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ABSTRÍ,CT

The object of this work was to propose methoos which

are both simple and. accurate for the pred.iction of sym-

metrical and asymmetricaL heat transfer in single-phase
turbuLent fluid. flow in rectangular channeLs and. paral_lel_

plates. Exj-sting heat-transfer correlations for circular
tubes, symmetrically ano asymmetrically heatea rectangular
channels and parall-e1 pJ-ates were reviewed. Nevr correLations,
based on the spaloing-Jayatill-eke p-function concept, were

developed by the present author for symmetrically and.

asymmetricaÌ]y heated. paralleì. plates. The approach for
the selection of the best methods for heat-transfer pre-
diction 'y'/as by comparison wiltr elil the availabLe published
experimentaL d.ata. rn the case of symmetrj_cal heat transfer
in rectangular cirannels anofor pararlel- plates, both
Banowrs correlation and. the present authorrs extension of
the spaloing-Jayatilleke p-function methoo, with root mean

square d.eviations of approximately 23% anA 24% respectively,
provideo better resuLts than the circular-tube correlations.
Furthermore, for asymmetricaL heat transfer j_n rectangurar
channeLs, the Janeb-lviartin-l'lartin correlation was founo to
be superior to all others with a root mean square d.evj-ation

of approximately 13i/o, rn the case of asymmetrical, heat
transfer in parallel plates, the present authorrs exten-
sion of the spald.ing-Jayatilleke p-function method yield.ed.

better preolction than any existing coneLation with a root
mean square deviation of 17# .
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CHAPTER 1

ÏNTRODUCrION

The heat-transfer and flow friction characteristics
for single-phase turbulent fluid flow in circurar tubes
have been the subjectof agreat d.eaL of theoretical_ an-
alysis and. experimentation in the last sevenry years.
The circular passage has been anaLysed extensivery be-
cause of its importance in technicaL application and be-
cause its simpJ-ieity nakes it amenable to analysi_s. rn
recent years, rectangular channeLs and. paralleL plates
have been used extensively in englneering sysrems ¡ €rg.
nucl-ear power reactors, solar energy collectors, compact

heat exchangers, ventilatlng and air cond.itioning systems,
etc. These applications may be und.er s¡rmmetrical or asym-

metricaL heating conditions. However, they have been in-
vestigated to a much. Lesser extent than the circu]ar tubes.

The object of this present work is to obtai_n simpi.e
and. d.irectly-usabl-e correLations for the prediction of
symmetrÍcal- and asymmetricar heat transfer of singre-phase
turbuLent flow in rectangurar channels and. parallel plates.
Existing heat-transfer correl-ations for circular tubes,
symmetrical-ry and asymmetrically heated. rectangular
channel-s and. paral-leÌ plates v/ere revj-ewed.. Neu io"-
relations, based on the Spal-ding-Jayati1l_eke22r43

superscript numbers refer to literature references llsted.in the thesis sectiorÍ entitled. ilReferencesrr.
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P-function concept, were developed by the present author

for the symmetrj-calIy and. asymmetrically heateo para11el

plates. The ad.vantages of the Spald.ing-Jayatilleke method

are that:
f . it is a d.elicate blend. of theory ano empiricism;

2. there is some distinct physical significance to the

various terms appearing in the equation(s);

5. it is slmple to use.

The approach for the selection of the best correlations

for heat-transfer pred.iction was by comparison wlth all the

avaj-Lab1e published experimental- data.

The bod.y of the work j-s divld.eo into four major areas.

In Chapter 2, the friction factor for turbulent flow i-n a

rectangular geometry and. paralle1 plates is discussed. In

Chapter 3, 4 and. 5, the heat-transfer correlations are

outlined. The effect of fluid. property variations on

heat transfer is investigated. j-n Chapter 6. Chapter ?r

8 and 9 consist of the test results, conclusions and. re-

c ornmend.ati ons .



CH¿.PTER 2

FRTCTTON FACîOR

2.1 GeneraL

rn the solution of practicaÌly all heat-transfer
convection probleme, the corresponding ftuid.-dynamic pro-
bLem must first be solved, if it is not indeed, completeÌy
coupled to the heat-transfer problem. Although this work
is not on viscous fluid. dynamics, the friction factor in
fully-developed turbulent non-circular d.uct flow is in_
vestigateo in detail-. îhe effect of the friction faetor
on heat transfer is d.emonstrated. in the later chapters of
this work.

2.2 Circular Tubes

2.2.1 Ðefinition

consid'er the stead.y flow of an imcompressibr.e
fluid in a long circular tube. ret the bulk verocity be

q. The friction factor, cf , is d.efined by

snear stress at the tube

the fluid.

(z.t)

where 7* is
the density

the

of
wal-l and. p is



+

cf = o.o?9 ne-å \¿.¿)

where Re is the ReynoLd.s number. rt agrees closely with
experimental- resuLts for Reynold.s numbers between Sooo

and 1o'. rt is both explicit and. simpJ-e to appfy. with
some theoretical found.ation, the Karman-Nikurad.s"24 (also
known as Karman-Prand.tl and prandtl-Nikurad.se ) f ornula
gives

2"2'..2 Devel-oped lurbulent Flow

For turbulent flow in
empirical formulaJl glves

smooth tubes, Blasiusts

ç2. ) )

to use because olle cannot

two formulas (2.2) and

. They agree very wel_1,

numbers between 4000 and

: = 4.0 foetO( aefi)-g.4
/"t

Equation (2.7) is inconvenien¡

solve it d.irectly for cf . The

(2.3) are plotted. in Figure 2.1

with one and other for Reynolas
.l 

^r¡v

2.3. Rectangular Channels and. paraIle1 plates

It is quite customary to appfy the concept of
hyd'raulic equivalent dj-ameter in the caLcul-atj-on of friction
factor for developed. turbulent flow in channeLs of
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rectanguLar or other non-c.J.rcular

hydraulic equivalent d.ianeter, Do,

77cross-secti ort". The

is deflned as

Flow Area
DoE4x----' Perimeter

(2,4)

However, there have also been theoretical arr"Lysesl2 and.
'l C. Ôt-ì

experiments'o¡¿Y which indicate significant errors may re-
suLt . Because of these contrad.ictory reports, a review
of the literature was done by the present authorr âs sum-

matLzed. in labLe 2.1. some of the more reeent and i_m-

portant papers are discussed in the rest of this chapter.
rn 1962, Hartnett et al.17 nad.e a detailed. survey of

the literature. rn ad.d.ition, friction factors for ducts
of aspect ratio 1 : 1 , 5 :'l and. 10: 1 were pred.icted by the
method of Deis"L"r10 and. DeissLer and haylo=1 1, and, êx-
perinents were al-so performed on these d.ucts. The caJ-
culated. and. measured. results vúere found to be in agreement

for d.ucts having large aspect ratios. As for aspect ratios
Less than 5:1 , the pred.icted. values of friction factor
were l-ower than the experimental- d.ata, with a maximum d.if-
ference of only 1?% evident for the square d.uct. A plot
was made by Hartnett et al. to compare the BLasius cor-
relation with all available experimental d.ata. lhose d,ata

incl-ud.ed.
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Teart 1923 1962

Aspect Ratio: 1:1 - 169¿1

Reynold.s Numberz 1.?5 x 1OZ 5 x 105

rt was conclud.ed by Hartnett et al_. that, with the hyd.raulic
equlvalent d.iameter, the glasius c'lreul_ar tube correlatlon
accurately pred.icts the friction factor for fLow through
rectangular channels at any aspect ratlo for Reynolds num-

bers between 6 x 1Oi and 5 x 105. Maurer an¿ le1ourne 
^u12did experiments on narrow rectangu]-ar channer_s at Reynolds

numbers from 4 x 1o3 to 5 x 105. Their resurts were in
agreement with the works of Hartnett et aÌ., i.e the con-
cept of hyd.raulic equivalent diameter can be appried..

^Barrow' suggesteo the' ueing of hydraulic equi.var,ent d.ia-
meter with the Blasius correlation for paraLlel plates.

However, the presence of seconoary currents in tur-
buLent non-circul-ar condui-t f1ow4'19 mad.e it d.oubtful
that a single unique resistance ]aw, such as the BLasius
equation, could describe friction phenomena in rectangular
channels by simply using the hyd.rauLic equivalent diameter
as the characteristic rength parameter. rn leutheusserfs

ô^
vrork--n it was found that, by using hydraulic equival_ent
diameter, the function relati-ng friction factor with
Reynolds number was not unique. iIe consid.ered. the con-
ventionaL use of hyd.rauLic equivalent d.iameter not only
implied absence of shape effects on the resistanee func-
tion, but also presumed. the existence of wall and. Reynol_ds



simiLarity in the general case of channer- flow. His ex_
perimental resul-ts showed. that there was a trend toward. a
more rapid d.ecrease of friction factor with increasing
ReynoJ-ds number as compared. to the Karnan-Nikuradse
equation. For Reynolds numbers greater than approxinater-v
5 x 10', aLl the data lay consistently ber-ow the Karman_
Nikuradse line by about ZO%. Brundrett an¿ Furroughs5
also found that, wÍth the expr-anation of stagnation i-n the
duct corners, the frlction faetor was slightly lower for
square d.ucts as compared. with circular tubes for Reynold.s
numbers between j x 10+ 

"nä 
g * 1e4. Although these authors

have d'isproved the use of hydraulic equivarent d.i-ameter
with circular tube eorreration, they d.io not suggest new
equatiorfso es for turbulent fr-ow between paral_]e1 pJ-ates,
PateL and. Head.JT pointed. out the inaccuracy in measurements
of the early researchers and proposed a new correratlon

cf = 0.0376 ne1/6 12.2 )

for Re greater than z.g x 1o3 and hyd.rauric equlvalent
di-ameter as the length parameter. liowever, the Reynold.s
numbers of their experi-ments were never greater than 104.

Jon"s23 obtained friction factor data for channer_s
having aspect ratios between unity ano 3921 in the ]irera_
ture and, in conjunction with his nev/ experimentar data,
exami-ned for deviations from the smooth circur,ar tube



12

l-ine. It was found. that at constant Reynold.s number

(based. on hyd.raulic equi.valent diameter) tne friction
factor increases nonc¡bnically with increasing aspect ratio.
rt was thus concl-ud.ed by Jones that the hyd.raulic equivaLent

dianeter is not the proper length'dimension to use in
Reynolos number to insure similarity between the circular
and. rectangular channel-s. rnstead, it v/as determined that
if a modified Reynold.s number, Re*, was obtaineo so that
geometric siniLarity was provided, in laminar flow by the

relation cf = 16/nex for all geometries, that this Reynolo.s

number al-so provid.ed good. similarity in fuIly d.evelopeo

turbul-ent flow within an approximately 5% scatter band

about the smooth tube Line. By using this rrlaminar equi-
valent Reynold,s numberrr, Re*, Jones stated that circular
tube method.s may be read.ily appJ_ied. to rectangular ducts

thereby eliminating large errors in estimation of frj-ction
factor,
l{athematiea}1y,

Rex = ø*(Ë) Re (2.6)

where w is the channel wid.th,

is as before and. the geometry

s j-s th.e channeL spacing, Re
, .r{r .function Px (Ë) is given by
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ø* (Ë)

ø" (å)

¿=: (r w
. 

'*)'{ 
,, t>1-fr

The functi-on fx (å) is shown graphically in Figure Z.Z.

An approxi-mate relationship which wil-l- give þx (Ë) within
about 2% ís

oO

å #tanbqPf

Sz^
ur\-

ïn this present work, the hydraulic equivalent dia-
meter concept was ad.opted, because it is widely used. and

easy to apply. Furthermore, comection of friction factor
for rectangular channel-s and. paral-Lel_ plates as proposed.

by the Jones method.2J was al-so consi.oered.

oâ.# Srl)

¡4. | )

(2.8)
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1.2

t.l

4/\
I c L/

+
Ø" (w/ s)

9.Y

o.g

o.'l

äctuaL, Eqn. (2.7)

o.2

Approximate, Eqn. (Z.g)

rìa l¡U
.\AA.wr¿i U.O

/ r .-1(w/s/

Flg. 2.2 Geometry Function for Cal_culation of
lamj_n¿¿r Equivalent Reynolos jrlumber



CHAPTER 3

CTRCUIAR TUSE IIEAT-TN.ANSFER THEORY

3.1 GeneraL

There is a vor-uminous r-iterature on the subject
of heati-ng or cooring of fLuios insid.e circular tubes, and,

many design equations of varying degrees of.generality are
availabLe. rn the calculation of heattransfer in tur-
bulent non-circular duct flow, the practice untiL recentry
has been to use circul-ar-tube correlati-ons on the assumpti_on
that they can be appried by using the eoncept of hyd.raur.ic
equivalent diameter. This practice has been adopteo for
both symmetrical. and. asymmetricaL heat-transf"er conditions.
rn this chapter, clrcul-ar-tube heat-transfer correLations
are investigated.

3.2 Correlations Obtained flom Dirnensional S]. S

For turbuLent frow in tubes, dimensionar- analysis
gives

:r(l,+¿l (3.t¡

where the function 1s to be deternined. experimentally. For
mooerate temperature d.ifferences between fLuid and tube
surface, the Dittus-BoerterlS and. sied.er-T 

^t,e42 equations

ntl

k

15
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are conmonly useo.. the

all physical- properties

fluid

Dittus-BoeLter equation evaluates

at the bulk temperature of the

or

The Sied.er-Tate equatj.on

at the bulk temperature,

tern

Nu = o.o24Reo.8pro.4

(5.2¡

(z ?\

physical properties

v j- sco si ty-rati o

eval-uates aLl

except,Êu, in a

hD - /"\ ^ô ^ ,DG\0'8rcnF :.0'4q = v-v¿+ E, ,T_ro

1^ 0'8, "of ,O "33 , /^b,0. 1 4
= a.o27 (ä) (Ë)o (ñ)

(3.4)

or

hn
kb

Nu = O.OZTReO.8p"O .33, /^U)0.14
. 

¡1w.
(3 "s)

7.3 the Petukhov and popov Equation

Petukhov and. popo-r59 ,r.seo the integral formur-ation
aÈ,

d,eveloped by lyon'r and numerically solveo for the stanton
number using veì.ocity distribution and. edd.y d.iffusivlty
equations proposed. by Reichard.t4o. They then d.eveloped, a

stanton number equation which reasonably approxi¡aated the
val-ues yielddbytheir numericaL solution. Their rêcom-
rnended equation is



40tt

"f
-St

1.O7 + 12.7/-f(Pr'tt- t)
J2

(3.e7

where the friction factor, cfn nay be calculated. from the
Karman-Ni-kurad.se equati on

È = 4.0 ]ogro Ge f, - 0.4) (2 "3)

and. St is the Stanton number defined as h/Gco.

3.+ the Spal-dlng-Jayatilleke P-Function

Spald.ing and, Jayatill"k"2?r43 referred. to the

extra resistance to heat transfer in the viscous sublayer
(see Figure 3.1) of a turbul-ent. flow as'prr.*"Op. A re-
lationship was deveÌoped. between P ano. essentially the

Laminar Prand.tl number of the fluid.. lhen, from the

P-function, the Stanton number of the fluid can be caL-

culated.. rt is beneficial to revlew tbeir work in d.etaiL

here because in the next two chapters, the present author

extends the P-functj-on to symmetrJ_ca1 and asymmetrical

heating conditions in paralIel plates.
Based on the observation that pipe velocity profiles

resembl-e that of a couette flow remarkably, spal-oing and.
)) Ä7jayatilÌsþs--rr-r applied the Couette fLow analysis to

pipe flows.

From d.imensional analysis, the veLocity profile is
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Fig. 3"1 Velocity profile
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expressibl-e by a unique relationship of the form

\). ()

(3.e¡where

and.
+

where

So,

.4. tota] viscosity, I tot, is d.efined. by

TA. = 

-
,tot-du

-Gy

(l.to)

and' a total theraaL exchange coefficient, Froy of specific
enthalpy, f, by

r-! qw
¡tot = W

dy

(7.9)

(7.tt¡

g* is the heat flux from wall into the fluid stream.

k.^-F =;Si'tot=q (3.t2)

where ktoa.is the total thermal cond.uctivity and 
"p the

specific heat at constant pressure of the fLuid.
The totaL Pranatl number, p=tot, is d.efined by

/+ n+P"tot = -ffi. f 
^t9V V

(3 . t3)



¿v

Dj.mensionaL anä,Iysis leads to the result

p=tot = praor(yt, pr)

where Pr 1s the l-aminar Prandtl, number
la+ ^+o.imensionless total- viscosj.tyr-#lr is

^+of y' al_one i. e.

y'l+^+c*
'o- - ë.¡¿--tot ktot

/ttot - / *r

-=-¡rtvt

l^ rox'" '

(z ¡ ¡ \\)o t+)

(z rcl

of the fLuio. the

however a function

(7.to¡

and. heat fl-uxBy

i-n

virtue of the constancy of shear stress
Couette flow, it may be shown that

l^* ^*.-...3 = tu^_
r rruu

,+
^ 

lt

= i¡I-.+qu
(3 .17 )

(7 " te¡

(z .ro\

8 tot
Þ-'- tot .x*a9

ano (3.1a¡,

and.

wnere Ø'=

By elimination of

there is obtained

qw

åtot from equations (3.17)

the important resul-t

+u
¿* I i- ;,,*tp = / t"totot

JO
(3.2o¡
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In principle, Ø* can be eval-uateo, since

Lated to u+ by means of equatj-ons (3.7)

The frictÍon factorr c+r âs oefined
.i^
l-ù

t..cJ'=+-
' tPio'

P"tot can be re-
- t-ano \1.1> ) .

in section 2,2.1

(2.1 )

(1 .2t ¡

normally taken as having

(3 "zz7

can be shown that,

ß.21)

G "24)

defined, by

\).27¡

"fT= u

Sj.nce the ',.r*(y*) relationship
the fo"^25

+ 1- +u =Flny +c

over the great part of the pipe area, it
for circular pipe,

-++ì¡ =UR

.+vlnere *R 1s the d.imensionLess centre-l_ine velocity ano

is a constant, usually taken as equal to 0.4.
Then it foLlows from equations (3.21¡ and (3.23) tnat

7

¿r(.

7n
A
IE-=/"ft_/2

The Stanton

+1l-
¡-f.

q+ =

nunber is
n

.\,Ú

(Ø* - Ø) pi

i+ Section A. 1
Append.ix
(3.27)

shows the derivation of equation
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which can be reduced to

q+
vv 

= (3 "za¡

where ø is the mixed. nean var-ue oi ø over the pipe cross-
section and ø* the correspond.ing non-d.imensionar. vaIue.
ït is possibJ-e to derive a rer-ation between ø+ and ØI
on the basis of the Ø*,uy* rel-ation being logarithmi; over
most of the stream'as a consequence of p=tot having a con-
stant vaLue Prturb within the turbur.ent 

"o""*, this being

From ecluations (3.2o¡ , (3.21¡ , (3.23) , (1.26) ana
(3"27), there is a relati-onship between the friction factor
and the Stanton nurnber,

-Prturb)du+.þf,r - o1?,/f 
L

3 . ze¡íi

Appendix À, Section 4.2 demonstrates ti:at prturb 
=constant in the turbul_ent core.

fpnendix Rr section 4.3 shows the derivation of equation(3.27 )

Agnndix Ar section A.4 shows the oerivation of equation(3. ze)

/+v¿
-T-

ø* = ø; - Prturb (h - fu, (7.27 )o*

+u-
-- f rlp'

/ '--tot
0

if J(
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The term on the left-hand. sid.e, being proportionaL to the

inverse of tne Stanton number, represents the total re-
sistance to transfer of ø. The right-b.and side is the sum

of two resistances in series. The latter term is what

woul-d, remain if Pr*o, ¡¡as mad.e equ,al to Prturb over the

whole cross-section of the circuLar pipe. îhe first term

of the right-hand side then represents the extra thermal

resistance which arlses solely due to any differences be-

tween Pr, - ar.r Þ¡ D is d.efined. ast - tot É'Às ¿ - turb' ^

11 \¿i

p = f*41#- - 1)du+
J O '-turb \ ).2.9 ¡

ït is known from experiment that P"tot differs significantly
from Prturb only in the region very close to the waLl

(Osu+r< 20), iooo in the rrvi.scous sublayerrr. .P"t.,rrb P

therefore represents the extra thermal- resistance offered

by the viscous sublayer on account of the total Prand.tL

number in it being dlfferent from that in turbulent core.

Equation (3.2A) can now be written as

/-/-f,/2-F = P"tu"b P +
- c^

. ) r\+-,_.1,¿¿
+t4

(7.1o¡
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Spald.ing and Jayatill .k"22' 43 recommend.

(z z.l \

Prturb = 0.9

ß = 0.4

and c, can be caLculated by the use of Karman-Nikuraose

equation. Equation (3.11¡ is a simpJ.ified. formul_a for

p = s.24 Jrå+- )t/u - 1 |
[ --turb )

p = s.24{rË--)3/4 ,r I x( --turb )

fo-Iir+o.28exp(-o.oo7#-)l 3.tz)( *'turb 
)

By substituting P, Prturb, f , cf into equation (3.3O),

the value of Stanton number can be obtained.
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CHAPTER 4

PARAIIEI - PTATE TIíEORY WTTH SYMMETRTCÁI HEATTNG

General-

correrations which are equivar-ent to those such
as Dittus-Boelterl J or sied.er-T ute42 for turbur.ent ftow in
rectanguJ-ar cbannels and paralleL plates are practically
unavail-ab1e. the present author couLd. fina only Barrowrs
work- in the literature. Because of the scarcity of exist_
ing equations, a new correlation for paraÌle]-plate sym-
metricaL heating is developed by the present author i.n
this chapter. This new correr-ation is basicarly an ex-
tension of the spalding-Jayatil !eke22r43 p-function ( see

section 3,4 and. Appendix A) to cover the pararler-pIate
geometry. The parallel-plate configuration is selecteo
because this avoids the complication of second.ary flows
and makes the assunption of one-d.imensional flow analysis
applicable.

4.2 Barrow Equation

Barrow2

by t{izus}rina ' "34
transfer of heat

distribution was

Ìayer, + +

d.etermined the heat-transfer coefficient
extensj-on of Reynolds analogy between the
and, the transfer of rnomentum. Ihe veloeitv
divioed in two regions I for vÍscous sub-

=y



26

and for turbulent core

.^-+= 6"2 1og y' + 3.6

No account h,as taken of the buffer or transition zorLe.

His semi-theoreticaL analysis resrilts in the following
equatj-on for turbulent flow between paraLl_el plates.
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vioed. by the

ymmetricaL heating,

4.1) can be re-
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'7 la

0.1 986 Re'/ "pr

i.o7 R"1/8 * g.74(Pr - 1)

+.3 Extension of Spalding-Jayatilleke P_:IuIc'b:Lqn

4.3" 1 the Fricti-on Factor

Following Spaloing and Jayatilleke r s work

Section 7.4 and Àppendix i.), ü is d.efined. through

(+.2¡

( see



-+1u
+

It

(+.1)

unlt wid.th = 2L (see Ïigure +.1)

(4"+)

parameters, equatJ_on

\1.) )

(4,ø)

substitution of the J-ogarithmic. expression for u*¡ i.ê.
equation (3.22¡, into equation (4.5) ano integration yieLd.s

the rerationship between bulk velocity ü+ and centre-Lj.ne
velocity .t.,f 

"s

tt ..+ 1

!K

Again defining cf as

wây, it then fo}lows

j.n equation (2.1) and u+ in the usual

fron equatì_ons (3.21) ano (4"6) tfrat

4
I:-=

r'¿

+tr _L
l(

( ¡ z\

4.7"2 The Stanton Number

/, \ - l'(Area)pu =pl uo(Area)
J Area

3or paralLel, plates, area per

Then equation (4.3) becomes

zLpi. = ,r|:u .dy

Using the equivaLent dimensionLess

(4"4) can be re-written as

+1r-Jr + . +uoy

For the case of heat transfer, parallel to
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Fig. 4.1 ParalLel pl_ates
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equation (4.3), it can be stated that

ort ü*ø*=
I

-!
u

U

( 4.8)

(4.9)

Now,

over most

perature )

+c

of

is

+,.u
ø- = [ Pttor{o

Àgai-n,

For obtalning ø-, one uses

ø* = Prr'r"o u+

sLnce over most of the cross-section (the turbul_ent core)
P"tot has the constant value prturb"

Substitution of equations (3.22) and. (4.t0) into (4.g)
and integration yield.s

vi-'"*,,-" Jv4¿ e 
I

./22c1',Z-T

tr¿

ß-
2,1 .i- +

k\k - cr-Ln yi

^ì
+ .') I

)

(erea)pü B =rfor"^uØ d(Area)

+ ø* dy*

= *1r.r,. 
y

the flow area. The profiÌe of ø

shown in Figure 4.2.

.+

(3.22¡

(and tem-

(1 . zo¡

(4.t0¡

I

--I'
-IJ

ü*ø*=



7^

,'I
T

Fig. +.2 Profile oî ø (and Îemperature)
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with *i = fr" r* + c, equation (4.6) ana øi = p"t,r."¡ *i,
the above expression becomes

ø*=øi-Prturbq- j;l (+.rr;

From equations (4.tt) ano (3.2O) written at L, the following
. equation is obtaineol

+
4-

ø* =l 
o"(t"ro, 

Prturb)du+ Prturb q - #,
+u-

*f u pr+,.-.r. ou+
I w4L vJO

Combining equations (7"21) and (3.2ø]l

Æ
ø. ! # (4.1j)

is obtained.. The last term of equation (4.12¡, with equa_

tlons (4.6) and (3.21¡, becomes

(4"t2¡

(4.r4)

Substitution of equations (+.t3) and (4.14) into (+"tZ)
yi elos

/-
/"f

v¿

-:Ê-
pr ) ¡ì.,,* + 

Prturbrt 
. 1 .cfl--turb/ uB 

E 
,' - 

*2 -,/T
(4.t5)

=J"rt ( P"tot
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using spald.ing-Jayatill-ekers coneept of textTa thermal re-
sistancerr of the viscous sublayer (first term on the right-
hand side of 'equatlon (4.t5)) and the d.efinj.tion,

¿
tl \¿1

P = f^r' (#-9i- - 1) dul
J O 

*'turb (+.te¡

one can re-state equation (4.15) as

Æ/TT
Pr

= Prturb p * "!5b ( 1 . r.?) (+. t7 )

/r K

With the proper values of P, Prturb, & and. 
"f, the Stanton

number for symmetrÍcal heating in parallel plates can be

calculated. by means of equation (4.17¡.



CHAPTER 5

q-r
). I

PREDICT]VE METHOD WITH ASYMI!ìETRTCAI HEATING

General-

As in the case of symmetricar- heating, there are
very few correl-atj-ons for asymmetricaL heating in rectangular
channel-s and paraller prates. Barrowrs workZrJ invoLves an

anaryticaÌ soLution with an experimentar eomparison. James
^t/let 41.-' proposed an experimentarly-oetermineo correl-ation.

I{ere agaj.n, the present author d.evelops a further extension of
the spald'ing-Jayatilleke p-function (see secti_on 7.4, 4.3
and' Àppendix A) to cover asymmetrica] heating in parall_eL-
pÌates.

5"2 Barrow Equatlon

As mentioned in Section 4.2, equation (4.t) is
applicable to both symmetrical and. asymmetricaL heating
conditions for turbuLent flow between paralJ_eJ. plates.
Equation (4.t¡ is repeated. nere:

Nu= (4. t )

ïn the case of asynmetrica] heating where one surface
heated while the opposite one is insulated., the val_ue

f is equal to zero. Thus, equation (4.t) becomes

ìe

of

n /a
0. t 986 Re'/ " pr

(2+r) (2+T)

17



Nu - o'19ç6-Re7/8 Pr
10.06 Rer/õ + g.74 (pr - z)

7A
J-

(tr, 4 \

5.3 James-lvlartin-lviartin Equation

James et aL,21 ca*iea out experiments on heat
transfer from one sioe of a rectangular-section duct to an

internalJ-y flowing fluid. A correLation for the d.ata was

developed in terms of the Nusselt, Reynolos and. prand.tL

numbers and the viscosity and aspect ratio of the ouct,
Þaseo pureiy on experimentaL resuLts. The correlation is

^ ^^¡ 
/-i..

0.104 Reu.uu I ofx + v. I)
I{tr r

\2.¿)

The aspect rati_o, A, is defineo by

o = 
u'utn 

Ëf;ååif;"8t t3äiî*a'h*FååÈ"u """t""" $.3)

lt^
The viscosity ratio ¡- = 

/-9 where /e" is the viscosity' K Itw --- t a

evaruated at the buLk temperature and ¡* is the viscosity
evaluated. at the tenperature of the heat-transfer surface.
The Reynolds number is based. on the hyd.raulic equivalent
aiameter. The recommend.ed range of valid.ity of equation
(5.2) is over the fol-lowing ranges of pranotl and Reynolo.s

numbersand. viscosj-ty and aspect ratios:

Pro. o loT 
J Re'-o' 9

+ 1.62 "-o)



With reasonable With mooerate
certainty confidence

Re: :,x1o3 1x105 3x1o7 2x105
Pr: 6.5 100 O.7 1OO

Á. : O. 5 4. O *ny value

Fn, 1.5 9 1 - 10

5.4 Extension of SpaLding-Jayatill_eke p-Function

5.4.1 VeLocity and Temperature Distributions

ïn the case of asymmetrical- heating, the velocity
and. temperature profiles are d.issimilar as iLlustrated. in
Fig. 5,1 . The waLl- oistance where the l-oca] temperature
equals the bulk temperature of fLuid. is different from
the wal,l distance where the locar- veloclty equals the
average velocity. rn ord.er to have a reLatively simpre

analytical soLution without sacrificing much accuracy, the
present author assumes two approximated. ø (ano temperature)
profiles.

In Figure 5.2(A), the ø profile is

e* e*p' = Ø; for 0{ y€ 2t $ .4)

Figure 5.2(B) shows a profile which consists of two portions:

, -t1*ø* = [ P=*^* cu+ for O< yçl
J O uuu
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Fig. 5.1 Asymmetric ileating
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For identification purpose,

as the unlform temperature

the two-portion temperature

for f¡-< y< 2I.,

Figure 5.2(Ã)

profile whiLe

profj-1e.

is referred to
É ^ /- \-Frgure >. ¿\b ) as

+
.[t

- I !(Dn' J ^ t"tot
+

Þ¡ \ .irri 'tür--turb/ vs + | ^"Pxt.,,.h d.u'
J O e*¿u

(4,1+) in Section +.7.2 are

equation (5.8) becomes

f e ^\IhXt
\J'vJ

al,so valid

+
rul /ñ= I \fr+^+

J o vvv

¿ ! *r, -].,. U4I9
' t-/ "f'f 

-.{¿

utl¿I*"-ì^/
vuÀ v

| / r\
R{?/

-+
t¿ t,t

5,4.2 The Uniform lemperature profile

From equation (5.4), it is obvious that

ø*=øi

The expression for Øi,u based on equation (3.2O¡, is

/cç
,/2

q+

+
,-lft

øi = | ^" P"tot du+
JOvv

Thus, u?
9

Equations (4.11) ano

here. As a result,

l1
\f I \)"Y )



Again, usi-ng Spalcing-Jayatill-eke t s

resistanee't of the vlseoús sublayer,

lr ' D¡

p =f*l (P- - 1) d.u+
J 0 '*turb

one can re-state equation (5.t0¡

É,A7

4
I

f
Y zl,

i.¿.4 . +vg oy

39

concept of rrextra therrnal

with'the ¿etr:.nitionr

(5.t0¡

/eç/-=v2
ç

Pr*.,-* n E
= Pf_ P ¿ 

-Y53 
('t - !/ r'\^-turb- 

E 
\r-ilT'

/ -,¿.,2

(É. rr\

the lwo-Portion lemperature Profile

Parallel to equation (4"9), it can be stated that

1

" lJt ..+ 4+ r --+v Y r,¡J
1

+
i;+a+4lJ

As shown in Flgure 5 "2(B)
Therefore, with equations

on the right-hand. side of

+v^-
" lL ,.+6+ ¡-,ivysJ

+
Y¡

, Ø- is logarithmic for O< y

3.zz) and (4.t0¡, the first
equation (5.12) ¡ecomes

+vt

U

I

+
Yzt

(5.tz¡

++s Yr.., '
term

' v- 
o* - Prturb rvir! 1* y* + c)I f- ! ,,*¿f *¡.

+l-P--lväJo zyi Jo'tç
¿

uJ
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Prtur¡fr - z
-"--l '-ãJ-n. ln

c )In vl+ 2,1V-- --(--tê '14

1

Æ + 
"t) Þk ')

té+ \-'-
R-

(tr, rz\

(5.1+)

',,rrith ø+ = øi ror yl ( y+-( yls,,

hand si d.e o f equati on (5 . I Z7

the secono term on the right-
becomes

+ fät u*ø+dv* =vz( vl,

d\f-L

-¿v--!

t* øi
T

+

U

I
'k * r. *y + c/dy

into equation

where ü' is given by equation (4.6¡.
Substituting equations (j.t1) ano (j.14)
(5 "lZ) and simplifying- gives

^+ Å+yr = pL- D¡
ï11?ñ

Äs in the case of the uniform temperature profile,

Å+9,
IJ

then
s,t
9

.+t"tot o.u

ptot prturb)du+ prturb (h - 4l

+

l1...... ) (5.15)
zn¿l+'

(L-
'¿lc

+

= l'uLJO

ruL r-t \Jo

^uT.+l'p"t.,r"bou+
¿rO

(5,ta1
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cf.
" i=)= Prtrrrb P * 1+

With the proper values

number for asyrnmetrical

calcuLateo..

ã+ ,¡+Y'L

yields the maximum value oî ø*,
profile, with

of P, Prtr.*"¡, tú and. "f , the Stanton

heating in parallel plates can be

(tr, rz\

5 .4.4 The ReaL temperature profil_e

the real- temperature profile wouLd falL between

the uniform temperature profile and. the two-portion tem-
perature profile" the uniform temperature profile, with

ø* = øi- Prturb

In Sections 1.4, 4.3

Jayatilleke P-function concept

lq 
"\

The two-portion temperature

(É, rq'\

5.4, the Spalcing-

circular tubes ano

(h- 1\
zt Zir*'

would give the minimum vaLue of ø'.

Summary of Spafoing-Jayati]]eke p-Function i,lethoo

and its ExtensÍons

ano
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paraLle] plates under synmetricaL and. asymmetricaÌ heat-
transfer conoitions are discussed Ín detaiLs. The foLLowinE
is a sunmary of the applicable equations:
1 . For circul-ar tubes wltb-- axlaÌ]y s¡rmmetrical heatj-ng

2. For paraLleL plates wfth symmetrical heating

Æ/TTT

Æ/T
-t

/-
{¿T

/z-
E

Pr

= Prturb p . ftfÞ1'' . *?,/L+tç/T

= prrurb r - ftgaÞ1r/#{¿

= Prturb r . 
þrr 

+

/T

(z zaì\

.t c¡
+*J)

rc¿¿
(+. tT )

For paraLl-eL plates with asymmetrical_ heating
A. with the uniform temperature profile

with the two-portion temperature profile

(5.tt¡

$.17 )

*J=
z*' 2/

'"f
¿

ffiutt,tveìç

1JÐRnniÉ5



CHAPTER 6

EFFECT OF TTTE VARTATTON OF T'IUID PROPSRTIES ON HEAT TRANSFER

Fluid physicaÌ properties depend. on temperature. As

a result, heat-transfer correrations obtained with the as-
sumpti-on of constant physical properties can onry be useo

in practice elther at smaLL temperature oifferences in a

flow or with physical properties changing srightly in the
temperature range consi<iered.. For such cases the effect
of changing physical properties can be approximately ac-
counted for by chooslng the properties at the bulk fluia
temperatureo llowever, in heat-transfer systems with large
temperature orops and high heat fluxes, it is impractical
to consid.er physical properties constant because sizabLe
errors may result. under such conoitions the analysis of
heat transfer should includ.e the d.ependence of physical
properties on tempe.rature. In Chapters 3, 4 and. 5, the
heat-transfer correl-ations of circuLar tubes, rectangurar
channel-s and parall-eL plates are d.iscussed.. Alr these cor-
relations, with the exceptions of sieder-Tate (see sectlon
3.2) and. James-Martin-r'rartin (see section 5,1) equationsr
are baseo on constant physical fLuid properties. rn oroer
to appfy these correLations properly, the as-measureo ex-
perimentaL heat-transfer oata shou]o be correcteo to con-
stant-property val-ues. Here, some simpre ano wid.ery-used.

methods of constant-property correction are examineo.

t7'tJ
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For liquids far from their criticaL point, only d,ynamic

viscosity varies greatly with tenperature; al_l the other
physicaÌ propertj-es depend on temperature rather weekly.

therefore, whiLe investigating non-isothermal- liquid flow,
a modeL with varlable viscosity may be useo as a good,

approximation, other physical properties being assumeo con-

stant. rt 1s founo that an equation of the folloving type

often provides an excel-Lent approximatj-on:

Nu St
îñ- = 3=- =at*nñ - r^ñ

vy

(6.1)

where the subscript cp refers to the appropriate constant-
property soLuti-on or smaLl--temperature-d.ifference experi-
mental- result. The.vi.scosity¡o is evaLuated. at the buLk

temperature, while ¡u* is evaruated. at the wal-l temperature.

The exponent n j-s a function of geometry ano the type of flow.
Sieder and, late 42 suggested n = 0.14 for heatlng, i.e

Nu
=-- =tt*"p

, þb\o' 14,4' \o.¿)

DeissÌerv, in a theoretical work, made the recommeno.ations

summarized in îable 6.1. petukhovJ8 suggesteo the use of
equation (6.1) with n = 0.11 for the ease of heatingrbeing

recommended over a range of O.OO8 to 40 for y*/y¡, 10+ to
^ - ',^ ^-J ô ¡^ 1tA ¡^-- i-- - 211.25 x 1Q'for Re, and 2 to 140 for pr. James et aL'

d.iscovered experimentally thatr. in the case of asymmetrica]

heating in rectangular channels, the j-nfluence of viscosity



Table 6"1

Dei ssler t s9 Viscosity-Ratio Exponents

Pr
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10

7^

100

1 000

lth*<tfw
f ^ \
\ uooJ_Ing/

0.19

Voll

o.22

o "21

v.4v

o..20
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ratio decreases as the ReynoJ-d.s number increases, becoming

negligible when Re exceed.s a vaJue of about 5 x 104. This

trend is explained. from the increasing concentration of
the resistance to the heat transfer in the turbuLent core

as the Reynold.s number r1se"21. Th" recommend.ed. equation is

=JÙ.ts- = rål 
211Re-Q'9

tr"æ f w rc,')

For gases, the viscosity, thermal cond.uctivity, and.

density are functlons of absolute temperature, l. For-
tunately the absol-ute temperature oependence tend.s to be

siiniLar for different gases, although the similarity does

break down at the temperature extremes. Thus it is found.

that the temperature-depenoent-property effects can usually
be adequately correLated by the equation

NuStrïîi-=ET-= \"*cp " "cp

^aKays'" on the basis of theoretical, ano

recommended the following for turbulent
a ci.rcular tube:

(Heating )

(6 .4)

experimentaL works,

fLow of a gas in

ço.))

mr. ¡u
Or

TI
w

rrltla

i<1-w

T.#r'-w
( Cooline )
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In his thorough d.iscussion, petukhovSS proposed.

m=brogp* 0.36

.rn -b
11 <1 (Heating) '¡=O.3 (6.6)

w

r¡
¡- ) 1 (Cooling) ¡ = O_ 

r¡/

For heated air, petukhov stated. that m = 0.5 prod,uces

slightly better resuLts.

rt 1s important to recognise that alL the above con-
stant-property corrections, with the exception of that of

)1
James et aL.'.', are for turbul-ent frow in circuLar tu-oes

with symmetrical- heat transfer. However, in the absence

of other appropriate corrections, they are commonly applied
to non-circul-ar d.ucts with symmetrical or asymmetricaL
heat transfer. The correcti-on by James et aL. is intend.ed
for turbuLent flow in rectangurar channLes und.er asym-

metrical heat-transfer conditions.



CH¡,PTER 7

EXPERIMENTAI DAÎA

'l .1 GeneraL

fn Chapters 3, 4 ano 5, a coLl_ection of heat_

transfer equations have been reviewed, and deveì-oped. The

criteria for the serection of the most suitable ones for
engineering applications are their agreement with experi-
mentaL data and ease of applicati-on. lience a part of the
present task has been the coLrection of al_l availabl,e €x-
peri-mental resuLts for symmetrlcal and asymmetrical_ heat
transfer in rectangular channels and. paralleÌ plates,
covering a large range of parameters such as pranotl,
Reynold,s ano I{usselt numbers.

'1 .2 Symmetrical i{eat Transfer

unfortunately, most of the experimental- works on

symmetrical heat transfer in rectangular oucts faLl_ in the
category of boiling burnout tests. However, there are a
number of experimental- investigations on single-phase heat-
transfer characteristics of rectangular oucts of oifferent
aspect ratios with the particuLar aim of oetermining

vibebher the heat transfer is greatly affected by the thermal_

boundary cond.j-tj-ons. A l-j-terature survey reveal-ed the
works by levy et .1.30 ano ì{ovotny et ur.36 ano tnese are

summarized. in lable 7.1.

4B
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levy et "L.Jo 
presented. heat-transfer coefficients for

water flowing vertically in thin rectangular channels
(0.1" x 2.5t approximately) tg and. 36 inches long and.

heated eLectrically around. the entire perj.phery. lhe

Prand.tl numbers, Pr, were in the 1.33 to 1.3e range owing

to the changing of the fluid properties of water causeo by

the large axial- temperature dj.fference. Each test run had.

a fixed fluid flow rate and hence a fixed. nomj-nal R.eynolos

number. However, variations in actual Reynolds number oc-
curred. along the duct because of axial changes in tempera-

ture. 1r¡o data, those with the Lowest and. highest actual
Reynolds number, of each test run were seLecteo. for coft-
parison purposes. Owing to the large temperature oifferences,
levy et al-. had accounted for the variation in fluid pro-
perties by using the sied.er-Tate correction (see chapter 6).
lest section No. 4 was mad.e up of two r strips and. had. very

sharp corners, while Test section No. 1 1 was fabricated.
from a circular tube and had round edges. Section No. j
had, a variabLe cross-section with round corners and.

hyd.raulic. . equivalen! d.ianeter generally 50% larger
than the last two sections. The experimental d.ata are in
TabLe 8.1 of Appendix B.

Novotny et ^L76 presented. ful}y developeo heat-
transfer resurts for turbulent flow of air j-n rectangurar

ducts with aspect ratlos of 1t1, 125 and. 1:10. The heating
conoition was such tnat tbe two longer top and. bottom wall-s

of the rectangle were uniformLy heated., while the two



q.l
-)l

shorter wa1ls were unheateo. uniform heat generation in
the top and bottom walls of the test section was achieved.

by passing an electric cument longitud.inalry through the
duct waLls. îo approach as closely as possible the con-
dition of adiabatÍc si-d.e waLLs, the l_atter were made of
a fabricated. boaro which had, a sma]1 thermal cbnductivity
of 0.15 Btu/hr-ft-oF. A summary of the experi.mental- d,ata

is given in lable B.z of Appenaix B. The Reynol<is number

range of the rurls was approximately 1o4 to 1.4 x 105. The

lower end of the ReynoLds number range Lies above the rimit
at which free convection effects are noticeabre, whj-le the
upper end of the range Lies below the Limit of sisnificant
compressibility effects.

7.3 AsymmetricaL ileat Transfer

lable 'l -z is a summary of recent experimental
works on asymmetrical heat transfer in rectangular ch.annels
and parallel plates uno.er fully-d,evelopeo turbulent con-
d.it1ons.

4

Bamow' carried out heat-transfer experiments with a

o-32tt x 9.3" duct. th.e Lower waLl was heated electrically
whiLe the upper walL was insul-ated. lhe spacers or sioe
waLls of the channel vietre mad.e of hard.wood, to reouce heat
conduction from the lower to the upper wal,r to a minimum.

The experimental heat-transfer coefficients were calcul-ated.

based. on (a) electrical power measurement and. (b) thermo-

couple-probe readings. The reusLts are tabuLated. in Tabl_e
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8"3 of Append.ix B.

Forced.-convection heat transfer to Rp-1 kerosene was

investigateo und.er asymmetric heating cono.i-tions by Hine"18.
Îb.e experimental- technique was to electropLate a copper

heating strip to one sio.e of a 0.50l| x 0.319n rectangular
cross-sectioneo. stainless steel- channel of o.olorf waLL

thickness. ?/hen el,ectrical current was passed along the
tube, approximately 95% of the resistance heating occurred.

in the copper strip ano ad.jacent channel wal-L, prooucing
an asymmetric heat input to the fluid. Data were gathered.

at liquid velocities to 1zo ft/ sec. and heat fl-uxes to
2.16 Btu/sq in-sec. Experimentar. resur.ts are presentea in
TabLe 8.4 of Appendix B. Hines d.ia not speciff the exact
Prand.tl number of RP-1 Kerosene. The two extreme cases are

considereo, here: Pr = 18 ano pr = 22.

Sparrow et 
^I.44 used. the same rectangular ouct

(0.6" x 3") as that in experiments of Novotny et ^I.36.
Again, air was used as the testing fluio. unlike the latter,
only one of the two long sid.es was heated. The resuLrs are
shown in Table 3.5 of Appendix ts.

The apparatus of James et a!.21 conslstea of a burner
which generateo a stream of hot combustj_on prooucts. These

gases passed. over fins machined. on one end of a copper

block" ÌÌeat l¡/as transferred. by conquction through the

block to a liquid stream flowing in a channel of rectangular
section constructed on part of the long face on the bl_ock

remote from the .fins. The test liquid.s were mixtures of



oistilled water

were made of the

surface ano the

pure glycerine. I{easurements

coefficient between the heated

following conditions:
A

10 x 10-Re

and chemicalÌy

heat-transfer
liquid for the

3x1O'to

6.5, 32.51 1OO

lI

^+-rb

0.5, 1, 2, 2.5¡ 7, 4

4ooF to t 5oo¡

where the bulk temperature d.ifference At, = tw - t¡ and t*
ano t¡ are the wal-L temperature and. bulk temperature re-
spectively. The experimental }ïusselt numbers, shown in
Table 8.6 of Append.Íx B, were corrected to AtO = O con-

d.ition by James et al. using the extrapolation technlque
estabLished by Eagle and. F"rg*sorr14.

rbe steeL-heated. wid.th of Bruzzi , s6 channel was fixed,
at O.25r' while the aspect ratios v¿ere O.54, 1.12 and. J.01.
The test fluid. was Arcton-1 1J which gave a range of prand.tl-

number from 6.9 to 8.1 in this case. there r{as a mooerate

radial temperature d.ifference with /tr//^* = 1.10 to 1.25.
Pressure drops in the channeL were reported., but they were

not accurate enough for the purpose of caLculating of
frlctlon factors. The experlmental d.ata are taburated. in
Table 8.7 of Append,lx B.

rn the oesign of a flat-plate sol-ar air heater with
rectangular flow-passages, lan and, charters45 und.ertook

an experimental j-nvestigation of asymmetrical ir.eat transfer.
The regulated. eLectricaL power input on the top heated. waLl

Pr



of a rectangular channel was ao.justed to sj-mul_ate

conditions, i.e an intensity of approximately 3OO

the Reynold.s number range tested was from 915OO to
AlL test runs were carried out und.er stead.y-state
Table 8.8 of Àppenoix B gives the,resul,ts of theÍr

-a-h2v

soLar

Btu/hr-ft-.
22 |OQQ.

conditions o

test runs.



CiTAPTER B

CO}IPUTAITONS AND DISCUSSION

8.1

8.1.1 Ì4ethod.

ïn Chapter 3, there were considereo, of the
various ones avaiLable, four of the more commonly useor or
especj-a]]y interesting, correlations for heat transfer
for turbuLent flow in circuLar tubes. These are:

1. Dittus-Boe1ter1 J,

2. Sieoer-T ^t"42,
3. Petukhov-Popo.r39,

and 4. Spald.ing-Jayatilleke2 2 , 43 ,

From Chapter 4, there are two correLations of symmetricaj_

hêat transfer for turbulent fl-ow between parallel prates.
they are:

5. Barrowz,

and 6. the present authorrs extension of the
spaloing-JayatlLLeke method. The published. experimental

oata avail-abl-e for comparison with the above correLations
have been discussed. in chapter 7, section 7.2. They in-
clude the works of:

1o levy et ^I.7o
and z. Novotny et uI.36

The experimental oata are tabul-ated. in TablesB.l ano 8.2
of Appenoix B.

JI



rn ord.er to be consistent with arr the corielations,
the basis of comparison is the pred.icteo. stanton number

from the correlations versus the experimentaL stanton
number. The percentage root mean square deviation, pD"r",
of Stanton number is defined as

PD"*" (8.1)

where $ = number of d.ata

St^-__ = experimental Stanton numberexp
sto""o = predlcteo stanton number from eorreLation.

îhe re¡-ationship among stanton, Nusselt, prandtl and

Reynold.s numbers is

ô! Nuùt/ = EE \ó.¿)

levy et ^!.3o in their paper report data already cor-
rected to constant-property cono.itlons by the sieder-Tate
nethod. rn the present case, for certain comparison,
their reporteo data were used to oeduce as-measured,

conditions and. these in turn were correcteo to constant-
property conditions using the methods of Ðeissl-er9 and. of

AXPetukhov'". ÀlI these corrected experimental data were

then compared with the predicteo values from the cor-
relations. No attempt was maoe to correct experimentaL

data of Novotny et ^r.36 to constant-property conoitions
because their experimentaL TÌ. and T... had, not been specified.



' qo

rn apprying the Dittus-Boel-ter, sieoer-Tate, and Bar-
row correl-ations, the experimentaL prand.tL and. Reynol_ds

numbers from TabLes B. 1 and 8.2 of Append.ix B were sub-
situted into equations (1.3), (3.5) and (4.2¡. lhe pre_
d.icted stanton numbers were then eompared. with the cor-
responding experimentaL data.

The friction factor, cf, in the petukhov-popov equation
(3.6) was obtained from the Bl-asius equation (z.z) by using
the ReynoLds numbers in Tables 8.1 and.8.2 of Áppend.ix E.

the Bl-asius equation is useo insteao of the Karman-Nikurad.se

because the former is much more convenient to apply ano both
equations give more or Less ioenticaL results for Reynolds
number between 4 x 103 and. 105. with the carcuLated fric-
tion factors and. the tabuLated. values of prand.tL number,

the predicted. Stanton numbers from equation (3.6) were ob-
taineo and compared.

The spalding-Jayatilleke p-function, p, was calculated
from equation (3.11) with pr from Tables 8.1 and. B.Z of
.trppend.ix B. Prturb and. ¡¿ were taken as 0.9 and 0.4 re-
spectively. The friction factor, cf, again was obtained.

from the BLasius equation (z.z) by using the Reynold.s num-

bers in lables 8.1 and 8.2 of Append.ix E. By subsituting
the above appropriate p, prturbr& , and. 

"f into equat5_on
(z ?ô\ +l^^\ )c )v,/ t u¿rs pf edictec stanton numbers lvere obtained. and.

compared..

rn the caLculation of the present author I s extension
of spald'ing-JayatilLeke p-function, p was taken as



OU

(z 
".,t 

\

where Prturb = 0.9

and Pr was obtai-ned. from Tables 8.1 and 8.2 of Äppenoix B.

The friction factor, cf, was carculated from the Blasius
equation (2.2) by using (a) the R.eynolds numbers tabulated
in îabl-es 8.1 ano 8.2 of Append.ix B and, (b) the *Lamj.nar

R.eynold.s numbersrt, R"*, as suggested by Jones?S (see

chapter 2, section 2,3). The vaLue of lc, was taken as 0.4.
By substituting the above appropriate p, pr¿.,r"6rlt , ana

ct into equation (4.17), the predicted. stanton numbers were

obtained and compared.

8 . 1 .2 Re suLt s and Ði s cu.s si on

The resulting percentage root mean square devia-
tionsr âs d.efined. in equation (e.1)r orr stanton number by

using the d.ifferent correlations and experimental d.ata are

summariøed in TabLe 8.1.

the upper half of the Last column in Tab1e g.1 in-
dicates that the use of circul-ar-tube correl-ations, with
the concept of hydraulic equivalent d.iameter, on the pre-
d.iction of symmetrical heat transfer in rectangular channels

ano parallel plates woulo resul_t in a 2g to 35 per cenr error.
Dittus-tsoelter ano sieder-Tate correlations, the two most

commonly used circuLar-tube equations, give percentage root
mean square deviations of 27.B% and 30.6% respectively.

P =s,24 {1*-)3/4t *-turb 'i
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The Petukhov-Popov correLation prodì¡ces a percentage root
mean square deviation of 28.8%. lhe Spaloing-JayatiÌleke
P-function correlation provld.es the largest difference be-
tween the predicted and experimental stanton numbers with
a percentage root mean square d.eviation of 34.j%.

It is interesting to examine the lower hal_f of the

Last column in lable 8.1. Those three figures of percentage

root mean square oeviation are d.eriveo from parallel-plate
comelations with the concept of hydraulic equivalent dia-
meter. The Barrow correLation gives a percentage root mean

square d.eviation.of 22"9% which is an improvemenr compared.

with the use of any circular-tube correLations. Àlso, the
Barrow correl_ation, equation (4.2¡, is as simple to appfy

as any circular-tube equation because the Nu.sselt number

is simply expresseo as an explicit function of Reynords

numbers. The correspond.ing resuLts of the present authorrs
extension of spald,ing-Jayatil]eke corre]ation, equation
(4,17), for parallel plates as compared. with the original
spalding-JayatilLeke circular-tube correr-ation, equation
(3.1O¡, show only a smaLL improvement: pD=*" =%"5y0 versus

34-59/0. However, the fri-ction factor for the above cal--

culations was obtained. from the Blasius equati_on with the

concept of hyoraulic equj.varent oianeter. As pointed out
/4by Jones", the aspect ratio of the channeL plays an im-

potant role in the friction characteristj-cs of the fluio
flow and. the rf laminar Reynolds numberr shouLd. be useo 1n

the friction factor caLculation. ,{ith the friction factor
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coffected. by the Jones nrethoo., there is a markeo improvement
in the results of heat-transfer prediction by using the
present authorrs extension of spald.ing-Jayatilleke cor-
rel-ationr PD"*" = 24.5% versus 33,5%.

lhe P-fuaction concept is attractive because of the
'physical significance of p, namely, p belng essentially
the extra thermaL resistance in the viscous sublayer of
the fluid flow. With the foLlowing o.ata:

'1 . experimental Stanton number,

2. Prturb = Q.9¡

3. K = 0.4,

4. c, from the Bl-asius equation,
the experimental- p-valües can then be obtained from equation
(4.17). Figures 8.1 and. g.z show the experi-mental p-vaIue

based on the constant-property (correcteo by the sied.er-
late method ) experimenta] data of levy et 

"!.3o and. the
as-measureo data of Novotny et 

^!.36 respectively. Equation
(7,t1) ls superimposed onto Figures g.1 and. g.z for com-

parison purposes because this equation has alread.y been estab-
lj.sb,ed. for circul-ar tubes. Figures g,7 ano g.4 are similar
to Figures 8.1 and.8.2 with the exception that cf was ob-
tained from the Blasius equation with correction by the
Jones2J method.. owing to the scarcity of experimental- d.ata,
no attempt is made here to prod.uce a new p-function equation
equivalent to equation (3.3't ) tor paral-le1 pÌates on1y.

Figure 8.5 shows the changes of the pred.icteo stanton
number with respect to the changes of the p-value, with
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cî/2 as an inoepend.ent parameter. îhe rel-atj-on between the

two scal-es of the abscissa is vj_a equation (7.31)" For

smal-] Prandtl numbers, large errors in p cause only srnaLl

errors in the predicteo stanton number. For example, with
Pr = o.7 ano cr/z = o.0}62r, Figure 8.5 give. €t/åË = 0.12,
i. e a 50% error in P would yield an error of only 6?,ó in
the preoicted stanton number. rn the case of rarge prandtl_

numbers, the percentage changes of the predicteo stanton
number with respect to the percentage changes in p approach

an asJrmptotic value of 90% approximately. Thus, when the

P-function equation (3.3O) for circul_ar tubes is applieo to
the paralleL-plate caseo the resulting errors in the preoicted.

stanton nurnber wouLd not be too Ìarge, especiarly in the

cases of smalL PrandtL numbers..

All the correl-ations in labLe 8.1, wlth the exception

of sieder-late, are intenoed for fluios under constant-
property conditj-ons. Table 8.2 shows the effect of dif-
ferent fluid-property correctj-ons on the comparison be-

tween the experimenta] data of levy et ^!.3O and the cor-
relations. levy et al. in their paper report data aJ-read.y

corrected. to constant-property conoitions by the sieoer-Tate
method.42. fhe as-measured d.ata were oeouceo from their
reported. data using equation (6.2). îhese as-measureo d,ata,

in turn, were correcteo. to constant-property conoitions
using equatlon ( 6. 1 ) with Tabl-e 6 .1 and equat j-on ( 0. t )

with n = 0.11 for the method.s of Deissl-er9 and of petukhorrSS

respectively. After the correction to constant-property
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Table 8.2 (conttd)

As-
Correlation Measured

Data

Parall- eL-Pl"ate

5. Barrow

6. Present
author I s
extenslon of
Spal-dlng-
Jayatilleke

.|Ë

Case (a) "

*q
Case (¡) "*

Data Corrected

26.0 28..1
(2.3)

Sieder-Tate
iviethod

4fr

:rf

@

to Constant-tr'luld-pro

38.6

25 "6

The difference

Prturb = o" 9

"f corrected by

Dei ssl-er
IVethod

41.8
(1.2¡

29.1
ß.s)

in PD"*" as compared

the Jones2J method

52.9
(6.9)

erty Cond

Petukhov
IvÌethod

Av. Diff. =
3.1)

48. O
(9.¿)

54.3
(8.7 )

lons

27.6
(1.6)

with variabre Fluid properties is in brackets.

Av. Diff. = Av. Diff. =(8.5 ) ( z.g)

42.7(t.t )

28.t
(2.7 )

{
o\
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conditions, there is an increase in the percenrage root
mean square oeviation compared. with the as-meagured, cor-
ditions. The Petukhov correction has the Least effect ano

gives an average difference of Z.g in the percentage root
mean squaxe d.eviation. The sieder-Tate correction is
simiLar to Petukhov with an average difference of 3.J. The

Deissler correction gives the largest average oifference
of 8.5 which is more than twice those of the other two cor-
reetions. rn general, the effect of the varlabLe fl_uid
properties on heat-transfer pred,iction is not significant
for the fluid flows with srnaLl or moderate temperature
differences.

8.2 Asymmetrical lieat Transfer

8.2.1 Method

The four correLations for symmetrical heat_

transfer caLculations of turbuLent flow i-n clrcular tubes
are al-so used. here for correlating asymmetricaL heat
transfer in rectangular channels and. paraller plates.
these conel-ations are:

1 , Dittus-Boel-ter1 3,

2. Sieder-T at"42,

3 . Petukhov-Popo.rJ9 
n

+. Spald.ing-Jayatil !sys22,43 ,
From chapter 5, there are three correl-ations for asym-

metricaL heat-transfer caLcuLations for turbulent flow in

and
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rectanguLar channels and/or paralLel plates. îhey are the

correl-ations of :
ô

5. Barrowt,

6, James, ivlartin and. I,îart ín21 ,

and 7. the present authorts extension of the

Spalding-JayatiLleke method. for the:

unj-form-temperature-profj- 1e case,

two-porti.on-temperature-profile case.

The published experlmentaL data avaiLable for comparison

with the above correLations have been discussed. in Chapter

7 o Section 7.3. They j-ncluoe the works of :
71. Barrow',

2. Hines '",

3. Sparrow et ^I.44,
4, James el' al,.21 ,

5. Bruzzí' ,

and. 6. Tan and charters45.

the experimental data are tabuLateo in Tables B.J to 8.8

of Appendix B.

Again, the percentage root mean square oeviation be-

tween the predicteo Stanton number from the correl-ations

and the experimental ones is used. as the basis for comparison.

The experimental- oata of Btuzzí were corrected to con-

stant-property conoitions by means of¡

i. Sieder-Tate meth od42 ,

ii. Deissler method9,

iii . Petukhov method.58,

ano i-v. James-l,lartin-lvlarti-n meth od.21 .
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the test fLuid of Sarrow, sparrow et al-. and. [an ano charters
is aj-r. As a resultr their experimenta] oata were correcteo
to constant-property condltions by means of equation (6,4)
wj-th m = 0.5, a figure reconmend.eo by both K"y"26 ano

zaPetukhov'" (see Chapter 6). James et af. and äines hao

corrected their experimental- data to constant-property con-

d.itions by the EagJ-e and. Ferguson method,14 and. the sieoer-
Tate methoo respectively.

rn applying the circular-tube correlations, i.e Dittus-
SoeLter, Sieoer-îate, Petukhov-popov, and Spald.ing-

Jayatilleke, the proceo.ures used. for the symmetrical- heat-
transfer case vûas arso fol-l-oweo here. of course in this
caser the experimental Prandtl, Reyno1ds, llusselt and

Stanton numbers were taken from Tables 8.3 to B.B of
Appendix B.

The Bamow correlatisn for asymmetrical heat transfer
was again applied in a similar manner as in the syrnmetrical

heat-transfer case. However, the predicted Nusselt number

in this case u/as from equation (5.t). The James-iriartin-

I'iartin correl-ation involved the substitution of the ap-

propriate experimentaÌ Pr, Re, A and. /lp into equation (5.2¡.
The predicted. Nussel-t numbers, and. subsequently the stanton
numbersr were obtained. and compared. with the experimental

ones. In the calcuLatlon of the present authorts exten-

sion of Spaì-d,ing-JayatiLleke P-function, the values of p

and friction factor, cf, were obtained in the same manner

as in the symmetricaL heat-transfer case" Again, t¿ lyas
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taken as 0.4. The vaLues of Pr were obtaineo from Tables

8.7 to 8.8 of Append.i.x B" In the uniform-termperature-pro-
file case, the appropriate P, Prturb, Æ n ano cf v/ere sub-

stituteo into equation (l.tt) while equation (j.tl) was

used in the two-portion-temperature-profile case. The

preoicteo stanton numbers which were obtained. from these

two equations, were then compareo with the experimental_

Stanton numbers.

8.2.2 ResuLts and Discussion

The resulting percentage root mean square de-

viations on stanton number by using the various correLations
and. experimentar ciata without any fluid-property correction
(except those for liine"18 .nd. James et ar.21 whicir they
coruecteo to constant-property conditÍons by the sieder-
late and. the Eagle ano Ferguson methods respectivery) are

summarized. in Tabl_e 8.3.

lable 8.3 ind.icates that the use of eircurar-tube cor-
reLations for the prediction of asymmetrical heat transfer
in rectangular channel-s ano para11el plates woulo resul_t

in a 19 to 75 per cent error" This is because cf the

cifferences in heat-transfer cond.itions ano cross-sectional-
geometry. Futhermore, this confi.rms similar findings of
other works, such as James et 

^r.21 , wiro oid research i-n

this area.

The pioneering work of Barrow2tS on asymmetrical heat

transf er in paral.Ìe1 pJ.ates resuLteo in equation ( 5. t ) .



T
ab

le
 8

.7
 

A
sy

m
m

et
rlc

al
, 

H
ea

t 
T

ra
ns

fe
r¡

P
er

ce
nt

ag
e 

R
oo

t 
M

ea
n 

S
qu

ar
e

C
or

re
la

tio
n

C
irc

ul
ar

-T
ub

e

1 
o 

D
itt

us
-

E
qu

at
i.o

ns
 

(1
) 

^ 
(2

)
In

vo
lv

ed
 

B
ar

ro
w

- 
H

in
es

2.

B
oe

lte
r

S
ie

de
r-

 
(3

.5
)

la
te

P
et

uk
ho

v-
 (

2.
2)

7,

P
op

ov

4.
 

S
pa

ld
in

g-
Ja

ya
til

le
ke

C
as

e 
("

)*

(1
.3

)

D
ev

ia
tio

n 
on

 S
ta

nt
on

 I
'lu

m
be

r

E
xp

er
im

en
ta

L 
na

t/

30
.4

57
.6

24
.O

(5
) 

(4
)

S
pa

rr
ow

 J
am

es
et

 a
f.o

 
et

 a
l.

A
s-

m
ea

su
re

d 
va

lu
es

, 
ex

ce
pt

 t
ho

se
 f

or
 H

in
e"

lB
 "n

d
co

ns
ta

nt
-p

ro
pe

rt
y 

co
nd

iti
on

s 
by

 th
e 

S
ie

de
r-

T
at

e
sp

ec
tiv

el
y.

A
pp

ro
ac

hi
ng

 p
ar

al
le

l-p
Ia

te
 

co
nd

.it
io

ns
.

P
rt

ur
b 

=
 o

'9

"f
 

co
rr

ec
te

d 
by

 J
on

es
 m

et
ho

d

9.
7

8.
0

17
.3

(2
 "

2)
(7

.7
o)

G
,3

l)

4 )f @

20
. 

o

29
 "' t"
6

(5
) 

(6
)

B
ru

zz
i 

T
an

&
 

oC
om

bi
ne

d
C

ha
rt

er
d 

A
ll 

D
at

a
(1

) 
to

 (
6)

27
 "9

 
24

.5
 

10
 "

2

25
.5

41
 "

O

32
.3

11
.0

13
.4

10
.3

25
 "

2

54
 "

1

16
.5

32
.3

C
om

bi
ne

d
P

ar
al

,le
L-

P
la

te
D

at
a 

( 
t 
),

(t
) 

a(
6)

20
.1

70
. 

+

22
.8

15
 "

7

Ja
m

es
 e

t 
aL

.
an

d 
th

e 
E

ag
le

22
.6

27
.o

15
.O

19
.3

21
, 

hf
nL

cn
 t

ne
y

an
d 

F
er

gu
so

n

25
.5

23
.4

co
rr

ec
te

o 
to

m
et

ho
ds

 r
e-

æ



T
ab

le
 8

.7

C
or

re
la

tio
n

( 
co

nt
td

 )

E
qu

at
lo

ns
In

vo
lv

ed

R
ec

ta
ng

ul
ar

C
ha

nn
el

 &
P

ar
al

-1
e1

-P
l-a

te

6. 7.

B
a

Ja Iv
la

M
a

P
r

au ex S
p

Ja
,

U
g

C
ar

C
arar

r
am

e
ar

t
ar

t

re
s

ut
h

xt
e

pa
l

ay
a

rif
,

ts
e

ts
e

(1
 ) 

(2
)

B
ar

ro
w

 H
in

es

'o
w S
- in in en or N
S di ti or
i \' l

( ( f

t IL ,l i ¡¡ 1 m a b

5" Ê
/ iz
.

(2
.

(3
.

(5
.1)

 
29

.3

2)
 

21
 .8

,2
) 

o,
.B

)"
 2

2.
5

.3
1)

 2
9.

5
,1

1)

E
xp

er
im

en
ta

l- 
D

at
af

3)
 

(4
) 

(5
)

S
pa

rr
ow

 J
am

es
 B

tu
zz

l
et

 a
l,.

 
et

 a
l.

Ð on o l-e
k

T
e

\* (*
o

o e m

76
.6

18
. 

O

2-
P

or
tio

n 
T

em
p.

.n
 

(2
 .2

),
^.

,
C

as
e 

(a
)*

,^
, 

(e
.e

)*
 2

5.
o

ca
se

 (
b)

'*
 

(3
.3

1)
 2

4.
z

$.
tl)

46
"4

19
. 

O

(6
)

T
an

 &
C

ha
rt

er
s

29
1 

.3

5"
7

23
"o

26
.6

Ç
om

bl
ne

d
C

om
bl

ne
d 

P
ar

al
l,e

L-
A

Ll
 D

at
a 

P
la

te
 D

at
a

(r
) 

to
 (

6)
 (

r)
,(

7)
e(

6)

65
.2

9.
2

3.
6

15
.9

23
.8

27
 .4

14
. 

B

9.
8

17
.o

44
.7

5.
9

10
. 

o

17
1.

2

13
 .4

12
"9

 
12

.6
17

.1
 

'l 
.,

32
.6

44
.O

53
.4

19
.2

14
. 

1

18
. 

B
17

.8
12

.9

24
.2

28
.4

24
.8

28
.5

17
 "

7
23

.1

20
"2

1g
 "5

@ N
)



RZ

with the exception of the experimental oata from Tan and.

Charters45 and. Earro,¡/ts own, the percentage root mean

square aeviations between the predicteo. stanton number

from equation ( 5. t ¡ and the other experimentaL o.ata are

extremely large. This is especially marked for data from
1R ^1 AIíines'", James et aL.' I and Btuzzío; all have much higher

Prandtl numbers than O.7.

The equation (5.2) of James et a!.21 gives the best
correLatj-on, with a percentage root mean square deviation
of 13.4% between the predicteo stanton number ano al-L the
experimentaL data involved.. lthen the James-lviartin-l'iartin
correration is compared with their own experimental aata,
the percentage root mean square deviation is 5.7. Good

agreement is aLso obtained when using the experimentaf oata

of Hine=18 "rro Bruzzíí, It is interesting to note that
the Reynolds numbers, PrandtL numbers and. aspect ratios are

within the 'rwlth reasonabLe certaintyrr range of tire recom-

mendation of James et al..
the correspondlng resuLts of the present authorrs ex-

tension of the spaloing-JayatilLeke correlation, equations
(5.tt) and (5.11), for asymmetricaL heat transfer in
para]-Iel plates as compared with the original spaloing-
Jayatilleke correlati on, equati_on (3.27 ) , f or circul_ar
tubes show littLe improvement, as indicateo. in Tables 8.3
(2+.2% and 2+.8% versus 25.5%) 

"

It j-s interesting to note, from Tabl_es B.J and g.4,

that the present authorts extension of the Spaloing-
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Jayatilleke correLation yieLds better results in the pre-
centage root mean square deviation when only the experi-
mental paral1el-plate d.ata are considereo (24.2% to 17.7%,

28.4% to 23.1%, 24,8% to Ze.Z% ano Zg.jyó to 19.j%). Ihe
parallel-plate d,ata are d.ata which are reLateo to smaLl_

aspect ratios; A Less thanr sây, 0.5. These include the
d.ata of BarrowJ, sparrow et ^r.44 an<i Tan ano charters45.
Furthermore, the uniform-temperature-profile correlation,
equation (5.11¡, yields percentage root mean square oe-
viations of 17.70/ó for as-measured. d.ata anri i7.Oyó for cor_
rected. constant-property oata (see Table g.4) ano is
superior to al-l the other correl-ations for paraÌler-plate
conditions. The appJ-ication of Jones 'rlaminar Reynol-ds

numberrr correction?S on friction factor is not as

successful here as in the case of symmetrical heat transfer.
In fact, it tend.s to make matters worse.

with the foÌlowing data:

1. ParaLlel-plate experimental Stanton number

under constant-property conditio[s*,
Z. prturb = O.9r

3. /ç = ç.4t
and 4. c, from Bl_asius equation,

the experimental- P-val-ues of Earrowj, sparrow et ^r.44 ano

Tan and. charters45 can then be obtained from equations
(5. t I ) and (5.17). The resul_ts, with equatj_on (3.3t¡, are

Data correcteo
equation (6.4)

to constant-property conoitions by using
with m = 0.5n
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shown in Figures 8.6 and. g.7, Figures g.g and g.9 are
simj-lar to Figures 8.6 and B.T with the exception that cf
v¿as obtained from the BLasj-us equation with correetj.on by

the Jorr""2J metirod.. These figures, g.6 to B.9 r provid.e

simiLar information as in Table g^3., rtem 7, ExperimentaL
Data (t), (1) ano (6). rn Table g.3¡ the parameter is the
percentage root mean square deviation on stanton number,

whiLe in Figures 8.6 to B.9r it is the p-varue. .b=igures

8.6, 8.8, 8.7 and. 8.9 correspond. to Tabl_e g.3t Item 7,
uniform-îemperature case (a) ano (b) and Two-portion-
lemperature case (a) and (b) respectively. The large oe-
viation between the experiemtnar p-vaLues and the line of
equation (7.31), as shown in some of the figures in Figures
8.6 to 8.9r shouLa not be mistaken as ì-arge error in the
predicted. stanton number because the prand.tL number in-
voLveo is small (pr = O.?).

The effects of fluid. properry correcti.on* on the
paralLel-plate data are ilLustrated in Table g.5. The

average d.ifference on the percentage root mean square de-
viation between the as-measureo ano constant-property d.ata

is only 1.5. Furthermore, by comparing Figures 8.6 with
8.10, the d.ifference in the experimentar p-values oue to
the changes in fl-uio properties is smalL. Bruzzií provideo
accurate information onlb ano¡" of his experiments.
ilence, the d.ata of Btuzzi v,/ere corrected. to constant-
property conoitions by the sieder-Tate, Delssl_er, petukhov

Data corrected
using equation

to constant-property conditions by(6.4) with m- = Ó. j.-
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Eqn. (3.11)
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and James-ùiartin-Martin method.s.

on the pereentage root mean square

as-measureo and constant-property
TabLe 8.6, is again smal_l_ (0.5 to

105

the average oifference
oeviation between the
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1o)).
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CIIAPTER 9

CONCIUSIONS AND RECOIVII'1ENDAT]ONS

9.1 Concl-usi-ons

îhe SpaLding-Jaytill-eke22r43 methoo of heat-
transfer preaiction is attractive because it is a o.elicate
blend. of theory ano empiricism. rt is simple and d.irectly-
usable and there is some d.istinct pir.ysical significance to
the various terms appearing in the correlation. The present
author extended the spalding-JayatilLeke method for paraLleL
plates for cond.itions of symmetrical and asymmetrical

heating. An assessment of the various existing correlatlons,
includ.ing the extension of the spalding-Jayatil-leke method.,

v/as conducted. rt'uas found. that for symmetrj-cal_ heat

transfer, the present authorrs extension of the spaloing-
Jayatilleke method. is as good, as the Bamow,s2 correLation
for parallel-plate prediction and they both yield better
resuLts than all the existing clrcular-tube correlations.
As for asymmetricaL heat transfer, the spard.ing-Jayatiì.Leke

extension is better than any existing correlation for
parallel-plate preaiction.

9.2 Recommendations

9.2.1 Symmetrical Heat Transfer

(1) In symmetricaL heat-transfer pred.ictions for
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turbulent fluio flow in rectangular channel-s and,/or

para11el plates, recommend.ed. are Barror,vrs2 
"o"-

reLatj.on', equation (4.2) or the present authorrs
extension of the spalding-Jayatilleke p-function
nethod, equation (+.17).
(2) In applying the present authorrs extension of
the Spalding-Jayatilleke p-function method., use

shouLd. be mad.e of

and

A. friction factor, cf , from tsl_asiusf s

eôìrâti nn with JOne ,r23 cOrrection to9¡V¿A

rectangular or parallel-p1ate geonetries,
equations (z.z) ano (2.g),

B. turbulent prand.tl number, prturb r âs O. 9 r

C. vaLue of P as recommenoed by Spald.ing

and Jayatill-eke, equation (3.71¡ ,

D. lo as 0.4.

9.2.2 esymmetricaL Heat Transfer

(1 ) rn asymmetrical heat-transfer predictions for
turbulent fluid flow between parallel plates, the
present authorrs extension of the spalding-Jayatill-eke
P-function methoo, equations (5.tt) or (5.t7¡, is
recommeno.ed 

"

(2) In applying the present authorrs extension of
the Spaloing-JayatilLeke p-function methoo, use

shouLo. be made of
Á.. either the uniform tenperature profile,
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equation ( 5. t t ¡, or the two-portion

temperature profile, equation (5.17),

B. frictlon factorr c+, from SLasius f s

equation (2.2),

turbulent Prandtl- number, Prturbr âs O.9r

value of P as recommeno.ed by Spal_oing

and Jayatil-leke, equation (3.31¡ ,

and E. k as 0.4.
(1) In the case of rectangular channels (aspect ratio
greater than, sâYr 0.5) the correlation of James,

Martin and lvlarti.r2f i, recommend.eo.

9.2,3 Further Work

( 1 ) It would be extremely interesting to l-earn if
the Spald.ing-JayatilLeke P-function for circular
tubes, equation (7.311, is equally appì-icable to

other geometries, i.ê. the effect of the aspect ratj_o

on the P-value. ALthough good predictions are possible

using it with other geometri-es (ano the appropriate

equations), a thorough test awaits further d.ata.

(2) Further experimentaL work on symmetrieal and

asymmetrical- heating of liquids between parallel
plates wouLd be d.esirabLe.

c.

D.
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APPENDIX A

DERTVATTON OF EQUATIONS

This appendix consists of four sectionso Sections A.1,

A.3 and. 4.4 show the oerivation of equations (1.23), (1.27)
and (3.29) respectively. Secti-on À.2 demonstrates that
P"turb = constant in the turbul_ent core of pipe flow.
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4.1 Derivation of Eouation (J.23)

The bulk velocity, ü, of pipe fLow is d.efined. through

(area)pü r
= p I ud(Area)

- Area

orr nrzpi, = znpf u(R - y)dy
Jo

+

then, ü* = , ['^ * r* (r - -C,¡¿r*J o YR Yi

= zl rtå {ur. - ruå 4"+,,-+ì='7J o fr"'-Jo 4r'."t.f

^ 
f t ¡\

= ¿ \A - b) \f!. | /



tty
+

v- f
A = f"K 9-¿y+

I+J o fp

+
- 

11

ñ

, =rt; +r o Y¡

-ri1 ¡rR
+2 IYRJ o

+ \r +y + c/oy

+. + *rfnyy)+ey
+*lt*

JO
^ f ,

= ! ljlv
r,* L'ú '"JR

,ô --+

"x" I'R¿l
U

= Lrn ril - å

1

t1

=þi -h

";- h

+c

u+ dy*

1'1- + \r +y (;rn y + c/oy

(a.e)

(4.2/

1 11,v+2- + t*2,= fflãi?-'or -T) +

substitute (4.2) and (t.3) into (4.1),

(3.23)
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4.2 Derivation of Prturb = Constant in the Turbulent Core

From equati.on (3.22¡ ,

where K, and, K,

From (4.5),

.+
41,j|I- :
srf*uY)

From equations

c onstant.

is logarithmic

1. +
?-Iny * Kz*2 '/

are constantg"

+L2Y

(1.17) and (3. te¡,

.+ay
dø*

(A.4 )

over the turbulent core,

(À.5)

(A.6)

.+
.5¿- = K. v
. + -1 'l
o.u

where

Si-nce

ø*=

Kt isa

Ø** y*

,l.t*D- = :¿---tot . +gu

Substitute (4.4) and (4.6) into (¿.7),

(A.7)

(.r. e)

this Pr, in
U\J U

the turbulent core

P"tot =l= eonstant

1.9 Prturb = constant

corresponds to Þra'- turb'



A"t DerivatÍon of Equation (3.27)

through the definition of üfl,

then,

Now,

and

\K-y/

ttil}piiØ = znp[R uþ (n - y)dy
JO

+v*.+
l*ø* = rf* l"*ø* (1 -!)av*r o Y¡ YR

+ 1- +l¡ =:InV +C
K

+
. -ìLd+ -t D¡ ¡,,*P - I ¿t+^tul¿

J o uv

a P"*,,-* / du+
. u4!"J o

(A.9)

(3.22¡

(3.2o¡

tll

+= lrturb I (A.10)



4 
^at¿¿

Substl,tute equations (3.22) and (A.10) into (A.9),

ø* = Prturb (jrttv* * c) (¡,.tt)

By integration,

. 1 t¡ 2 +A = -i\t¡t In
K-

and B = þrlr"2r; - år" ri . +) . ?tþw* -

.-?

í*ø* = 2 prturbfJR 5 ( r 1rr2y* * &ln y* + .2)
""J O YR tr'

+r. \r \- +x t] - r-)ov
v-

= , t"r"=o{./l* 
fu,þt"Zy* 

* Itn ,* + 
"2)ur*

- /r; þeY". 
* u..n Y* + "'lu'.|

= 2 P"trr."b / t n\
\]{ - lJl

21n yfi + 2)

( t+.1z)

1) + 
"2

(A.11)

1r 
"2î) *T

(A. 14)
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Substitute (t.t7) and. (A.14) into (A.12),

ALso, from (¿.tO)

(A. 16)

or øfr = Prturb {fi" vå * c) (a.r?)

(3.2t)

(¡. r e)

l*ø* = Prturb 
lþrt,,2vil - 3rn vfr . rr)

.firzrnyfi'- t) +"t| qr.r5)

-+.!7u' = u^ - +t( ¿K,

or ü*=(*t"ti+")-h

From (a. 1?) and (A. tg),

ü*øå = (fr" vi * c - fol x prrurb tfir" y; + c)

1a. r 9)

Compare (A.15) and ç.c,.t9),

ü*ø* - -.ø; Prturb (4m vi * æ - *,
--+lJ1 o.r-ng þY U' ,

ø* = ø;'P"t,,-* (+ - 4lrro '¿tc 
4x¿:u

(3 "27 )
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A..4 Derivation of equation (3.28)

From equations (3.2O) and (3.27),

ø* =J:^(p"tot prturb)du+ prturb êrß - 1l

t-
IL
l2-=- \f

( A.20 )

(¿. er )

\i\. ¿¿ )

r*n
) o" 

Prturb d'u+ = lrr,r"o(ü+ . h)

17tt)\= rrturb
/wa/L

l-,1 z

ruR.+* | " Pr¡urb d.u'-o

From equations (3.21) and. (1.26¡,

ø*

From equations (7.2t) and (3.211



Substitute (4.21 ) and (A"22) into (¡t." 20),

vÀ , +
.[p

= [ 
rt (P"tot Prturb)du+

JO

F
/- -ç

Æ/L/z-
q+

..+

= f*^ (p"rot prturb)du+ - prturb (h - +)ro

L Þr ,L*h)' --turb 
Æ/#-$¿

Ð¡qC., *'turb (t + +. #)
4pt ¿

/ "f/-{2

(3.2a¡

12q



APPENÐTX B

EXPERÏI'iÐi,ùT¡.tr DAÎA

lable 3.1 to 8.8 are colLected experimental- data.

Summary:

I4 U-L E

A

8.2
HAÐa J

8.4
ua ¿

aHA

8.7
HX!ov

Tabl-e 8.1

Iti-ote s :

Ref.

t 2u,
3a¡
/Z\

(te¡
(44)
(21)
(6)
\+> )

Investigator( s) TotaL
T^---- ^+ ^f!ËvJ gt/ 4Lo

r\ovotny et a].
Barrow
iline s
Sparrow et al-.
la-^^ ^+ ^..ìd Clll¡ç Þ ç (/ ó.L ¡

Bruzzí
Tan and Charters

i'iumber of L-lata

öo

49

¿¿

48
l¿

'77
IJ

52
¡-7
I

Experimental d.ata of levy et 
^t.3O

1 . the d.ata are obtai-ned from Table 1 ano Fieure 6 of
Reference 30.

2, Al-] the d.ata are based on buLk cond,itions for f]uid
properties.

3. lhe characteristic length of the Reynold.s numbers, R€,
is the hyd.raulic equivalent diameter.

+. The i\usselt numbers, Àiu, have been correctec to the
constant-property conoitions by levy et al-. using the
Sieder-Tate method..

t¿o



t¿(

fable 8.1 (contrd)

( r) Sectj-on lfo. 4

Iìun ho. Pr

(0.11g" x z.4o5n)

-ARex10-
Nuxl O-2
( Constant- b

ltwnna¡f

Y

,tn

11

t¿

17

1Àr+

1q

to

1'7II

18

19

20

4.o9
7 

^Ç.

2.71

4.O9

¿l .U)
¿.o I

4.Q6
7?.1

4.09
2.60

t.g5
? lar

4.06
2.43

4.06
2.gg

4.06
3.67

4.O2
2. 10

4.02
2"12

^ñA2.16

3.04
477

7^1

2.56
2 "63

3.28
7 Á'7

2.61

2.40
2. +8

2.13
1o lY

2.31
2"22

1,16
1 .49

2.55
2,70

z r^
1.46

3.O2
1.47

7 1a

7.75

I r ¿f¿t
1 Z'7

l.)ö

1 .50
1.45

4.V I

1.toz

t.+y
1 .44

2 .15
1.79

1.59
1 .52

¿.v)
4 -aI o [*

t.)l

| .2U

1.28
1.25

2.59
l. /u

2.57
1 "71

2.76
I n4lo I I

10.40
12.40

15.20

10.40
12'5Q

10.40
15.10

9,30
11.20

9.40
14. 10

8.90
11.00

12.60

4. 10
5 .40

11 .70

12.OO
19.50

1 2.00
l)"OU

l¿ovv
1 9.00
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Table 3.1 ( conttd. )

(3) Section No. 11 (0.114" x

R.un ìIo. Pr -llRexl O-

?.749't )

Nuxl O-2
(Constant- l¡

fwopert

101

103

109

110

111

'l 17

114

115

116

117

118

119

120

zaa
1.79

1 .98

7qo
1.go

? ,rtr

2.11

4.27
2.55

4.89
7 7Á

?.49

5.98
5.O1

5.98
4.02

2.95

6, A7

4.7Q

tr 
^,,1

2.41

Ê E{
7 .1.7
). I I

7.70
12.60

7. 10
13.5Q

11.00
20. 00

19. 10

18.60

11 ,tO
19.24

10.3o
15. O0

19.40

l¡UÞ
1.24

o.90
1.73

0.94
1.73

2.94
3.97

5.32
g.7g

3.64
7.25

7.48

2.29

2.22
2.83

¿.v I
1.?2

2"97

2.12

2.60

2.29
¿. [v

7.11

0. 60
o.77

o.55
v. f o

Q.49
o "75

1 .41
1.V I

2.41
2"13

1"39
1.94

1 .47
1 '-tÀI o f¿.l.

2-76
1 .75

2.26
| . oy

2.61
I el

lo lJ

2 "O2

2.7 6
1. I I

2. 46
2.11

2.15

lcZY
1 .17

1.64
1 .41

2.21
1"56

1 '7^
1.39

¿. ¿Y
4a7

2.7 o
1.96

2.36
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Table 8.1 (conttd)

Run No. Pr Rexl O-4
Nuxl O-2
( Constant-

Jrb

nPropert

121

t¿¿

121

t1+

125

126

tlt

128

t¿y

130

171

O. Uu
a or

¿.v)

6,54

7 ,13
4.95

o.ó¿
+.2+

'7 Zô

5.81

5.28
3.59
Ê, 2.7

3.42

5 "292.18

+.50
1,70

4.27
1 2,7

3.20
4.88

9.52
16.93

¿. ¿Y
4.09

2.16
2.94

2.21

1 .89
2.27

o.93
1 ,37

v. (y
1.24

Q.77
1.61

^ 
ft7

1.79

o.71
¿.l+

1 7'7

1 .97

2.92

1.20
I . OÕ

1 .09
a lrlr. l¡+

1 .09
1 .21

1 1a
l. | ¡

I.UÕ

n Ê,r

o. 58

o.46
o.63

o"45
o,63

o.3g
0.59

o "370.69

1o | |

1 .69

2.49
1 .78

2.38
1 '7'7ra t I

1 .66
1 .47

¿.vo
1 ,65

1 ,47

1 ..18

1.79
1 A^

2.47
1 .57

¿.o)
-l Ê,A

7 4n
). I I

1"47
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labLe 8.1 ( cont'd )

(C) Section No. 5 (Variable, 0.14rr x 2.4}tt nominal)

Run l'ìo. Pr Rexl O-4
Nuxl O-2
I n^) ¡*^**\ vl/I1È ué,LJ. u- b

fw

24

25

27

28

14

3.91
¿. +Õ

4.06
3.?7

3.99
2 "71
700

+.v¿
1.02

1.95
2.O3

10.50
t).lv

lV¡ lV
12.50

YrÞU
13.1O

10.5O
15.70

a?^
10.70
.t aì n t\

19.30

Propert

3.70

3.11
¿.ou

4.11

6 "ot
3.82

4.9t
3 "18

5.07

2.29
1 .80

l¡ f Õ
2.17

1 .61
1 .49

l. {Y

1 .49
I 7rtt. )+

2.40
1 .44
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-/Table 8.2 ExperimentaL oata of ì,iovotny et aI.)b

Notes:

1. The data are obtained from Figure 6 of Reference 36,

2. All the data are based. on bulk cond.itions for fLuid
Tlrnnorf i oc}:ttv1:]sr UJ-gÈ.

3, The characteristic length of the Reynold.s numbers, R€,

is the hydraulic equivalent diameter.

+. The l,lussel-t numbers, lrt-u, are as-measured varues (i.e
no constant-property correction).
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Table 8.2 (conttd.)

(A) Duct with AsPect Ratio 1:1

,NU
Pr - RexlO-+ (As-Measured)

( o. gg'r x o. 98tt )

34

43

'7^

x{l

88

105

44q

115

125

140

tou

.^c

175

220

^'l

ll

tl

tl

fl

tl

il

ll

il

ll

tl

ll

ll

tf

il

il

il

ll

ll

ll

.1 
^Ã

1 .15

1 .45

I '7^

2,05

2.40

2.50

2.go

3.20

3.90

+. ro

4.9Q
qen

5.70

6. 10

'7 ,t a\

a'7n'

aan

1 4.00
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TabLe 8.2 (contto)

(B) Duct with Aspect

Pr

( 0. 604]t x J. O" )

Nu
( ls-Fieasureo )

Ratio 1 ¿5

Rext 0-4

4.7
ll

1t

lt

It

ll

tl

lt

It

t!

tl

1 .40

1 .70

1.95

2,O5

¿. ¿¿

2.25

2.25

2,3Q

2"45

¿"óu

2.7o

3.QO

3.20

3.25

7.40

3.80

5.00

O. U\J

7. O0

7.80

10. 50

11.00

14.00

a.e

49

51

52

tr,A

59

63

61

64

72

70

80

77

80

115

120

135

145

200

tyrJ

21O

ll

ll



Table 8.2 (contto)

(C) Duct with Àspect Ratio 1 ¡10 (o.40rt * 4.gtt)

Nu
F.ex'10-4 (¡s- !leasured)

n'7

tl

tl

ll

lt

tl

1 .40

2.20

écOLJ

3.20

4.20

7.00

42

6O

70

82

90

130
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labl-e 8.7 ExperimentaL oata of BarrowJ

Notes:

1" îhe d.ata are obtaineo from Figure 11 of Reference t.

2. Al-1 the d.ata are based on buik cond.itions for fluio
properti e s .

3. îhe characteristic length of the i.eynolos numbers, Re,

is the hyd.raulic equi.valent oiameter.

4" The as-measureo lt-usselt numbers, ltiu, were corrected

to the constant-property cond,itions by the ¡lresent author

using equation (6.+) wj*t" rn çe¡oo -o-rÍr rb = ))t K, T" = 542.5-3.

and m = 0.5.



Table 8.3 (contto)

(A) Electrical Sasj-s

A Pr RexlO-4 r¿s-UelËured)

136

Corrected.
Nu

( Constant-Pronertv )

o.c344 ^n ¡.u2
.t .t^

1.25

1.30

1 .55

l.Õu

2.05

2.O5

¿. tv

2.5Q

2.60

11

erì

75

eo

18

Å'7TI

44

/lOAJ

64

61

71 71)1.)l

?^ 7^

19.39

A'7 /l'7'?f.'1¡

44. +4

49.49

50. 50

64.64

63.67
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Table B.J (contto)

(B) Thermocouple Basis

Pr Rexl 0-4
i,lu

( ¡s- PtÞasured)

Corrected
Nu

( Constant-Property )

o.o3+4 o.7 .r 
^Ã

1 .30

1 .70

1 .80

2.10

2.10

¿." tv

2.15

2.50

2.60

¿l

¿¿

?^

32

36

++

37

29

50

¿t.¿l

22.22

10.3Q

32.12

)o. to

+4.4+

37.37

29.29
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Table 8.4 Experinental d'ata of tiineslS

Notes:

1. The d.ata are obtaineo from Figure 10 of Reference 18.

2. Al-l the d.ata are based. on buLk conditions for fluid

properties.

7. îhe characteristic length of the R.eynolds numbers, Rê'

is the hyd,raulic equivalent d'j-ameter.

4. The Nusselt numbers, Nu, have been correcteo to the

constant-property conoitions by ilines using the

Sieder-Tate methoo.
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Table ts.4 ( conttd )

R.e x 1o-4A

Pr = 18

Nu x 1o-2

PT' = //

-)Nu x 10
(Constant:Property) (Constant-Property)

1 '7tr.ra tl 2.10
2.go
2.90
2.90
3"00
tr^^

O¡VU

6.20
g. oo
g" 60

9. 50

11 .50
| ¿.vv
13.OO

14. OO

15.00
rç trn

16.00
1 7.00
18.00
19.00

2.32
¿. ¿o

2,41
2.21
2.49
it Ã?

4.81
4.39
+.95
4.67
4.95
6.23
o.ly
7. 08

8.21

9.06
9.2Q

10.90
1Q.33

11 .Q4

11 .32
1'l ao

12.7 4

2.5o
2.43
¿.4¿

2.17
1. Oó

4.89
). I I

4.7?

, "02
5.32

^^a
J.50
i.Ol

8.82
9. +3

9.74

1 a '7.1I l. f I

11 41I l¡ | |

11 .87
l¿. I I

12.78
11.69
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Table 8.5 ExperinentaL aata of Sparrow et ^I.44

Notes:

1. îhe data are obtained from 3Lgure 1 of Reference ++.

2. À11, the oata are based on buLk conditions for fluid

properti- e s .

3. The characteristj-c length of tire Reynolds nutnbers, Rê,

is the hydraulic equivalent oiameter.

The as-measured Nusselt numbers, Nü, were correcteo to

the constant-property conditions by the present author

using equation (6.4) with To = 554on, Iw = 592.5on

andm=0.5"

+,



Tabl-e 8.5 (cont'd)

À Pr Re x 10-4
Nu

( -{s-¡{ easured )

l+l

Correcteo
Nu

( Constant-Property )

0.020 0.'l 1.8

77

4.5

4.8

O¡¿f

YoU

12.O

13.O

14"0

/'l q

70

108

120

125

l2u

170

195

190

200

46,39

7 2.16

vâ xx
JJ.ve

1ñ1 
^7rv t avJ

111 .14

127.71

1 29.97

154.64

175.26

201 .03

10Ã aarJJavv

^^a¿vo. tY
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2.

Table 3.6 Experimental- aata of ^¿/l

JAmes el a-1 "

Notes:

1. the d.ata are obtainea from Figure 4 of Leference 21.

All the data are based on bulk conoitions for fl-uid

properties.

The characteristic length of the Reynolos numbers, Rê,

is the hyoraulic equival-ent d.iameter.

The i\usselt numbers, Nu, have been corrected to the

constant-property conditions by James et 41. using

the extrapolation technique of the Eagle and Ferguson
1A

met¡,oo

4.
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Table 8.6 (conttd.)

\ frl Pr = 6.5

A
r'¡U

( Constant-PropertY )Re x 1O-4

ll

,tô

tl
tl

tl

2.O
ll
ll

)q

tl

ll

ZN

tl

tl
ll

Añ

il
tl
ll

1 .00
4.40

^E^
1 .00
2.40
/o lV

0. 40
o.52
7. OO

0"40
2.2Q
4.00

2. OO

1.OO
6. O0
9. 80

1 .05
2.1Q
5.90
8.20

öU
230

trrì

88
170

OU

430

48
180
285

180
250
410
tr.7^

110
200
400
520



t++

rll^l^l ^_t- d,urE

(B)

8.6 (contto)

¿¿ Jca )

Re x 1O-4
;JU

( Constant-Property )

tl
It

ll

lñ

tl
tl

¿.v
tl
tl

2.5
ll
ll
lt.

tl

z^

ll
ll
ll

'fow
tl
It

It

o,36
n E1

I rVV
t.ou

o.32
o.515
Q,g7

0.71
Uc ? |

1 .80

0. 505
1.20
1 .60
¿.vv
2.20
aì Ãrì tr

o,73
1 .00
1 .60

o.7Q
Q.73
o.83
1 .40

84
t+)
r>v

o¿
100
115

110
300

110
¿+v
¿év
310
3BO

110
tou
190
280

Ètu
150
180
¿lv
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/n\

3.6 (conttd.)

Pr = 100

Re x 1O-4
\_r rttu

( Constant-Property)

ll

tl

il

tl

ll

ll

ll

il

ll

il

tf

2.O
il

lt

2.5
il
tl
ll
It

ll

3"O
ll

lt

tl

tl

ll

AA

tl

0. Jo
^7^
o. 405
o. 40
o.r2
u. þö

o.395
U.Õl
o.36

U.lY

1 .00

o.2g
0. 40

aì zn
aì 7a
o.42
o.59
0.80

Q.29
o.3g
Q.12
U. OZ
0. 70
o. go

0.60

80
B2

100
t\,i L.,

140
200

t¿v
250
100
170
220
280
300

105
,,| Ãrì
roô

110
r+v
160
220
?,r 

^
340

130
155
195
205
270
320

25O
280
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labl-e 8.7 ExperimentaL d.ata oî Bruzzí'

Notes:
'1 . The data are obtaineo from Table 6 of B.ef erenc e 6 "

2. All- the data are based on bulk conoi-tions for fLuio
properti e s .

3, The characterj-stic length of the i.eynoLds numbers, Rê,

is the nyoraulic equivaLent d.Íameter.

+. The Nusselt numbers, Nu, are as-measured. vaLues (i.e
no constant-property correction).
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Table 8.7 (cont t o)

(A) A =0.54

Run Ìüo. Pr Re x 1O-4
ìJr r

( As-irieasured )
b
/tw

o55

062

07+

080

157

1qÊ

159

160

to I

to¿

1^7

197

198

I'. UÞ

'7 rl-l

8.04

7.O1

8.09

x tìx

g. 07

9.07

anz

8.O2

8.10

g. 0g

1.+39

t. {Y¿

2.714

3.388

2.579

¿. ¿¿ó

2. OOg

1.695

1.388

o. 991

o. 561

o.7 +3

2.57o

¿. ¿¿v

t. tÕ

1"16

1.22

1.10

1 .43

1 .44

1 .42

1.+7

l.4at

1 .47

t.+ |

1 .50

1 ,46

1.+6

1t2.22

112.07

213.66

209.52

10q EnI J ) a )v

. -^ | /| [¿.+o

1 59.08

141 .30

1 19.17

94.94

60,02

7 4.35

1 78. 40

161.10
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îabLe 8.7 (conttd)

(B) [ = i.12

Run No. Pr Re x 1o-4
Nu

( Á,sTMeasured )

5
ly¡

1

t)
to

22

23

35

111

118

119

120

121

1?8

129

110

151

132

133

134
135

140

152

199

200
¿vl

202

212

221

B. 46
.7 

^1l.v I

8. 08

8.08
8. 01

b.b)

a77

g. 05
471

g. 20

8. 20

8.21
8.21
8.20
8.20

'7 rìn
É, P,1

8.22
8.21
9.20
7.02
6.91
g.o2

4, +Q9

2.550
2.03+
2.O49
3.996
¿. böö

6.244
5 .442
4.140
4 "337

6.260
6.011
5.508
4.638
3.466
2.529
1.791
2.551
2.554
2.694
4.736
5.624
2.r83
1.O93
1.113
o.977

328,99
192 . 16
1'.7 0 an| | J a vv

181 .76
298.63
185.72
369.29
ZZtr rl 

^))).av

^^F 
a^¿Y) . OV

299.02
Ê1 A7vtavJ

-aF
)v)a Iv

400. 86

787 .97
334.71
^/,¿o).¿¿
206.14
151 .56
17 +.6Q
175.92
175.47
1 oq Ê-'7

321 .36
17Q.72

éQ.26

95"49
1 01 .78

t.¿o
t.ll

1.20
1 .42
1 ,38
1ôO

1 .20
1.22
1 ,2Q
I rô
4 

^nlcll

t.¿l

| .1U

1 .19
I tZV

1.27
l.¿[

1.26
1 1'7

1.2Q
.l .1'7
l. I I

1.25
t.¿l

1"72
1.18
1.18
1 .46



t+Y

Tabl-e B. 7 1 ^^-+ t; \
\vvlru (¿/

l¡l ^ - ? 
^,r\v/ 4 - ).vl

F.un No. Pr Re x 1o-4
Nu

( As-Þls¿sured )
þ
fw

B7

88

oô

113

44 tI t+

11q

I q?

154

e 1n

a r^

/¡Ul

I oVl

g.0g

7.25

7.2'
7.25

a ítr

a 1tr

R lq

7 
^'7

7.06

1tr.A

'1 .56

1 "27
4qe

7.23

3.2+

t.+v

266.o9

265.21

134.51

131.41

13Q.12

293.29

262.15

251.76

/hh á\É¿/. tJ

256 .1 4

1 /1 7 '7'7t.Ì-,t. I I

I c l)

l.l+

1.11

1 .09
a 1Ç,

1 .25

1 .15

I .i^

l.¿[

1.52

1 .50
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TabLe B-8 Experimentar- data of Tan and. charters45

Notes:

1 . The data are obtaineo from Figure 3 of Referenc e 45.

2. AÌ1 the data are baseo on bur-k cond.itions for fr-uid.
properties.

3. the characteristic length of the ReynoJ.ris numbers, Rê,
is the hydrauJ-ic equj-valent diameter.

4. The as-measured. Nusser.t numbers, Nu, were corrected.
to the constant-property conditions by the present
author using equati-on (6.4) with îO = 5g5oa, Tw = o55o¡
and m = O.j,
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labLe 8.8 (contto)

Pr Re x 1o-4
lTr r¡t4

(As-Measured )

Corrected
Nu

( Constant-prope:rty )

o.34 o.7 o.95

l.¿l

1 .44

1.J4

1 .98.

¿.l¿

24

¿ó

7^

7/l

?o

A7

,25.26
29 .47

31 .58

15.79

41 .05

45.26

+1.)[


