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Introduction Combined Entry, 0<Pr<w. In cartesian coordinates the

. . . i overning equations for an incompressible and constant property
Heat transfer in the combined entry region of non-circular ducf@id in the combined thermal entrance region Eife

is of particular interest in the design of compact heat exchangers.
In these applications passages are generally short and usually au v oW

composed of cross-sections such as triangular or rectangular ge- 5+ (9—+ E_O )
ometries in addition to the circular tube or parallel plate channel. y
Also, due to the wide range of applicati_ons, fluid Prangitl numbers ow ow oW 1dp Pw Pw
usually vary between 0<1Pr<1000, which covers a wide range U—+v—+tW—=———+v|—+ —> )
of fluids encompassing gases and highly viscous liquids such as ax —dy 9z pdz Ixs - ay
automotive oils. 5 5

Areview of the literature reveals that the only models available u ar v dl +Wﬂ = a(a_z + ’9_-2) 3)
for predicting heat transfer in the combined entry region are those (2 ady Jz oxc ady
of Churchill and Ozod1,2] for the circular duct and Baehr and . .
Stepharj3] and Stephaf@] for the circular duct and parallel plate The pressure gradient may be written
channel. Recently, Garimella et 4b] developed empirical ex- 1dp dw,
pressions for the rectangular channel, while numerical data for - ;E:WCE (4)

polygonal ducts were obtained by Asako et[é]. Additional data

for the rectangular, circular, triangular, and parallel plate channgherew,=w,(z) is the velocity of the inviscid core. The above
are available in Shah and Londpr, Kakac et al[8], Rohsenow equations are subject to the no slip conditiog,= 0, the bound-

et al.[9], and Kakac and Yengf0]. A complete review of design edness conditiom(x,y,z) # % along the duct axis, and the initial
correlations is presented later. In addition, data are reported for ghdition w(x,y,0)=w. In cartesian coordinates, one additional
circular annulus in[7]. The models reported in this paper arequation is required to relate the two components of transverse

applicable to the annulus, but only for the special cases whefglocity. To date, very few solutions to this set of equations, Egs.
both surfaces of the annulus are at the same wall temperaturqpr4), have been obtained.

wall flux condition. ) )
The present work will develop a new model using the Churchill Fully Developed Hydrodynamic Flow, Pr—c. In cartesian
and Usag[11] asymptotic correlation method. In this method, th&éoordinates the governing equation for fully developed laminar
special asymptotic solutions of the combined entry problem aflW in a constant cross-sectional area duct is
used to develop a more general model for predicting heat transfer 2 2
- ; ) gw  Jw 1dp
coefficients in non-circular ducts. == F
x> 9y® udz

®)

Governing Equations which represents a balance between the pressure and viscous
In order to fully appreciate the complexity of the combinedorces.

entry problem, the governing equations for each of the three fun-If the velocity field develops quickly, then the energy equation

damental forced covection problems are reviewed. These areirasartesian coordinates for thermally developing laminar flow in

follows: combined entry or simultaneously developing flow, théucts of constant cross-sectional area is given by

thermal entrance problem or Graetz flow, and thermally fully de- ) )

veloped flow. o T _wdT

_+____
x> 9y’ a9z

©)
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When the flow becomes thermally fully developed the energy A solution for the circular tube based upon the Karman-
equation may be written in terms of the mixing cup temperatuf@ohlhausen integral method was first developed by Kagkand

Tm(2), Kays and Crawford12] later corrected by Kreith14]. It is given by the following expres-
AT #T wdT, sion which is only valid for small values of the paramet&r
e dz % 1 1
for the uniform wall flux(UWF) condition, and Num'T:Em 1-2.65z*)%pr 1 (19)
PT #*T w( T,—T\dT, which is valid for P2 andz* <0.001.
a2 + WZ = ;(ﬁ dz 8) For the case of a parallel plate channel, StegHddrcorrelated

. . numerical results in the following way:
for the uniform wall temperaturdJWT) condition, where

Tm(2)= v% f fAWTdA 9)

Later, a model is developed which utilizes a number of limitin
approximate solutions to these equations. These are as follo
fully developed flow, thermally developing flow, and laminal
boundary layer flow. 0.024z*) 1140.0179P¥1(z*)~064-0.14

A dimensionless heat transfer coefficient or Nusselt number Nu, =7.55+ PRI 77) 0542
may be defined as (1+0.0358 (z*)

0.024z*) "+
1+0.0358PF1/(z+) 064
which is valid for 0. Pr<1000. Shah and Bhatti, see RE8],

%btained the following expression for the local Nusselt number
‘rﬁ%m the correlation developed by StepHdr

Nuy, 7= 7.55+ (16)

a7
Nup= quw(2) £ :E (10) Sparrow[lS] using the Karman-PohIhagsen integrgl method,
k(?w(z)_Tm(z)) k obtained the following approximate analytical expression for the
_ Nusselt number
whereT,(2) is the bulk fluid temperaturel,,(z) is the average
wall temperature, and,,(z) is the average wall heat flux at any 0.664
point along the duct. For UWTT,,= Constant and for UWFy,, NUm,T:W3(1Jr 6.27 Prz*)49) 12 (18)
= Constant. P
N In termsboféh;e_ sc&lutlo?sil to Eg$1—4), the Nusselt number, which is valid for P2 andz* <0.001.
U, may be detined as follows: Churchill and Ozod1,2] developed Eqs(19,20, for the local
1 oT Nusselt number for the UWF and UWT conditions, where Gz
P 47 ~n ds = 77/(4_2*) is the Graetz number, in the combined entrance region
Nu,= £ w (11) of a circular duct. These models were developed using the
1 1 asymptotic correlation method of Churchill and UsHdi] and are
P % Ty ds— ﬂf fAW TdA valid for all Prandtl numbers €Pr<cc, but only for the circular
duct.
wheredT/dn represents the temperature gradient at the duct wall
with respect to an inward directed normds is the differential of Nu,r+1.7

arc length, is an arbitrary characteristic length scale to be de- 53571+ (Gz/97)%°%®
termined laterA is the cross-sectional area aRdis the wetted

perimeter of the duct. Traditionally;=4 A/P, the hydraulic di- _|14 Gz/71 43358
ameter of the duct. Finally, the flow length averaged Nusselt num- - [1+(Pr/0.0468%3Y7 1+ (Gz/97)8°%*
ber is related to the local Nusselt number through (19)

1 (z

Nu= EJ Nu(z)dz (12) Nu, y+1

0 5.364 1+ (Gz/55 0910
Literature Review G2/28.8 5/313/10
A review of the literature reveals that very little work has been :[1+ [1+(Pr/0.02072’3]1’2[1+(Gz/551°’9]3’5) }

done in the area of modeling heat transfer in the combined en-
trance region of non-circular ducts. Only the circular duct and (20)

parallel plate channel have models or correlations which cover e
wide range of Prandtl number and dimensionless duct length.
Even for these common channel shapes, the expressions are gp
valid for particular boundary conditions and flow conditions.
Stephan, seg€3], developed a correlation for the circular tubg,;

which is valid for all values of the dimensionless duct length |5 quct and the parallel plate channel for a range of Prandtl num-

n all of the above models, the characteristic lengthlis
n - Later it will be shown that a more appropriate length scale
uld be used.

and for 0.k Pr<ee. _ _ bers, a small set of data are available for the rectangular and
The Stephan correlatiofsee[3]) has the following form: triangle ducts for P£0.72. All of the available data and models
Nu(Pr— ) for the combined entrance region are reviewed by Kakac and

NU, 7= 13) Yener[10].
™1 tant(2.432PF%(z*) ") - Finally, numerical data were obtained by Asako e{@]for the
where polygonal ducts for a range of Prandtl numbers, while Garimella
et al.[5] obtained empirical data for the rectangular channel in the
laminar-transition-turbulent regions for a number of aspect ratios.
At present, no single model is available which can predict the
(14) data for both the circular duct or parallel plate channel. Further, no

3.657 N 0.0499t .
tanf{2.264z*)1/3+ 1_7(2*)2/3) = anh(z*)

Nu(Pr—o)=
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correlating equations are available for any of the numerical data N L B B B B R
related to non-circular ducts. In the sections which follow, a new
model is proposed which serves these needs.

Rectangle w/Segment
Rectangle w/Semi-Circle
Ellipse

Rectangle

Model

+/- 10 Percent

Model Development

A model which is valid for most non-circular ducts will now be
developed using an approach similar to that proposed by Churchill
and Ozod 1,2]. Churchill and Ozo€1,2] developed a model for
the circular duct which is valid for all Prandtl numbers over the

entire range of dimensionless duct lengths, by combining a com-

il

posite model for the Graetz problem with a composite model for B e
laminar forced convection from a flat plate. With some additional f o Do e iud e i b la
modification, Churchill and OzoEl,2] were able to apply these Yo 01 0z 03 04 05 05 07 08 09 1
models for all Prandtl numbers. The present approach is limited to Aspect Ratio

the range 0.&£ Pr<o, which is valid for most flows found in heat

exchangers. Fig. 1 fRe g for singly connected geometries, data from Ref.

The model development will be presented in several steﬁg.]
First, each characteristic region: fully developed floi (
>Ly,L,), Graetz flow {>L,,L<L,;), and laminar boundary
layer flow (L<Ly,L,) will be examined in detail to show how the mean channel spacing divided by the mean channel width.
each region is dealt with in non-circular ducts. Next a model iBhis alternative definition was chosen since these shapes contain
developed for a range of Prandtl numbers, duct lengths, therntiaé parallel plate channel limit when aspect ratio becomes small.
boundary condition, and Nusselt number type, i.e., local or aver-Next, Muzychka and Yovanovidi8] applied the same reason-
age value. Finally, the model is compared with published daitag to the fully developed Nusselt number in non-circular ducts,
from numerous sources. Much of these data have been colledading to the development of a model for the classic Graetz prob-
and organized by Shah and Londpfl. Since much of the pub- lem.
lished data appears in graphical form in the original sources, tabuFigures 3 and 4 compare the data for many duct shapes ob-
lated values fronfi7] are used for comparison. In most cases the¢eined from Shah and LonddfY]. When the results are based
data were obtained from the original authors, when available. upon the square root of cross-sectional area two distinct bounds
. are formed for the Nusselt number. The lower bound consists of
Fully Developed Flow. The fully developed flow limit for g quct shapes which have re-entrant corners, i.e., angles less than
both hydrodynamic and thermal problems has been addressedgygeq, while the upper bound consists of all ducts with rounded

Muzychka[16] and reported in Yovanovich and MuzychKs7] comers and/or right angled corers. A model has been developed
and Muzychka and Yovanovidi8,19. Additional results appear

in Muzychka and Yovanovicf20,21] and Yovanovich et al.22].
These referenceldl7—22 provide models for the classic Graetz
problem and the hydrodynamic entrance problem for forced flow, S L L L L L S B R B
and for natural convection in vertical ducts of non-circular cross- Y e
section. In addition, Ref$20], [21] applied scaling principles to ¢ Circular Segment
all of the fundamental internal flow problems. M
An important result of Yovanovich and Muzychka7] is that ©  Annular Sector
the characteristic length scale for non-circular ducts in laminar % e et
flows should not be the hydraulic diameter, but rather, the square K
root of the cross-sectional area of the duct. This conclusion was
drawn from dimensional analysis performed on an arbitrarily
shaped duct with validation provided by examination of the ana-
lytical and numerical data from the literature. Beje28] also
arrived at the same conclusion using his constructal theory of ‘
Organization in nature' 100 J 0:1 L 0%2 0‘3 ‘ 0.4 ‘ ois ‘ 0%6 ' Oi7 0.8 DﬁB ‘ 1
Yovanovich and Muzychkfl7] showed that when the friction Aspect Ratio
factor-Reynolds number product is based upon the square root of
cross-sectional area, the vast number of data were reduced tBiga2 f Re j for other singly connected geometries, data from
single curve which was merely a function of the aspect ratio of thRef. [7]
duct or channel. They also showed that this curve was accurately

Bt hoaar s

rectangular duct cross-section. This result is given by

represented by the first term of the exact series solution for the L | N B \ L e
;L A Hliptic J
S5 »  Rectanguiar B
12 & & lsoscelesTriangle |
i *  Right Triangle 7
f Rez= 192 (21) iy 5 S |
Ve(1+e) 1——5tank(— i
T 2e =

2 E
For most rectangular channels it is sufficient to choose 0.01 i 7
< e<1, since the rectangular channel approaches the parallel plate i - - ]

for €<0.01. A plot of this model with data for many duct shapes sk CH Eowr e sago w THAMEE A
is provided in Fig. 1. Figure 2 shows a broader comparison with 2 1
several other non-circular ducts. Uniform Wall Tempecature (UWT) i
The aspect ratio in Figs. 1 and 2 is taken to be a measure of the B e e T

slenderness of the non-circular duct. In most cases, it is merely the Aspect Ratio
width to length ratio of the duct. However, in cases such as the
circular annulus, annular sector, and the trapezoid, it is defined as Fig. 3 Fully developed flow Nu 7, data from Ref. [7]
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where L is an arbitrary length scale.

103 - T T
e A Hige ] If the following parameters are defined:
2 ; »  Rectangle 4
& Rectangle w Segment vYYs
4 ¥  Rectanglew/SemiCircle | V= X Z* — Z/£ o=T-T Reﬁzw_ﬁ
3, o Rhombus . | o
2 e e ; L Re.Pr v
2F % @  Right Triangle 4 . .
3 ot > Clroutar Sogeraet the governing equation becomes
4 ~ @ Circular Sector
R T o a0 50
Ry il . CYor =72 (27)
AN . — gz*  Jy
st Mg, o T Lover Bound
s PN R W P . . . .
N e uenenged 2R i The governing equation may now be transformed into an ordi-
, A A T IR R nary differential equation for each wall condition using a similar-
0 01 02 03 04 05 06 07 08 09 1 ity variable[22]
Aspect Ratio
y
Fig. 4 Fully developed flow Nu , data from Ref. [7] n= —F(gz*/c*)ls (28)

Both the UWT and UWF conditions are examined. Solution to the

which accurately predicts the data for both thermal boundary cor€veque problem is discussed in Bird et [@4]. The S°.|Uti°” for
ditions and both upper and lower bounds. The resulting expressigfal Nusselt number with the UWT condition yields:

which is related to Eq(21) is 3V3T(2/3) [ f Re, 13 f Re, 13
f Re\ﬁ) Nu£=—2 - e ~0.427 - (29)

Nu = cl(— 22)
' 8\/;67 . .
while the solution for the local Nusselt number for téWF)

whereC, is equal to 3.24 for th¢UWT) boundary condition and condition yields:
3.86 for the (UWF) boundary condition. These results are the
exact solutions for fully developed flow in a circular tube when
the characteristic length scale is the square root of cross-sectional
area. The parameteris chosen based upon the geometry. Values )
for y which define the upper and lower bounds in Figs. 3 and 4 areThe average Nusselt number for both cases may be obtained
fixed at y=1/10 andy= —3/10, respectively. Almost all of the from Eq.(12), which gives
available data are predicted within10 percent by Eq(22), with
a few exceptions.

(30)

1/3
Re;
Z*

f Re;\ 3
NUCZF(2/3) F ~0.516

— 3
NUKZENUE (31)
Graetz Flow. If the velocity distribution is fully developed

and the temperature distribution is allowed to develop, the classicThe solution for each wall condition may now be compactly
Graetz problem results. In the thermal entrance region, the resuitstten as
are weak functions of the shape and geometry of the duct. This
behavior is characterized by the following approximate analytical
expression first attributed to Leveque, $24]:

C* 1/3

o

f Re£ 1/3
—

z

NU£= C2C3 (32)
23) where the value o€, is 1 for local conditions and 3/2 for average
conditions, andC; takes a value of 0.427 for UWT and 0.517 for
whereC* is the dimensionless mean velocity gradient at the duct 1, Leveque approximation is valid where the thermal bound-
wall and z* is the dimensionless axial location. Thus,df is a1y Jayer develops in the region near the wall where the velocity
made a weak function of shape, then Nu will be a weaker functigfiofile is linear. The weak effect of duct geometry in the entrance
of shape due to the one third power. region is due to the presence of the friction factor-Reynolds num-
In the thermal entrance region of non-circular ducts the thermgdr productf Re, in the above expression, which is representative
boundary layer is thin and it may be assumed to be developingdfthe average velocity gradient at the duct wall. The typical range

a region where the velocity gradient is linear. For very small digsf the f Re group is 6.5 f Re, <24, Shah and Londof¥]. This
tances from the duct inlet, the effect of curvature on the boundar{_‘\{S lts in 1.8% (f Ren Y/3< 2 2;8 hich illustrates th K d
layer development is negligible. Thus, the we may treat the désuts m L. ( Ebh) -66, which tllustrates the weak de-

wall as a flat plate. The governing equation for this situation @endency of the thermal entrance region on shape and aspect ra-
given by tio. Further reductions are achieved for similar shaped ducts by

using the length scalé= /A, i.e., see Figs. 1 and 2.

A model which is valid over the entire range of dimensionless
duct lengths for P, was developed by Muzychka and Yo-
vanovich [18] by combining Eq.(22) with Eqg. (32) using the
€hurchill and Usagli11] asymptotic correlation method. The form
of the proposed model for an arbitrary characteristic length scale

c aT T o4
y =« Fva (24)

where the constar® represents the mean velocity gradient at th
duct wall. For non-circular ducts, this constant is defined as:

owl 1 [ aw 1S
C==nl =5 P 7nl ds (29) 13 n 1n
w w NU(Z*)—([C2C3(_*) +(Nde)n) (33)
For hydrodynamically fully developed flow, the const&htis r4

related to the friction factor-Reynolds number product Now using the result for the fully developed friction factor, Eq.

f Re, owl (21), and the result for the fully developed flow Nusselt number,
=—| ==C* (26) Eq. (22, with n~5 a new mode[19] was proposed having the
2 |, w form
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Table 1 Coefficients for general model

Boundary Condition

0.564
uwT C,=0.409,C,=3.24 -

3 ! HP)= AT 66aPF5 7770
UWF C,=0.501,C,=3.86 0.886

") = [15(1.900PF5 777

Nusselt Number Type

Local C,=1 Cy=1
Average C,=3/2 C,=2
Shape Parameter
Upper Bound y=1/10
Lower Bound v=-23/10

15 The average Nusselt number for both cases may now be ob-
tained from Eq.(12), which gives:

N ( *) c.C f Re\x) v 5+ c f Re\g °
Uum(z™)= —
A o Y 8me _
NUEIZNUE (40)

where the constant€,, C,, C3, and y are given in Table 1.  The solution for each wall condition may now be compactly
These constants define the various cases for local or average Nustten as
selt number and isothermal or isoflux boundary conditions for the

Graetz problem. The consta@t was adjusted from that found by

the Leveque approximation to provide better agreement with the

data.

Nu=— f(Pr (41)
us= r
L /—Z*
where the value ofC,=1 for local conditions andC,=2 for

Laminar Boundary Layer Flow. Finally, if both hydrody- average conditions, anidPr) are defined as
namic and thermal boundary layers develop simultaneously, the

results are strong functions of the fluid Prandtl number. In the 0.564

combined entrance region the behavior for very small valug of f(Pn= [1+(1.664P1/5)%2)2° (42)
may be adequately modeled by treating the duct wall as a flat -
plate. The characteristics of this region are %r the UWT condition, and
NU f(Pp— 0.886 43
Pr—0 \/_Z=0.564P?’2 (35) (P0= [T+ (2.00PF5 777" “3)
R
K for the UWF condition. The preceding results are valid only for
U, small values of the parametet .
Pr— =0.339P}? (36) _
VRe, General Model. A new model for the combined entrance re-
- gion may now developed by combining the solution for a flat plate
for the UWT condition[2], and with the model for the Graetz flow problem developed earlier. The
Nu, proposed model takes the form
Pr—0 =0.886P}?2 37
Re &7 V(@)= (Yoo POI™ Y] o YD J™MI (44)
u which is similar to that proposed by Churchill and OZa€2] for
Pr—s oo 2 —0.464PF3 (38) the circular duct. This model is a composite solution of the three
VRe, asymptotic solutions just discussed.
for the UWF condition(1] This results in the following model for simultaneously devel-

Composite models for each wall condition were developed k%plng flow in a duct of arbitrary cross-sectional shape

Churchill and Ozo¢1,2] using the asymptotic correlation method c.f(Pn\™ fRez)| ") °
of Churchill and Usagi11]. The results may be developed in Nuz(z*) = ) +((C2C3( - ]
terms of the Pr~0 behavior or the Pr behavior. For internal Vz* z*
flow problems, the appropriate form is chosen to be in terms of 5\ m/571/m
the Pr—0 characteristic which introduces the Peclet number Pe i fRea (45)
=RePr: Y\ 8\ me?
Nu, Co . The parametem was determined to vary between 2 and 7 for
(RePpT2 C,Pri/6\ n7im = f(Pn) (39) " all of the data examined. Values for the blending parameter were
1+( C ) found to be weak functions of the duct aspect ratio and whether a

local or average Nusselt number was examined. However, the
whereC, andC,, represent the coefficients of the right hand sidelending parameter was found to be most dependent upon the
of Egs. (35—-38. The correlation parameter may be found by fluid Prandtl number.

solving Eqg.(39) at an intermediate value of Pr where the exact A simple linear approximation was determined to provide better

solution is known, i.e., Pt 1. This leads ton=4.537 for the UWT accuracy than choosing a single value for all duct shapes. Due to
condition andn=4.598 for the UWF condition. For simplicity, the variation in geometries and data, higher order approximations
n=9/2 is chosen for both cases. offered no additional advantage. Therefore, the linear approxima-
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tion which predicts the blending parameter within 30 percent wdsble 5 Comparison of model and data for rectangular duct
found to be satisfactory. Variations in the blending parameter bfl: Pr=0.72, (min/max—9% diff )
this order will lead to small errors in the model predictions;

whereas variations on the order of 100 percent or more, i.e.,eib/a NUm 1 NUz i NUm, 1
choosing a fixed value, produce significantly larger errors. The }2 —22.7;1.2% _8'18512'13 —%.72514.2
i i i i 1 —18.5/7.4 —0.11/13.1 —2.42/14.
resulting fit for the blending parametear is 13 Z16o7a3 005134 0.42/1316
m=2.27+ 1.65P}3 (46) 1/4 —14.6/6.73 —0.04/12.04 —0.33/13.5

The above model is valid for 0<1Pr<< which is typical for
most low Reynolds number flow heat exchanger applications.
Finally, the following model was developed by Muzychka an

Table 6 Comparison of model and data for equilateral triangu-
J]ar ducts [7] (min/max—% diff )

Yovanovich[18,20 for the apparent friction factor in the entrance py NU, 1 NUp, 7 NU, NUp
region. It is given here for completeness as follows:
0.72 —-14.17~1.85 —11.1/12.27 —1.50/419 —8.92/4.84
12 2 [344\21¥2 = —-12.11/-6.81 —7.24/~2.09
fappReﬁ: 192¢ T \/Z—Jr
Je(1+€)|1- —5tanH =
™ 26 100 T T TTTIT TTTTTT] T TTTT T T T
(47) of 1
It predicts most of the non-circular friction data within oL 2 preas 1
=10 percent. LASNN o ;;;i}:m Ref. [7] .
ol S22 Model Eq. (45) i
CAR 0000 e s s Churchill and Ozoe [1], Eq. (20)
Comparisons of Model With Data < wf 1
Comparisons with the available data frdi| are provided in =
Tables 2—6 and Figs. 5—-11. Good agreement is obtained with the 10 — —
data for the circular duct and parallel plate channel. Note that
comparison of the model for the parallel plate channel was ob-
tained by considering a rectangular duct having an aspect ratio of g
e=0.01. This represents a reasonable approximation for this sys- Ll ol EEEEET TR
tem. The data are also compared with the models of Churchill and St o -y ! !
0zoe[1,2] and Stephari3,4] for the circular duct and parallel
plate channel in Figs. 5-8. Fig. 5 Simultaneously developing flow in a circular tube

The model is compared with the data by determining the pegy,, ,, data from Ref. [7]
cent difference between the data and the model predictions. Maxi-
mum and minimum values of the percent difference are given in
Tables 2—6 for each set of data. »

TTTTTT RERR

LR L B

L1irieg

The numerical data for the the UWT circular duct fall short of wl Lo
the model predictions at low Pr numbers. However, all of the N Pr=50

X . i . Data from Ref. [7]
models are in excellent agreement with the integral formulation of el Eq. (45

Model Eq. (45)
Churchill and Ozoe [2], Eq. (19)

:;: - -
z 8 8
Table 2 Comparison of model and data for circular duct [7] T ]
(min/max—% diff ) M ]
Pr Nu 7 Nty 7 NU, 1 ]
0.7 —6.59/~0.07 —14.69/3.87 —0.08/3.98 \ ‘ J | ‘ ‘
20 _843/_007 _1907/134 _007/519 010001\ \H;\gm\ |||r;101 I \|m;1 1 unm1 | IHIH1\0 1 J|H|1\|no
5.0 —8.65/~0.07 —24.41/-0.60 —0.20/5.40 ’ ’ ’ o
® —1.24/8.57 —1.60/5.27 £
Fig. 6 Simultaneously developing flow in a circular tube
. Nur ,, data from Ref. [7]
Table 3 Comparison of model and data for parallel plate chan- '
nel [7] (min/max—% diff )
109007 T T T T T T T ij
Pr Nu, Nu, y : :\ a Pr=0.7 7
e R [ Pr=2.0 7
0.1 —13.33/6.32 N/A 2NN Pr=50 ]
0.7 —5.17/7.43 —1.59/5.32 “r it )
2.0 —0.24/7.43 —1.79/4.49 £ :\ ~ Stephan [3], Eq. (13) 7
5.0 —0.02/13.75 —0.05/6.01 P C |
0 1.60/10.0 —9.93/7.03 F T
z
10 — -
Table 4 Comparison of model and data for square duct [7]
(min/max—% diff )
Pr NU, NUm, 1 |l il o gy
01 _045/1132 —814/1142 0.0001 0.001 0.01 0.: 1 10 100
1.0 —2.19/2.56 —6.72/4.82 z
10 —1.96/1.52 —1.15/5.07
00 —2.76/1.73 Fig. 7 Simultaneously developing flow in a circular tube
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Fig. 8 Simultaneously developing flow in channel Nu
from Ref. [7]

7.m . data

Kreith [14]. Good agreement is also obtained for the case of t

square duct for all Prandtl numbers. Comparisons of the modk
with data for the rectangular duct at various aspect ratios, Y

%L.V%ng the optimal value of the parametar However, this intro-

Table 5, and the equilateral triangular duct, see Table 6, sh
that larger discrepancies arise. Also included in Tables 2—6 are
results of Muzychka and Yovanovichl9] for the case of
Pr—oo,

The data used for comparison in Tables 5 and 6 were obtai
by Wibulswas[25]. In this work, the effects of transverse veloci
ties in both the momentum and energy equations were ignor
Comparison of the data for the square duct at PO obtained by
Chandrupatla and Sas{26] which includes the effects of trans-
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Model, Eq. (45)

TE

* o m»>

Nuys

e

\

100

Ll
0.01

il i
0.0001 0.001
*

z

L
1E-006

Ll
0.1

|
1E-005

Fig. 9 Simultaneously developing flow in channel Nu
from Ref. [7]
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Fig. 10 Simultaneously developing flow in square duct Nu
data from Ref. [7]
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Fig. 11 Simultaneously developing flow in square duct Nu
data from Ref. [7]

H,m s

ygrse velocities with the data of Wibulsw#25] for Pr=0.72

ows that the discrepancy is likely due to the data and not the
del.
he accuracy for each case may be improved considerably by

duces an additional parameter into the model which is deemed
unnecessary for purposes of heat exchanger design. The proposed

nlglé‘)del predicts most of the available data for the combined entry

problem to within =15 percent and may be used to predict the

?ﬁ?at transfer characteristics for other non-circular ducts for which

ére are presently no data.

The present model also agrees well with the published models
of Churchill and Ozo€1,2], Egs. (19,20, and the models of
Stephari3,4], Egs.(13,16, for the tube and channel. It is evident
from Figs. 5—8 that the present model provides equal or better
accuracy to the existing expressions.

Summary and Conclusions

A general model for predicting the heat transfer co-efficient in
the combined entry region of non-circular ducts was developed.
This model is valid for 0.&£ Pr<o, 0<z* <o, both uniform wall
temperaturédUWT) and uniform wall flux(UWF) conditions, and
for local and mean Nusselt numbers. Model predictions agree with
numerical data to within- 15 percent for most non-circular ducts
and channels. The model was developed by combining the
asymptotic results of laminar boundary layer flow and Graetz flow
for the thermal entrance region. In addition, by means of a novel
characteristic length, the square root of cross-sectional area, re-
sults for many non-circular ducts of similar aspect ratio collapse
onto a single curve.
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Nomenclature

A = flow area,m?

a = major axis of ellipse or rectangley

b = minor axis of ellipse or rectanglen

C = constant

C; = constantsj=1..5

D = diameter of circular ductn

Dy = hydraulic diameter of plain channek4A/P
f = friction factor =7/(1/2pW?)
Gz = Graetz numbers= n/4z*

h = heat transfer coefficient/m?K
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