

Air flow for test #1 (see iternl)'= 1¿" 03 lbs/hr

Frorn relation: O = lV'CpAT the ternperature drop in the speciJic section

is calculated:

AT=Q = 39.18 =11.65otr'
WCp 74"03x0"?4L

Frorn the calculated ternperature drops along the test length, the ternpe-

^ rature at any point along the þipe is ðalcuIated. Based on the air tempe-

rature inside the pipe and the average annulus water ternperature, an

average local overall coefficient of neat transfer is calculated.
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39 .18
Area x Terniterature difference

)
Area = 7Tx 1i_2!_ x 1 - 0.0415f.t"

rz 72

where 1.90 in. = av€râge diarneter of inner pipe

1 in. = length of section 12

Ternperature difference = !24.2"F based on difference between annulus

ternperature and calculated ternperature inside inner pipe.

U = 39. 18 - 7 .6 BTU/h , lttZ lot
0. 0415 x IZ4.Z

h* i" calculated as shown for h, (itern 7) assuming a value of h*

500

I = 1 - 0.0028 = i - 0.0028=0.1289

- 
== ;-7nx u t"o

r" - '7 '7'7 P....Tr l:nT /ft' lo,¡¡-, - ¡. I I U¡Vl

Frorn the local h* the locat **o* is calculated, based on the K value

at the calculated ternperature within the section.



Te st
No.

Roorn
Temp.

orr

InIet
'W ater
Temp.

OnI

40.6
40. B
?o rì

38. B

?a l

38.4
38.Z
?q l

39.r.

/11 
^

?q l

?o rì

?a o

38.6
39.0
?o a)

?a4
?q I
?o ô

?a ?

38.4

39.5

?q ?

5Y. +

39. s
39 .4
39.0
?o ì

Out1et
Water
Ternp.

o.-
H

45 .0
45 .0
43 .0
44. Z

44.r
44q

+J. L
L?.0

44.0
LÁ- n

44.0
440

46.3
4ql

AAO

44. B

L7?

47 .I
50. I
44. B

LÁ. q

49. B
Ãrl ì

Ã^2

50.2
49 .8
f,\J. I
4qq

f,tJ. I

5U. I

50. 0
50. 0

49 .8
50. 0
50. 0

InIet
Air

On

I
z
3
/1
=
5

6
.|
I

B

ìA

11

TZ

L3

L4

I5

17

Iö
tv

20"
ZT

zz
23
z4
25

z7
ZB
?a
30
31

55
J=

35
36

'7p. O

7B.Z
an rì

'7'7 a

79 1

80. 5

BO. B
80. 7
/o.o
7A 7

Qì Ã.

92. )

80. 6
80. 1

ör. o
75.0
'7 tr, ')

/o.ö

75.3
74.9

/o.Ð

81.0
ö1. u
BT.Z
Bt.3
80.4

TABLE II

TEST DA.TÁ.

8Z

OutLet
Air
Ternp.

On

100. 0

1t5.3
oôn

1)1 /1

1)9 ?

ì?t o

1?? 't

t2ì 
^

130.5

IJ.=

lìq 4

TZ3. B

ì?a n

r47.3
ì¿q r

l¿q I

1?A A

'r ?o l

15¿.o
r57.3

r54.5

r54.5
r30. 3

153.3
L2t.(

I55 .4
t54. B

t5L. 0

17s.Z
l7? a.

177 q

LB0. 7

L(O. I

17? A

1'7 ,1 
^

1'7? a

L7 6.0

1't'7 )

r.Br_.6
lQl 'Ì
'r70 rì

I81.9
r/o. ö
.IQI 

O

-tQ2 )

1'7Q 4
'ra? a

1'7L O

LIO.L

174 A

rBO. I
t78.0
IRì ?

L78.9
18i.7
IOU. ?
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TABLE III

\MATER COLLECTED iN EACH SECTION'I'

Section Number
Te st
No.

L

z
3
ÀT

5

6
'7

B

Y

IO

1.1

TZ

LJ

T4

I5
IO

T7

IB
T9

2.0

2L

zz
z3
)/1

z5

z7
ZB

30
{l

3Z
5J
34
35
50

L

14.68
17. 00
14.7 5

i6.00

l-7.00
?a 6ô

25.50
28.00
30. 00
z7 .00
'>2 

^n
il..50
12.50
16.00
17 Ãn

23.50
to Ãn

IB.5O
II.f,U

i6. 00

IB.5O
I /. 3U
lo qn

/ | 
^t¡

22.50
zz. 50
22.00
23 .00
?? Ãô

¿¿. ¿t)
21. 00
20"50
19.50
Iö. UU

2

B. 00

a ôo

q4q

10.00
T3. 84
th | /

17.58

14. 15

8.50
o lô

12 2A

L9. 84
14.06
T8.44
l2 L/1!J. U=

o^?

lo. u9

lo. / o
1'7 0n
lq aa

"^ 
q?

22.46
20.54
LU.OI
z0 .40

ro"39
L=. JL

3

I. (O

B. 17

ö.r/
ROI

ìr 22
14 q4

i3. 05
ì? 

^)
L¿.51
TT .44

o. I I

'7 21

q ?q
'I ô rì"
11 ? aì

f \ 9/

12.44

ìn 'to
14.05
14. tI

lÃ aa

17 .03
1'7 p.L

rQ 
^)

1A 70

13.30

A
=

8"36
IO.98

o l/-

9. 86
10. z0
ì? 1A
1A A2

\À /1 
^L=. TV

1/1 11

'7 1^

B. 04
o lÁ,

ì^ 
^O

1'7 1'>

ì? '70

I I 4/

9. 71

15.00

lQ 21

lq q7

r8.50
lo A^

20. 00
19" 5B

ry. oo
L8.73
LB.03
f h t/

1L ?1

Ã

R. OO

L0.zg
ìô 1?

B. 86
rn ?n
r? Ãrl

14. 84
T4.7 B

T4. BZ

L4.06

7 to

B. 85
r.r. 48
L8.46
17 ql

r? rr
Q2?

ono
l? ?Ô

t4 tl /

'tL A7

]R Ã]

l_8. 00

1A qL

$.20
14. 18

L

B. 00
o lQ
o ?'t

B.L4
R ?q

B. 70
14.68
14.55
15. BL

14 A?
1/1 1.4I=. I=
ì2 "7ÀLJ.I=

1 \ÀI.rz

777
414

l/ hl

rz.72
L+. O t
lì??

Oô?
o ?n

l2 
^')

1?-.62
1^ 

^)
15.36

16. B6
1'/ ?O

f h 
^/

t6.50
ro. lö
IO. I5
T4.67
L¿. ó{
n.6z

'l'AlI weights in pounds
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TABLE III Continued -

.WATER COLLECTED IN EACH SECTION 'i.

Section Number
'Peci

No:

I
?.

3
ÀT

5

6

I

B

9
ì^lv
lr
TZ

13
1^IT

t5
.t-o

T7

Iö
lq
z0
ZL

2Z
z3
z4
z5
LO

z7
ZB

30
31

3Z
33
34
35
50

'7 '7^

B. 6L

8. 04

/. ou
8.30

II. /O

Lz:75
rJ. ot-
t? ôo
ì? rì^

iI.48
qoô
7 2'7
'7 )R

IL.4t

r_0.35
ó. (5
7.BZ

12 'l /1LU. L=

1? rA

13.zz
1^ O?

1/1 rlÃ

14.43
1^ Q?

T4.48
T4. 83
l? oa
lr o?

Lr. oo
lU. /O

B

o. tY
7 .43
7.38
o. 03

B.?3
10. Lg
ìrì oo
't? QL

LO .72
10. 55

9.70
5.34

7.32
Áor

t2..30
AQ?

rt-. ou
ROt

o. )t5
7 .37

IO. zB
r0.44
tl.4r
t3 .44
14.20
14.23
ra*. u)
L4. BZ

14.34
14.17
l? á1

LL. O5

IU. õJ
9.7s

'7 A^

B.7Z
8.39
(.to
7 '70

Q ?O

tn ìQ
l 'ì /1'7r!. = |

l/ /^

IL.5I
TL. 27
L0.46

6. B0
/.JO

I+. JO

v.o(
7.75
7. 05

10. Bg
II.O/

1r.96

r5. þy
l? Ql

13.56
r5. b5
IJ. YO

13.68
rz.5z
lì 2?
q a'r

l-v

/. oo
7 .48

'7 
^?'7 -t 9.

R, O?

a p,2

('.J/

4. 85
5.46
o. i u

B. 03
8.74
6.45
o. 3J

'7 2A

B. BB

a Ã(
q44
q?4

o7ô
9.43
B" 07
I.OI

1I

5.70
7.08
6. 48
F.aa

6. 84
8.44
9.55

I0. 43
a 2Ã
o no

4"42
5.35
6. 03
6.58

ro.9+

Q 7¿-

744

5. B0
o. ÕJ

B. 70
B. BI
o 2q

I\J. O3

10. 6l
TO. 83
LT.32
10.50
L2..04
10. I0
9.06
ö. Lb

B.L4

1)

o. L2

5. 50
47?
4.7 B

5.43

/1 1tr

3.45
4. 00
5.ZB

5.43

6.34
O. JJ

o. r<t
A no

6. 30

5.54
5.49

13

30.74
33. 05
38.Zs
3r.25
?o ?q
?'7 Ãn
a f 

^^JO. U\,I

34.50
35. 00
35. 50
33. 00
29.00
uv. Jv

26. 50
20. 00
26.00
IB. OO

19.00
13. 00
20.50
zz. 50
14.00
13. 00
13. 00
13. 00
14.20
T4.20
14.ZO
15.50
1L (ô

15.00
15.00

13.20
13 .40

>1. ,{ll weights in pound s
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TA'BLE IV

RATE OF AIR FLOIM

l-gÞL

No.

I
z
3
ÀT

5

6
'7

I
q

L0

ÌL
IZ

T4

l_5

lo
T7

lö

19

zo
ZT

zz
z3
z4
z5

z7
z8

30
?l

3Z
33
34
35

da
l-b s / ft"

0.0709
.0692
.0722
.0692
. ubö¿

^/ 
-F.uol?

.067 5

.0672

.uo(¿
^ / --.UO/J

.UOIJ
^/ --"uo/ I

.0743
.. 06 87
.0681
.0663
. VVJJ

^/ -^tt6^ /

.0652

.0647

.0674

.0663

.0645

.0647

.0642

.0646

.0645

.0645
" 0643
. v64¿

A/ A F
c vu=J

.064r

.0642
" 0645
.0643

U. Ub)U

{i / min
¡ e¡ ...¡¡^.,

w
Ibs/hr

14. 0

20.9
6.8

/ < tt

32. 6
50. 0

60.4
BI.1
98. B

87.L

or. y
8.5

zB.0
/+I. U

130.0
272.5
327 .0
3BZ. 0

448. O

86. r.

1o,4 q

628.0
642.0
710. 0
740.0
77 8.0

ö5/.U
820.0
743.0
694. O

600.0
3+O. U

479.0

3.30
5. 00

). )o
7 qR

1? ?L

Z-0.13

2L.60
L8.47
r( ??

ìaô

I0.02
5L. tV
69.70
a? on
o7 Ê,o

tr5. 40
)'t ?n

26.40
r42.7 0

LOL. LV

IOO. JU

I83.60
ìoì A^

20r.30
z0 6. i0
)i1 )^

z1z.z0
r93.20
l_80. 40
I??. \JU

14I.70
L?,2. BO

t¿
cfm

0.693
L.477
r.7 45

0.045

2.955
J.JO?

3.445
3. 805
? oÁt
/1 11^

4.270
4.490
4.390
3.990
3.730
3. ¿V5

z. 555

n ?ÃQ

.256

.254

. ¿ou
)Éa

.254

.254

)Ë,/1

.2-54

.254

? Ê,",

0.255

2,920
6,zro
7,480
B,7ZO

10,300
r,9oz
¿,5OV

I2,730
L4, 490
14, 86 0

16, 400
17, r00
17 , ggo

. rB,410
L9 ,400
IB,92O
17,250
I6,1t0
13, 830
T2,640
l_0, 980

>1. For tests I to 15

placement meier,
flow calcuLaiion.

incLusive, air flow was rneasured using a positive dis-
therefore, items. rnarked 'l' were not reo.uired for air
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TÁ.BLE V

HEA.T LOSS BY AIR

'W'ater

Test FLow
No. Lbs /hr

Water
Temp. Heat to
Rise 'Water
otr' BTU/hr

Air
Fl-ow
lbs/hr

A.ir
Temp.
Drop

otr.'

Heat
Los s
By A.ir
BTU/hr

L L60.z0
2 LBB.60
J t (5.ô+
À 1/ t4 tñ4 / /

e roy. yo
6 rgs.zz
7 244.46
B Z7T.ZB
9 ZB7.68

L0 z7 6.46
11 269,7?,
IZ 236.72
13 130.10
14 r4B.7Z
L5 L68.64
L6 23r.54
17 448.4I
18 3s9.34
19 416. L0

20 334.65
21 250. B0

zz 264.00
z3 377.00
24 381.00
z5 402.70
z6 443.00
27 480.50
zB 475.00
?9 492.00 ,

30 494.00
3L 4BZ.00
3Z 482.50
33 466.00
34 422.50
35 386.00
36 352.00

705 .0
793.0
702.6
840.1
900.8

r,074.0
1,175.0
1,300.0
1,408.0
I, J)5. U

J,, 252. o

1.,I55.0
690.0
893. 0

1 ñ^¿- 
^¡, v 4¡t v

L, (ztY.u
2,642.0
3, o9o. o

3 ,365. 0

3 ,720 .0
l, 55O. U

1,530.0
4,070.0
4, 490. 0

4,750.0
4,740 .0
4, 950 .0
4,940.0
5,120.0
5,380.0
5,165.0
5,060.0
4, Bgo .0
4,400 . o
4,240 . 0
3, 840" 0

255.0
302.0
13B. O

55 t.5
435.0
629.0
f F-09t.f,
875.0
997 .0
902.0
8i4. 0

62.8. 0

r99.6
381.5
531.0

r,2zg .0
z,z50. o

z, 572. 0

2,765.0
3, 065. 0

976.0
I,084.0
3,660.0
4,070.0
4, II0.0
4,370.0
3, 860" 0
4,300.0
3,895.0
4,760.0
4,870.0
4,230 . 0
3, 710. 0
^ 

4/ 
^J, lou. u

3,380.0
z,950.0

4.4
¿-?
4.0

5.3
5.8
4.8
4.8
^a
4.9
4, g

5.3
6.0

6.0
Ão
8.6

It. o

5.4
5.8

10. B

II. B

1I. B

lô 't

10. 3
L0.4
r0.4
t0. 9
10. 7
10. 5
10. 5

r0. 4
1r. 0
10. 9

14. 0
20 .9

6. B

23.0
32. 6

50. 0

60.4
öI. I
98. B

ót.L
74,5
or. y
8.5

zB.0
4L.0

130.0
272.5
327 .0
382.0
448.0

86. 1

I04.9
552.0
628.0
642.0
ITU. U

740.0
778.0
795.0
öJ1.U
820.0
743 "0
694. O

600.0
5zlb. u

479. O

t).o
60. 0
83. I
ou. /
55.5
52.2
L4?

44. B

4T. B

43 .0
45.4
45.5
97 .8
f,o. o
)J. {

?o ?

34.3
32. 6
?a o

28.4
47.0
42. B

27 .5
26. B

¿o. 5

25.5
zI.7
?20

20.3
¿5. O

24.7
¿5. O

zz.2
26.3
?,5.7
¿5"O



TABLE VI

¡TEAT GAINED FROM SURROUNDINGS

87

Temp.
Diff .

o_
ll

32.4
32.5
35. 5
37.2
5b. ö
38. O

37 .0
J/.)

38.4
39.0
?q ?

5(, I

?20

39 .4
40.3
38 .7
37.2
<x /

36.6
32.9
33. L

33 .5
?)L

33.2
30 .4
33.2
5U. L
3I. B

Jt. ö

50.5
36.6
36. 8

35.8

Heat
To

'Water

BTU/hr

He at
Los s
By Air
BTU/hr

Heai
From
qrì vf

B TU/ hr
Te si
No.

I
z
J
A
=
5

6

I

8
o

ìA

l_I

TZ
't?

1ÀI=

15

IO

T7

L8

z0
ZI
zz
z3
L+
z5

z7

?o
?n

3Z
33
JT

35"
5b

705.0
tYJ.V'
702.6
840. I
900. B

L,074.2
l, I75, 0
1,300.0
l, 408. 0

L, 355. 0

L,Z5Z.0
1,I55" 0

690.0
893. 0

I,044.0
r,749.0
z , 642.0
3,090.0
3 ,365.0
3 ,720 .0
l_,356.0
I, 530. 0

4,070.0
4,490.0
4,750.0
4,740.0
4,950 .0
4,940.0
5,I20.0
5,380.0
5,1ó5.0
5,060.0
4,890.0
4,400.0
4,240 . 0
3, 840.0

255.0
302. 0

138.0
337 .5
435.0
629.0
/ --
VJ I õ J

875.0
oo7 al
//t'v

902.0
BI4. O
/^^o¿ó. v
r99.6
381.5

r,zzg"o
z,250. o

?,572.0
2,765.0
3,065.0

97 6.0
I, 084. 0
3, 660. 0
4,070.0
4,110.0
4,370.0
3, 860. 0
4, 300. 0

3, Bg5. 0
4,760.0
4, 870. 0

4,230.0
3, 710;0
3,760.0
3,380.0
z,950.0

450.0
49r. O

564.6
502. 6

465. B

445 .2
5L7 .5
425.0
4II. O

453.0
438.0
Jþ I . V

490.4
5i1. 5
514. 0
520.0
392.0
518. 0
600.0
/ -f 

^

380.0
446. 0

410. 0
420.0
640.0
370.0

I, 090. 0

640.0
1 2)tr, nLt uUJ. v

620.0
?oÃ ne /r. v

830.0
L, I70. 0

6/,0.0
860. 0
890.0

Average
U to Surr.
BTU/hr/ oF /frZ

J. ( (

/1 1^
=. rv

+. JI

3 .66
3 .43

5. (V

3.08
?on

3. 03
J. 05
4. 05

.J. /U

J" ( I
4.24
4.7 B

3.13
J. O5
??2
3 .48
5.25
3.30

10.50
5.ZZ
z.38
6.38
8.73
4.72
ó.3¿
o. (+



Té'BLE VII

REYNOLDS ¿.ND PR,A.NDTL NUMBERS

Ave.
Pb
Ibllnr lf.t

.Ave.
Kb

BTU
h,l?tFF

Mas s

Ve1.
LJ

?lbs/hr/ft"

.88

NRu NPr
J.gÞL

No.

Ave.
Temp.

OnI

.i-J /. ö-

r45.2
I ?ì O

r45.5
+50.2
IJ=.9

150. 9

r54.3
IÞJ.U
L52.5
I53.2
l)u. I
r24.3
r47.7
l3u. o

13 l.o
164. 6

LO+. +

153.3
,LOU. 3

166.8
171 A

167.2
100. f

165.2
169. 8

IO/.I
LIrJ.I

IOY. J
rbð.5
LO+. +

T

2

3
Át

5

6
'7

8

9

L0

L1

TZ

IJ
1ÁtT

I5
Lo

T7

18
lq
z0
ZL

7.2

z3
)A

z5
¿o
z7
28
?o

30

3Z

J=

35
50

0.0482
. 0486
.047 9

.0486
o¿ RO

" 0490
.0489
.0492

na,a2. v * /H

.049L

.0492

.0490
I l4 / 4

.0489

.0490

.0494

.0498
n¿o o. v Lt /

.0498

.0500

.0492

.0496

.0501

.0500
" 0502
.0500
.0500
.0500
" 0499
.0502
.0500
.0503
" 0501
. U)UI
. 050I

0.0499

u. uloo
^i 

/ 
^. UIOö

.0L64

.0168

. 0169

. UI / U

.0169

. 0170

. 0170

. 0i69

. 0170

.0169

. UIbS

" 0169
. 0169

,. 0171

. 0173
nl 7?

. 0173

.0r74

. 0170

.0I72

.0r7 4

.0r73

.0I74

. \,/IIJ

.UL{5

" 0r73
. UI/5
.0I7 4
. 0173
.0I74
.0I74

^\'7 
/1. vI I T

^1-' 
À. VI I T

0. 0173

732
1,090

356
L,200
l_,700
2,606
3, l_50

4,230
5,150
A q4O
L t ¿ Lv

3, Bg0
3,ZZZ

/1 /11
=TI

L, +O¿
? r?Ã

6,780.
L4,ZZ0
17,060
L9 ,940
23,380

4 ,490
5 ,470

28, BOO

32,750
33,500
37, 000
38,600
40,600
4r,400
43 ,600
42,700
38,700
36,150
3I,300
28,500
24,900

? ?'7 tr,utJtJ

3,500
a \/ Àr, roft
3, 860
5 ,435
8,330

10,070
13,470
16,400
14,470
Lz,3B0
10,310
r,450
4,680
6, 83o

?1 ALî
HL' L LV

44,700
53,500
62,700
73,ZOO
14, 3 00
17,230
90, 100

I 02,400
104,300
I15,800
121,000
IZ7 ,600
130, 000
135, 900
133, 500
LZj,200
1lz,800

97,800
gB, g00

7 8,200

.oYt

.698

.698

.o'1 (

.o'1 (

. / \JJ

.697

ÁoÃ,

.o'1 r

.696

.698

.695

.696

" oyo
. .697
r.oYr
.696
" 696

Á,o a

.696

.695

.69s

0 .697
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TABLE VIII

CALCUL.A'TED R.ESULTS FROM TEST D.AT-q.

IçÞL

No.

I
z
3
A.+

5

6
.,
I

B

9

l-v

L1

TZ

T3
1/1I=

15

IO

L7

18
ìq
z0
ZT

zz
z3
z4
?.5

z6
z7
?9.

7A

30
tl

3Z
33
34
35
50

NR" 
-

? ?'7 Ê,urJtJ

3,500
1 a/ aL, Io+
3,860
5,435
8,330

10,070
13 ,470
16, 400
14, 470
lz, 3 80
10, 310
1,450
4, 680
6,830

21 L/.(\
e^, ¿ ¡v

44,700
53, 500
62 ,700
73,200
L4,300
17,230
90,100

r02,400
104,300
115, Boo
121,000
r?7 ,600
130, 000
135,900
133, 500
rz0,zja
1I2, 800

97,800
BB,9OO
7 8,200

\r 0.4
r\ Pr

u.öo/
.864
. B68
. 866
.866
.864
.864
.864
.864
. 866
. 864
. 866
. 86B
. e64

. .866
.864
.864
.864
. öb5
.864
.866
.864
.864
. Õo3

.864
" öo5
.864
.864

" Õof

" 866

" 864
.864
.864

0"864

1t?NPr^'"

0. 888
. BBB

.890

. B87

. BB7

. B86

" B88
. BBB

. BBB

. BBB

. BBB

.8BB

. B89

. B8B

. BBB

. B86

. BBB

. B86

. B86

. B86

" BBB

. B86

. B86

. B86

. B86

. BBB

. BBB

. B86

. B86

.887

. B86

. B86

" B86
. B86

O.BBB

L4.5
B. L

lq ¿

¿(.v
zB.7
Jo. Y

42" B

?o ì

20 n

1/1 
^

1'7 11

2?O

ót.ó
ì^ì 

^
IIU. O

12n. Ã

47 Á-

43.6
1/11 nt=r. v

IO+. I
153. 3
174.5
I53.2
11Á 

^IfT.V

LB3. 3

L6¿. U

1/1 ) 1L=A. a

L44.5
134. 0

rzz.-0

ro. ö
a^

19, A
)) A

<t /

2? )

42. B

447
/1 tr )
/1 1 2

33.5
1A 2

?(\ ?

Ão ?

lô'r o

1?7 0

t?q ¿

48.9
50. 5

1 L1 A

190. 0
1 '7't ì

20I.5
r77 .5
?^1 2

T79. B

2r2.0
2?q o

TB7 .4

1A'7 )

ß5.2
l4t 1

Nnr,. ^, \ sd ì , 2
l\i-. L! r¿rI/l.

10. J
qì

1'7 0

21 A

??1
a1 1

48.3
A^ f

+1.5

ìo A

/A U

qR q

11/1 
^

1?A O

IJO. U

47 .C

'4A 
1

lqq l
IRÃ ?

1't?. n
ìô- ^L'1 I.V

172.5
loÁ. ô

175.5
zo7 .0
220.5
'r.Q? o

161.0
l_oJ. u
151.1
L5 í.+

NNrr.a
NN,r" Net 0.4
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TABLE IX

AVERAGE HEA'T TRA.NST'ER COEFI'ICIENT
.A.ND ¿'VERA'GE NUSSELT NUMBER

J.EÞL

No.
LMTD

oñ¡

Heat
From
Air
Õ1U/nr

U¿
BTU

d

BTU
NNt"
haO
K

I 90.2
z 9g-s
3 84.7
/ ì 

^r+ IL¡I. J
5 106. B
f ,-^ ão lIU. /
? ìì^ -I LLrJ. I

B LIZ.7
9 110. ?

t0 110. I
11 110.4
1'> ì^r lLU lVt.I

fJ tu. ö
1 À ì 

^4L+ l_uJ. +
.^/lf, .j-uo. u\/IO TIJ. O

T7 L?T.6
IÕ ILL. U
'ì q 121 A
L/

z0 Iz5 .0
LL IUY. ö
) ) 11', /1aþ lll ¡T
'>? 1)r1 ìþJ LaAc L

24 120.0
25 IZg.3
26 \2I.6
2'7 1?1 ?LuL. J

28 119. B

?o 1?1 't
9 / LUL. L

30 126.0
31 IZZ.0
32 12s.6
33 124.6
3+ rz5 .0
35 LZZ.1
36 120. 0

255.0
302.0
138.0
55 t.5
435.0
6?9.0
/ F¿oÐ1.)
875.0
997 .0
902.0
BT4. O

628.0
r99.6
38t.5
531_.0

r,229.0
2,250.0
7, 572.0
2,765.0
3, 065. 0

976.0
1,084.0
3,660.0
4,070 . 0
4,1I0.0
4,370.0
3, g60. o
4,300.0
3, gg5. 0
4,760.0
4,870"0
4,230.0
3, 710.0
3,760.0
3,380.0
2,950 " 0

K
BTU
to lrlF¡'

^ ^1 
f /v. ul-oo

. 0168

.0164

.0168

. UIbY
^ì-^. \JIl U

. UIOY

^ì 
r^.vÅlv

. 0170

.0169

. 0170

. 0169

. UIOJ

. 0169

. 0t69
^'t 

7ì. . vI a I

. uI/5

. UI/J

. UI IJ

.0L74

. 0I70

.0L72

.0L74

. 0173

.ULI+

.(.,I/J

.UI(5

.ULI5
"UL(5
"0I74
. ut /J

^an 
Á.VI¡.f

^1 
', ri¡ vI l't

^1 
1Á

e vI ¡.t

. \JLI+
0. 0173

13.70
L4.50

8.13
15. 90
lo ¿ô

27 .00
zB.7 0
^/JÞ" YV

42. 80
3 9. r.0
JJ.IV

29.00
14.00
17 .42
2? aner . / v

87. BO

I0I.00
1r0. 60
r20.50
42.40
43.60

I4I.00
164. 10

153.30
L74.50
r53.20
174. O0

L55 .40
I83.30
195. B0

L62.00
I42.70
L44.50
134.00
rz?..00

h"tfFTq nrtffr
r.45
I.55

.83
r. /v

. z.0B
2.90
3.08
3,97
¿I . OU

. 4.20
3. 85
5. 1r

I.45
1. BB
? F.'7

5.52

IO. 83

II . OU

12..55

4.72
15. OB

L7.32
T6.ZB
18.38
16.zz
Iõ " J¿}

ro. {t5
I9.30
z0 .40
L7.20
ß.20
15" 5ö
14.09
r2" 54

r. +o
r.30

.85
I.7T
z.0g
?02

J.I-I
4.07,
4.66
4.25
3. 89
3.L4
r.46
1. 89
z. s9
3. OU

9.70
ll lQ
1? ?2

13.40
4.62
4.7 9

15.72
IB. ZO

17.08
I9. 35
17. 00
19" 30
17.22
z0 .40
2I.45
18.05
15" 89
IO. IU

14.90
13.48
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TABLE X

VISCOSITY T'.{C TOR

Pw
lb/hr/ftNo.

L

z
3
Àr
5

6

8

'1

I\J
'tì
I!

1)

\/1IÏ

15

IO

T7

LB

L/

¿U

ZT

?z
L5
z4
z5
¿õ
z7
?9.

?a

30
31

34
35
50

Pb
'rt- /L- /f+LUIILLILç

0.0482
. 0486
.0479
.0486
.0489

. .0490
. o4Bg
.0492
.0492
.049r
.0492
.0490
.047 5

.0489

.0490

.0494
" 04gB
.0499
.0498
.0500
" 04gz

" 0496
.0501
.0500
.0502
. 0500

" 0500
.0500
.0499
.0502
.0500
.0501
.0501
.050I
. 050I

0 .0+99

0 .0425
.0425
ñA" A

. v+áo

.0426

.0426

.0425

..0425

. 0426

.0426

.0426

. 0426

.v+L(

.0426

.0426' 

.0426

.0426

.0427

.0427

.0427
" 0426
.0426
.0427
.0427
.0427
" 0427
.0427
.0427
. o4z7
.0427
.0427
.0427
.0427
.0427
.0427

0 " 0427

Pt' /trw

I ì??
1 1^?
ì ì2?
r ì4ô
I" I+O
I.If U

I. I) \J

I.13O
t.154
r.ßz

I.I?U
ì ìì2
1 \ /1'7r.r=f

I.150
1. I60
I. .L f v

l-. roÕ

ì 'r7^
1 1tr4

r. to+
r l7?
I.I f v

I" I I O

t r ?n
ì ì.7rì

ì ì 7n

I.16B
I.l_ I O
ì ì?^

L.L(5
L. L I 5

L. II5
L.L(5
I.168

,0.14(Pb /lf,rv J

1. 0LB

I.019
a A\ /I. UIO

1.019
1" 019

I. 020
1. 020
I. 0zL
1.020
1. 020
1.020
1. 020ì ^ì -L. uI.?

1.019
1. 020
L.U¿L
r.0zz
r.0zz
r.0zz
I. U ¿/.
I. 020
r.0zz
r.023
L.0zz
1.030
r.0zz
1 

^)2L. VUU

L.0?.2
L.0zz
I.029
L.0zz
I lt/ <Lø VþJ

ì n??L. VUJ

L.023
L. VL5

1. 020

^ 
\,/l

I v.I=
(Þw / Pb¡l

0 .984
oa). / va

.986
OR?. / ve

OQì. / vL

.980

.980

. /t /

^-^. tt /

v /v
. lt /

^4^. lt /

o arì
. / ve

a !,7
q R'r

aaô
. / vv

q7R
. /tv

^--. /..
9r I

o'7'7
. /t I

477. /t I

w /g. /, /
q?Q

. / rv

vt I. /t I

a'7'7. /r t

07?. / re

o'7'7
. /t I

.Y I (

07't
. /t I

07-l
. /t I

a'7?
. /te

a'7'7. /t I

\¿I I

\¿/ |
a'7'7

. lt I

o'7'7
. /t I

0.g77
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C,A'LCULÁ.TED

TABLE XI

RESULTS FROM TEST DATA

J.çÞL

No.

't

z
J
AT

5

6

I

8

9
l.v

IL
IZ
_t5

T4

l5
to
T7

IB
lq
z0
?1

zz
z3
z4
z5
z6

ZB
?o

30
<l

3Z
33
34
35
36

'ìÃ 2

16. 0

9.0

zI.5
?o o

{t x

40. B

47.3
43.2
40.6
32.0
15. 5

26.4
s6.6

Llr.3
1)) rì

133. 0
+o. Y

48.0
I55. 5

IBI. 2

l-oö" u
to? q

]bö. ö

1'11 A

¿U1.5
2I4.5
178.5
I57 .5
159. 5

L'TI.I

L34.9

LB.Z
lq ?

ìô '7

?1 l

25.7
35"8
?Ê. I

48. B

30. I

48.6
Jö. J
tx h

2^ À

ot.t

1Lq O

159. 0

57 .3

¿I ( . t)
201.0
230.0

zzg.0
205.0
240.0
2 tr,'7 rì

2r3.0
TBB.Z
190. 6

1OI. U

NNT"

NprI/ t(,*o ro*P' tn
NNT't

Np"l/3 (¡16l¡r*)0" talo lt¡rlts



TA.BLE XII

CALCULATED RESULTS FROM TEST DATA

l-9Þ1,

No.

t
2

3

T̂

5

6

I

B

o

L0

II
1?

1/1IT

1'7
fl

'¡Q

tv

z0
21

'))

)Á

?.5

z6
)'7

ZB
?q

2?

34
35
50

NR.

2,37 5

3,500
I, ro4l
3, 860
5,435
8,330

-l_0 , 0 70
13 ,470
16, 400
14,470
Lz, 3 Bo

10 , 31_0

1,450
4,680
6,830

?1 /140,
9L, L LY

44,700
53,500
6z ,7 00
73,Z-00
l-4,300
17,230
90,100

L02,400
104, 3 00

II5, 800
IZl,000
IZ7 ,600
130, 000
135, 900
133,500
rz0,z00
Ir2, 800

97,800
Bg, g00

7 8,200

\TrvNTtr

IJ.IU
14. 50

ö. l_J

15.90
19. 40
z7 .00
28.70
36.90
42. B0

5Y.IU
Jf . /U
z9 .00
14.00
1'7 a7

23 .90
(l rô

87. BO

10r. 00
1r.0. 60
I20.50
42.40
43.60

141.00
164. L0

155..'u
174.50
L53.20
17 4. 00
If,3.IU
183.30
195. B0

L6?..00
r42.70
I44.50
134. 0 0

rzz " 00

Np-Nrr o

I,660
2,438

BzZ
2,695
? 7A?.

5,780
7, 005
9,380

LL,420
10,100 +

8,630
7,2I0
I,020
3,260
+,((v

14,9r0
3I,100
37,150
43 ,600
50, 800

9,980
L2,07.0
6Z ,7 00
7I,300
72,600
80, 500
84, 3 00
gB, g00

90,500
94,500
93,?.00
83, Boo

78,300
68, ooo
6L,7 50

tF^)+, +)v

-Jst-
0.00820
.00595
.00990
.00591
.00512
.00467
.004Ì0
.00394
.0037 4
. 003 B7

.004I3

.00402

.01310

.00534

.00500

.00342
" 00zgz
.00272
.00254
.00237
.00425
.00363
.00225
.00230
.002II
.00217

" 00182
.00196
.00t72
.00194
.00210
.00193
. 0 0IB2
.00213
.00217

0.00225

? t7
ir el ¿
I\ ]DT

0.976
.Y to

-Y to

.Y to

. / tv

^-/-Y (O
.Y to

o'7'7

o'7'7

o'7'7

o'7't

o'7'7

. /t I

o'7'7
c /t I

e /r I

o /t I

a17
. lt.

a'7 7
. lr I

- 977
o'7 7

. /t I

o'17
. /t I

o'77
. /t I

o'77
. /t I

a'77
. /t I

o "7'7
. /t I

o7'7
. /t I

07'7. /r I

\¿r I
. /r I

a7'7. lt.

o'7'7
. lt I

.977
0 "977

zt3I\c+ I\Prev - -^ \À

al!p*/Èh)"'*
0. 007 86

.005óg

.0095?-
^^F 

/ f. uuf,o?
.00489
.00446
.0039r
^^^-/.UUJIO

.00357

.00369

.00394

.00384

.01260

.0051r

.0047 B

.uu5¿o
.00269
.00259
. ooz4|
.00226
.00406
.00346
.00215
.002Z-0
.00199
. oozo6
.00I73
. 00187
.00164
. 00I84
.0020I
.00183
.00173
.00202
.00206

0. 00213
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TABLE XTTT

LOC¿'L HEÁ.T TRANSFER COET-T-ICTENT
IN EACH SECTION

Test No.

Se ction

IJ

1Z

LL

IU
9

B
'7

6"
5

+
3

z
ì
I

Test No.

Se ction

l5
LZ

il.
Lv

9

B

7

6

5
.4

=
5

z
ì
I

oö.3
8.6
AÀ
=.7

3.9
3.3
J.O

'? ô

24
2A

)^

') /laa

64.0
7A

2.3
2.0

tw
'l t1L.=

1'>

4.5

31

I02.0
37.3
JI. O

27.3
2A 2

?A O

zI.?.
24. B

23.?,
z?..r
zz.6

69.0
ìtr ì
LJoL

8.4
8.0

7.7
l.o

âa
4.8

8.3

34

r03.z
3l_.0
?4 1

26"4
26.L
25 .4
zz.7
23.r,
IB. 6

zr.7
ìo ?

lt.\,
IB. 9

??o

11 1

L5. ¿
13. 3
1/1 /1r=. =
14.3
tl ')

1?7

LZ.5
I\J. O

14.8

JO

L04.2
5I. U

2L?
zz. B

??a
?1 R

20.0
lQ o

1'7 1

18. B

1LO

18.0

.IR
loI3ì^

51.3
7.8
?a
3.2
24
?..r
z.z
T.B
1¿-

I.L
0.8

3.2

z0

ot.t
9.0
6.0
o. I

4.7

LO

5.0
3.4
2À

?A
3.2
B.I

z6

80. 0

¿o. v

ro. o

15.4
15.4
\L A

13.7
L4.3
1)O

LZ.L
15. 3

98.0
55. O

ZB.T
26.9
25.3
?LO

zz.7
'¿0.4
1Q )

lo ?

rtt. o

17 .6
18. 7

ö/.u
JI. ö
2A'l

¿õ. 3

ZB.I
zz. B

23.5

?4?
t9 .7
18. 9
?'t ç,



.Y1

TABLE XIV

PECLET NUMBERS

Tesi No.

NR" NPt

Se ction

1?

l_r

IO

9

8
7

6

5
Az

3

2.

ì
I

ry
\T 1\Tt-Re ttPr

Se ction

13

LZ

1L

10
'q

B

I

6

5

4
J
?
ì

x/D

0.534
1 .068
2.r36
3.200
4.790
6.40
B.Z6

t0.40
13. 05
r5.75
r ö. ¿Èþ

n .65
25.L0

x/D

o.534
1.068
2.r36
3.200
4.790
6.40
8.26

10.40
I3.05
tþ. t)
r8.45
¿ L"O)
25. r0

I

I,660

0.32
0.64
| /x
1. O?

Z. BB

3. 84
4.9s
o. ¿5
7 .84
g .45

I I. Ul.

r3.00
I ).IU

L0

10, I00

x

LB

37,150

I

93,Z-00

0.057
O.IT4
0.zzg
0.343
^ 

Ãì ?

u. bö5
O. BB4
ì 1ì 

^l-.IIV

r .400
I.680
r. 970
2.320
z. 690

z0

50,800
4

x l0-

0. 105
O. ZIO
0.420
0.629
o.9+z
1 ?A

t.oJ
z. 05
2. 57
5.IU
3.64
4.27
AQÁ

tl

x
D

3,792 I,020

I xtO3
NR. Npr

0. 14 0 .43
0.28 0. 85
0.56 I.7I
0. 84 2.56
r.26 . 3. 83

1 . 68 5.10
z.r8 6. 60
2.74 B. 16

3.44 I 0.40
4.r5 rz. 60
4. 86 14.70
5.70 17.30
6.60 20.00

D

0 "534
I. U)O

2.r01
5.lou
4.730
b.J5U
ö.IöU

10.30
12 0l

I .?. OU

I B.Z7
2L.40
24.90

NRu. NP=

ñ 144

0. 288
0.577
0.863
| /w

1 '7?
L.IJ

z.z3
z. Bt
3.53
4.26
4.98
5. 87
6.7 B
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TABLE XV

LOCAL NUSSELT NUMBER
IN E¿.CH SECTION

Test No.

Se ction

Test No.

Se ction

4sB. 0
70. 0

- 26.6
7A ?

22.3
20.4
?1 ¿.

Lt.+
1À nIT. V

IV. O

ö. r

5¿.U

z0

68B. O

ro.o
39.6
47.0
55. í
30. B

34.4
28. 5
22A

27 .4
zz.4
?0.Q
53.2

z4

æ2.0
BO. B
s4.6
OI. U

43.2
LA1

44. s
+o. ¿
lt t-\

JI. J

24.6
30.2
tö. u

z6

572.0
'71 '7

zz.5
30.3
zr.z
1Q A

19. 0

LB.4
13. 5

15. 5
IZ.7

48.0

3t

ot?. u

L5+. O

lo. u
'7? '7

73 .9
tv.5
oY. (

sz. 6
54. B

45.5
45.0
51" 0

34

844.0
204.0

ß2.5
118.0
I20.0
130.0
1?9. o

102. I
IIO. 5
ll¿ o

97 .5
IJl.U

36

1BIO1310

13

IZ
11

L0

9
8
1I

6

5
À
=
3

2

I

13

IZ
11

t0
q

B

6

5

4
3

z
I

709-o
232.0

148.5

139.0
139.0
I34.3
r?5.0
131.1
ILB.5
11I.0
t4I. t

869.0
317. 0
250.0
24I.0
227.0
224.5
205.0
184. 0
roo. \./

r/o.l
1/U. b

lor.5
L7Z. 5

772. 0

283.0
233.0

232.0
254.0
203.0
zrz.0
170"0
222.0
t8o. 6
173.5
20I. 0

903.0
J5J. U

284.0
?LA ô

245.0
264.0
224.5
228.0
193. 5

zz7 .0
2r3.0
203.0
?09"0

908.0
z7 5.0
220.0
237 .0
234.0
230.0
?0s. 0
zrc.0
ro tt. )
198.0
175. 0
156. 0
173.6

a?o n

¿t6.u
2LB. 0
205.0
206.5
I OÁ, n

181. 5
180. 0

1)O. U

171_.5

to+. 5

L5 (.V
roo. )
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f, çÐL

No. Np"

TA.BLE XVI

DATA FOR L.A'MINAR FLOW RANGE

NNrt
NNrt (Di L)I/' ,*o/¡r*)o'Ia (D/ L)1/ ttp6i p*)'' ra

ì

2

Áa

I3

L, oou
2,439

BZZ
2,695
L,020

13. 70
L4.50

8. 13

15. g0

14. 00

0.34I
0.34I
0.34I
0 .34I
0 .34L

r.018
r.0r9
I. \,/IO

1. 019

I. UIþ

39.t0
41. B0

z3 .45
46.00
40.50



9B

vARrATiol,¡ oF HEAT

Nnc

FIGURE I5

TRANSFER WITH REYNOLDS; NUMBER
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VARIATION OF
i,

FIGURE 16

NNU / NP'* WITH REYNOLDS. NUMBER



VARIATION

: i -..ì ir:

100

Nnc

FlGt.fRE t7

OF NNU / NP.,6 WITH REYNOLDS NUMBER

i.



IOI

Nn"

FIGURE 18

VARIATION OF THE AVERAGE HEAT TRANSFER COEFF¡CIENT
WITH REYNOLDS NUMBER
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Nne

FIGURE I9

VARIAT¡ON OF NIuu/NPr'. (Polp*)O'O WITH REYNOLDS NUMBER
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Nne

FIGURE ZO

VARIATION OF Nuu/ Nprls ( ttal¡r,)o'o (D/t-)v,,

WITH REYNOLDS NUMBER
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vARlATior'¡ oF Nsî

' 
Nlne

FIGURE 2I

Npr%, (F,/ttJo'* wlTH REYNoLDS NUMBER
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I06

Yo 7N*" Nr,

FIGURE 23

EFFECT OF DISTANCE FROM TUBE INLET
ON LOCAL NUSSELT NUMBER



i07

EFFECT
ON

6

Y, tt'/o TNne Npr

FIGURE 24

OF DISTANCE FROM TUBE INLET
LOCAL NUSSELT NUMBER
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, FIGURE ?5

VARIATION OF NrrU/ P/-,¡,h (b/¡1.)O,O WITH PECLET NUMBER
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ERROR ANALYSES

SAMPLE CALCULATION

I. Mass tr'Iow W.

I'or te st #23

Variations in successive readings of \ at the sarne point of

the irnpact tube traverse were such that \ varied frorn

2.7.05 to 2.795 f.or position #8 in the traverse, i. e. variation =

. 09l?.70 x I00 = 3.3T0

For position #I0 = . 06lZ. OZ x 100 = ?.9To

Possible error in rnass flow rneasurernent * ?.tr19

Z. Heat Gained bv 'Water

Ternperature Rise

Test #5 ternperature rise = 5.3oF
o

reading accuracy = 0.1 F

To error = 0. 1/5.3 x 100 = I.9To say Z9/o

'Water Flow

Test #5 'Water collected per bucket - approxirnately 10 lbs.

reading accuracy .01 lbs.

To er:tor = . 0I/10 x 100 = O.LTo (negligible)

Possible error in heat gained by water !ZTo

3. Heat Loss bv Air in Inner PiPe

Error in ternperature drop through test section consists of
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eïror in inlet ternperature plus error in-d.ischarge ternperature.

Error in Inlet Ternperature:

Test #5

Inlet ternperature = tr + ti+ h 1z,/
where tt = tank ternperature = 1?5. ?oF

¿. = jacket ternperature = 180. OoF

. tb = by-pass ternperature = 180. 3oF

(tj + %)/2 = 180.15oF

Therefore error = (I80. 15 - 17 5.7)lZ = ?.ZoF-

Ternperature drop through test section (Table V) = 55. 50¡'

To errot = Z. Zl 55. 5 x 100 = + 4. 0To

Test #35

(t, + t, \lz = r83. 5

tt= L77' 5

Therefore error = (183. 5 - I77. 5)lZ = 3. OoI.

Ternperature drop through test section (Tab1e V) = 25.lotr

^ ^r^F ¿ -M"/o eTTOT = 5. Ul ¿>. ( = + IL. ("/o

Error in Discharge Ternperature:

Read.ing eïror + 0. 5oI.

Test #5, ternperature drop through test section = 55. 5of'

Therefor e lo e-tror = 0. 51 55.5 x 100 = 0.9T0

Test #35, ternperature d.rop = 25.7oF.
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o/o er:ror = O. 5l ?5.7 x I00 = l. 9o/o

Error Due to t.n petatur. Mtasuretnen a Short

Length After the Test Section:

For test #16

5

'4'7 1) R
=t.L9¿

x 4,5 x Z0 x 100=
5. 6 r13. 6

x 18 >< 20.
/

-ty. J5 LáL. a

where 3147.I25 = ratio of lengths

4.5 = local hx at end of section (figure 22)

53 average h" for test section

zolIL3.6 = ratio of ternperature d.ifference to jacket vs. annulus

For test #26

x 100 = O.jf-lo say ITo

47.125

Total possible error in d.ischarge ternperature reading =

^

of

L"9To + 1. O = Z.9To'

Add.ingthistopossibleerrorininletternperatureyieldsa

total possible erïor in ternperature d.rop of 1I.7 + 2.9 =14.6To

Conrbining with possible error in rnass flow measurërrrent'

yield.s an error in heat loss by air of:

1.03 x 1I4"6 = 118" 0 = *L8To

Heat Gained frorn Surroundings

Theerrorinheatgained.frornsurrorrndingsconsistsofsurn

errors in air and. water heat gain or loss:

Z+18=Z0To
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5. L. M. T. D.

For test #5

Maxirnurn error in inlet air ternperature = Z.20î

Maxirnurn error in outlet water ternperature = 0. IoF

Maxirnurn error in outlet air ternperature:

Z.9To x ternPerature d,roP

= 0.029 x 55. 5 = 1. 60I.

-Maxirnurn error in inlet water ternperature = 0. loF

Consequently, calcuLation for L. M" T. D. would yield

L. M. T. Ð. = (1??. 9+2. 2) - -(aa. 1- 0. f ) - (122. a+1. 6) - (38. 8+0.1)
Ln AT hot/ÂT cold

= (180.1 - 44. O) -(12a. O - 38. 9)
Ln 13 6. I/ 85. I

= 5i.0 = 108.8oF
0.47

Note: this is within 20 of. calculated value

Therefor e To elror in L. M. T" D. = I- 80/o

6. Average Overall He4t Transfer Coefficient U^

T6is is a product of the error ip the calculation of heat frorn

air and the L. M. T" D.

i. e. 1I8. 0 x 10I" 8 = 120. 0

i. e. Maxirnurn possible error = Z0To

7 " Average Heat Transfer Coeffícient h.

A.s h, is calculated frorn the relation
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1=l-
ha ua

(factor dependent on Ç)

h, varies d.irectly as U" providing 1 is large cornpared to
ua

the factor due to LV.

for h = 400 and test #3I

check effect on h" if Ua is increasedloy Z0lo

- . OOZï = O. 037911

ha 20,40 xL.Z

ha= 25'8

25.8/2I.7 x 100 = 119%

Consequently h" is also subject to 20To error.

For test #31 at h* = 100

1 = I -.0104=.0304
ha 20.40 xI.2

ha= 37'9

This is 32.91 25.9 x 100 = LZTTo

Therefore a Z0To error in U" results in a ZTTo error in hr.

8. Calculation of U" to Surroundings

The area used in the calculation of u" should have included

the water supply header and the individual supply 1ines, conse-

quently the area should have been 6.ß f& in lieu of.3.69ft2.

The values of U" would thus be onlry 60To of the values tabulated

in Table VI.
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10.

11.

ThevalueofU"issubjecttothesarneerrorastheheat

gained frorn surroundings calculated in itern 4 as Z0To'

Prandtl Nurnber

Error negligible as data read directly frorn published data.

*{verage Nus selt Nurnber

Subject to sarne errors as h. calculated in item T'

Local Heat Transfer Coefficient

.Error in calculation of AT, includ.es' error in heat frorn sur.

roundings (ZOTI) and error in rnass flo-w (3To)'

Therefore error = L.ZO x 1. 03 = L.23 i' e' 230/o

u is calculated frorn heat by water (error 2To) Iess heat frorn

surro'undings (err or 20To)

Therefore error ínU = 2 * Z0 =

rrrnr in h es noted. in itern ?!I¡V¡ ¡¡^ ¡:(,

assurned value of h*.

ZZTo

is d.ependent on error of U and

Cornparison of Cal.rrlat.d H.at G?in Frorn Sur r oundingt-q tin

Publisltea-nglg fo.' U 
"

tr rorn Mc4d.arn"5, ,n. combined. free convection"and rad'iation

loss or gain frorn roolTr to pipe corresponding to a ternpeÏaiure

clifference of 4ooF is 1.84 BTU/Ur/ttzlog.

The test accuracy can be verified, by checking heat ]¡alance

across the test section, to obtain heat frorn surroundings, using
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z
an area of 6.13 ft (see itern B).

IçÞL]TI

Heat f rorn surroundings frorn test results = 450 BTU/hr

Frorn published data = 1.84 x 6.13 x 32.4 = 365 BTU/hr

This is 3651450.0 x 100 = 81. Z0/o of' calculated'

'1 est #5

Frorn test results = 465.8 BTU/hr

Frorn published data = 1. 84 x 6.13 x 36.8 = 4!4 BTU/hr

Accuracy = 4I4/465. B x 100 = BB.0%

, tl. /'l'e st f .Lo

Frorn test results = 520.0 BTU/hr

tr'rornpublished data = 1.84 x 6.13 x 40.3 = 455.0 BTU/hr

^ ^^"-â ^" = 455.01 520. 0 x 100 = 87. 50/o¡a(-LU¿ 4L y

Test #24

Frorn test results = 420.0 BTU/hr

tr'rornpublished data = 1.84 x 6.13 x 32.6 -- 368.0 BTU/hr

Accuracy = 368.o/420.0 x 100 -- 87,5To

, t, 
^ 

)'I'esr #5+

!'rorn test results = 640.0 BTU/hr

tr'rorn published data = I. 84 x 6.13 x 36.6 -- 4IZ }*TU rnr

.A.ccuracy = 4IZ/640x 100 = 64.3T0

Effect of h.*, of 50 orL@a

Further to sarnple calculation itern 7.
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as 500.

B 500.

r = 1 - (, r.ooo+\
t'" % \50 )

= I - .0204=0.6646
r.45

ha = r'49

This is oxúy Zls higher than wher h* assu-rne

Test #19

1 = 1 - 0.0204 - 0.0645
ha 11. 60

h" = 15'5o

This is ?6.9T0 higher than when hw assumed

, lt ^{lest fr5J.

IEùL ]Ï.I

1 = 1 - 0.0204=.0286
ha 20.40

ha = 35'0

This is 6I.ITo higher than wher h* assurned as 500.

Check on Correct Range for h*

Bv Natural Convection

Using an alignrnent chart frorn McAdarns5.

Ternperature difference between water in annulus and inner pipe

for test #3I = IZ}ot
?P' ,T = lxIZ? = 63.3
D T.93

where P = plessure in atrnospheres 1
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AT = ternperature difference = lZZoT.

D = diarneter of inner PiPe = 1.93t'

frorn alignment chart hw = 35

Using Relation UV fvf"e¿"rtt" tot fto* of

Horizontal Cv1inder.

Y = 0.35 + 0.56 xo'52

vJËLeuruy

\t

^'

O. 0132 tt3l rnin

.0137-1,043I =

0. i61 x 18.4 x
5. ( 5

0"35 + 0.56x49.7

+. or

pipe = 0. 061 ft.

= 6í-.5 tbs/ft3

-- 3.7 3 lbs llntlft

-- 0.324

-1

0. 307 ft/rnin = 18. 4 ftllnt

62.5 = 49.7

0.52
Y

where x= DVP Y = þ¿Uå.,
P (cn P/K) "

D = outside diarneter of inner

/)
t-:

. ,-o.-
P=at+" ¡

Y = velocitY in "t"ttio"
tl

K = at 45-I.

cp=

Check velocity through section 6 for test #30

Area of annulus for section 6 = 0 '043I ftz

Waterflow=16.50lbslZOrnín'=0'825Ibslrnin'
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Solving for h* Yields
ô?

hrt =

h.,, = 19. 3

It follows that a value of h* in the range of 50 or less shöu1d

have been used in the calculations.


