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Abstract—This paper deals with the laminar-flow heat transfer to a fluid flowing axially between a
triangular or a square array of cylinders with a uniform wall temperature. The energy equation in finite-
difference form is solved to obtain the axial variation of the cross-sectional temperature distribution, and
the numerical results for the local Nusselt number Nu,, and the logarithmic-mean Nusselt number Ny,
are presented. From the results, correlating equations suitable for predicting Nu, and Nu,, are derived as
functions of the pitch-to-diameter ratio ¢ and the local Graetz number Gz, or the Graetz number Gz. It
is found that, at the same volume fractions of cylinders ¢, the heat transfer coefficient for the triangular
array is larger than that for the square array, especially for the case & > 0.5.

1. INTRODUCTION

MosT oF the research that has been carried out on
heat transfer to a fluid flowing axially between cyl-
inders has been concerned with turbulent-flow heat
transfer in relation to the cooling of the fuel rods in
a nuclear reactor [1,2]. The only research done on
laminar-flow heat transfer has dealt with an axially
uniform heat flux on the wall of the cylinders in a
triangular array or a square array. Apart from ana-
lytical [3.4] and numerical [5-7] results for the asymp-
totic local Nusselt number when the axial distance
becomes large, little is known about the characteristics
of axially varying heat transfer in this geometry.

A knowledge of the heat transfer characteristics of
laminar flow in the axial direction is required for the
design of multi-tubular heat exchangers for highly
viscous liquids, the analysis of heat transfer in geo-
metrically similar systems, and the analysis of rod-
bank regenerators [8].

This paper reports on a numerical study on the
characteristics of axially varying heat transfer to a
fluid flowing axially between cylinders, which are
arranged in a triangular or a square array, with a
uniform peripheral and axial wall temperature.

2. MATHEMATICAL FORMULATION

The analytical system and coordinates are shown
in Fig. 1. A cylindrical coordinate system (r,6,z) in
the radial, circumferential, and axial directions was
used for the analysis of heat transfer to a fluid flowing
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with laminar flow in the axial direction between a
triangular or a square array of cylinders of diameter
d,, radius r,, length /, and spaced 2s apart. From the
symmetry of the cross-section of flow area, the element
to be analyzed is a right-angled triangular prism of
base s, n/6 for a triangular array or n/4 for a square
array, and length /.

The following assumptions are made: (1) the wall
of each cylinder in the heat transfer region (z = 0) is
at a uniform peripheral and axial temperature ¢, ; (2)
the fluid enters the heat transfer region at a uniform
temperature 7, and flows through the heat transfer
region with a fully developed laminar velocity dis-
tribution ; (3) the physical properties of the fluid are
constant, and viscous dissipation can be ignored ; and
(4) axial heat conduction through the fluid is neg-
ligible in comparison with the convective transfer.

On this basis, the energy equation and the boundary
conditions of temperature are

ot 1o oy 1 0%
”a”{m(’a)ﬁw} M
z=0; =1, (2)
r=r,; t=1, 3)
r=r+=goss—9; %:g—;cow—%ﬁl—iﬁ=0 )
0=0, 0=0%; 8t/d6=0 (5
where
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temperature [K]

NOMENCLATURE
A dimensionless flow area per cylinder vV dimensionless axial velocity, v/t
(equation (14)) v axial velocity of fluid {ms™']
¢ heat capacity of fluid at constant pressure Uy mean axial velocity [ms™"]
Tkg 'K Y w mass flow rate of fluid per cylinder
d, diameter of cylinder [m] kgs™
F, f,g functions of ¢ (equations (14), (37) and Z dimensionless axial coordinate. zarie,,
(39), respectively) z axial coordinate [m].
Gz Graetz number. we,/kl
Gz, local Qragtz number, we,/kz Greek symbols
/. Iogarlthmlc-meaq heat transfer o thermal diffusivity of fluid [m* s~ ']
coeﬁici?nt (equation (16)} A8, constants
(Wm™* K~ € volume fraction of cylinders (equation
ho  local heat transfer coefficient (equation (32))
(15)) Wm™2K "] o 0 angular coordinate [rad]
K n}xmb;r of nodal points in angular P density of fluid [kgm ]
direction o ) ¢ pitch-to-diameter ratio, s/r, (= 2s/d,)
k thermal conductivity of fluid é dimensionless spacing between cylinders,
Wm™'K"] a—1.
L dimensionless length of cylinder, fa/rlv,,
l length of cylinder [m] S .
Nu,,, logarithmic-mean Nusselt number, u;_;erscrlpt . e +
by d./k x peripherally averaged, j o X d0/0".
Nu,,. local Nusselt number, h.d,/k
n normal coordinate [m] Subscripts
qw heat flux at wall [Wm ™3] b fluid bulk mean
R dimensionless radial coordinate, r/r, w cylinder wall
r radial coordinate [m] 0 in]et, aSymptOte for small - or/
r, radius of cy]inder [m] 0 asymptote for large zorl
s half pitch between cylinders [m]
T dimensionless temperature, Abbreviations
(t—to)/ (1, —1o) [SA] square array

[TA] triangular array.

Square array

F1G. 1. Analytical system and coordinates.

b4 +_E
0 =€[TA]’ 0 —4[SA] 6)

[TA] and [SA] represent a triangular array and a
square array of cylinders. respectively.

The dimensionless quantities

v 1—1, r
V=—, T=-", R=-—,
U Ly —1p £3
7z Z N
= O = —
2,
ToUm ro N

are introduced, so as to put equations (1)—(5) into
dimensionless form

Valzlf_<RiZ>+Jﬁ,§:_T ®)
8z " ROR\"GR)T R* o0

Z=0. T=0 9)

R=1: T=1 (10)

0=0, 6=0"; 3T/60=0. (12)

The dimensionless velocity ¥ is given by the fol-
lowing analytical expressions [9]:
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Table 1. Values of A; x 107

j =10 o = 1.001 o =101 a=1.02 ¢=1.05 o=1.1 g=12
I —3.05502 —3.06870 —3.19004 —3.32065 —3.68059 —4.15694 —4.69398
2 0.53311 0.53247 0.52368 0.50801 0.43358 0.28029 0.06781
3 —0.03019 —0.02841 —0.01295 0.00239 0.03169 0.03782 0.01749
4 —0.01697 —0.01702 —0.01651 -0.01440 —0.00568 0.00108 0.00131
5 0.00135 0.00113 —0.00051 —0.00157 —0.00152 —0.00024 0.00006
6 0.00128 0.00125 0.00084 0.00035 —0.00017 —0.00005 0.00000
7 0.00013 0.00015 0.00024 0.00018 -0.00000 —0.00001
8 —0.00009 —0.00008 0.00001 0.00004 —0.00000
9 —0.00005 —0.00004 —0.00002 0.00000
10 —0.00001 —0.00001 —0.00001
J o=15 =20 =40 0= e=0.75 &= 0.50 £=025
1 —5.02447 —5.04988 —5.05072 —5.05072 —4.15404 —4.95636 —5.04921
2 —0.06992 —0.08054 ~0.08089 —0.08089 0.28135 ~0.04145 —0.08026
3 0.00014 —0.00122 —0.00126 —-0.00126 0.03787 0.00377 —0.00118
4 0.00008 ~0.00002 —0.00002 —0.00002 0.00106 0.00035 —0.00001
5 0.00001 —0.00000 —0.00000 —0.00000 —0.00025 0.00002 0.00000
6 0.00000 —0.00005 0.00000
7 —0.00001
a4 {3 R*-1 and A; and 4, are constants, the recalculated and
V=—"p T In R— 42 replenished values of which are listed in Tables 1 and
2, respectively, for o and ¢ (see equation (32)) treated
& Ajcos 60 RS 1 A in the present numerical analysis.
+j§ 6jo" T RY [TA] The local heat transfer coefficient A, which is
based on the peripherally averaged wall heat flux g¢,,
_ 624 {2 In R R*—1 and the wall-to-bulk temperature difference (¢, — 1),
=TF 12T a6t is given by
x 6], cos 4]0 ) i hloc(tw —tb):=: = —k(at/ar)w = q_w (16)
+Y |\ RY— 55 [SA] (13) .
= 4o R Taking a heat balance between z =0 and /, the
where logarithmic-mean heat transfer coefficient A, is given
b,
A=2/30"—n [TA], A=4c’—n [SA] (14) y
hrd I AL, = we,(t,—1o); - 17
pe {81 230 _3) 133 ' ' PR an
=oz\rT3T 73 + 18 where A, is the logarithmic-mean temperature
difference
= A 1 [% cosé6jo
+ 3 —l< - -~ df (e = 10) = (1w — 1)y
= J\3j+1 o (cos)¥*? Aty = , : 18
=i " -t =t D
0+ .
+— 1 cos 66 40 and w is the mass flow rate of fluid per cylinder given
a'¥@3j—1) Jo (cos B)>*~% by
+3ei- n [TA] W = U priA. (19)

8
The local Nusselt number Ny, and the logarithmic-

mean Nusselt number Ny, are obtained from the

4 4
F=0*$- 1_3)+ = o
’ {n (in20°—3)+ 3 dimensionless forms of equations (16)—(19)

=8, 1 [ cos4jo Nu hioedo 2(0T/oR),,
+.1§| J (2j+1 b (cos @)¥+? df ' k (1-T)z-z (20)
+ , hyd, A
L Y - L N =2 = = Zin(1=T)zee @D
a¥(2j—1) Jo (cos 0)*~¥ i

where

20—
+20%— ¢ [SA] (13 L = lajrlv,, 22)
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Table 2. Values of §,x 10°

o=1.1

J c=10 o = 1.001 =101 g=102 o =105 o= 1.2
1 —8.03471 —8.05613 —8.24661 —8.45302 —9.03578 —9.87211 - 11.04208
2 1.03832 1.03348 0.98719 0.92996 0.73105 0.36595 —0.23868
3 0.24491 0.24778 0.27090 0.29151 0.32105 0.29108 0.15663
4 —0.05010 —0.04856 —0.03418 —0.01832 0.02065 0.04653 0.03500
5 —0.03008 —0.03003 —0.02871 —0.02552 —0.01197 0.00243 0.00532
6 --0.00376 ~0.00407 —0.00622 —0.00740 —0.00579 —0.00114 0.00064
7 0.00243 0.00226 0.00076 —0.00052 —0.00158 —0.00053 0.00006
8 0.00172 0.00168 0.00122 0.00061 —0.00028 —0.00016 0.00000
9 0.00051 0.00053 0.00057 0.00041 —0.00001 - 0.00004

10 —0.00002 0.00001 0.00015 0.00016 0.00002 —0.00001

j og=15 og=20 c=4.0 g=x e=075 &= 0.50 £ =025
1 —12.25973 —12.50984 —12.53816 ~12.53827 —8.52040 —11.44273 —12.46381
2 —0.90598 —1.04281 —1.05826 —1.05832 0.90971 —0.45710 —1.01768
3 —0.02081 —0.05713 —0.06120 —0.06122 0.29715 0.09939 —0.05049
4 0.00333 —0.00318 —0.00390 —0.00390 —0.01323 0.02519 —0.00200
5 0.00081 —0.00014 —0.00024 —0.00024 ~0.02417 0.00407 0.00003
6 0.00012 - 0.00000 —0.00002 —0.00002 —-0.00752 0.00054 0.00002
7 0.00001 —0.00000 —0.00000 —0.00084 0.00006 0.00000
8 0.00000 0.00044 0.00001
9 0.00035 0.00000

10 0.00015

6+ R / 6+ R*
T, =f f TVRdR de/f J VR dR dé.
0 1 (1] 1

23)

By defining the local Graetz number Gz, and the
Graetz number G: as

Gooe = we lhkz = AJZ
Gz = we,/kl = AJL

(24)
(25)

Nu,,. becomes a function of ¢ and Gz,.. and Ny,
becomes a function of ¢ and G:.

3. THE ASYMPTOTIC NUSSELT NUMBER

In the high Graetz number region (z,/— 0), the
asymptotic solution of Leveque [10], obtained by
assuming that the velocity distribution in the thin
temperature boundary layer is linear with a slope
equal to the velocity gradient at the wall, can be
extended to give the following expression for the per-
ipherally averaged wall heat flux ¢, :

—  k(t,—10) (Crjer)l?
T @3 (az)'

(26)
As 1, =~ 1, in this region, the asymptotic local heat
transfer coefficient /., is related to ¢, as
Moeo(tn —1o) = ‘I:« 27

and, similarly, the asymptotic logarithmic-mean heat
transfer coefficient A, , as
1{
Mot — o) = 7 J; q. d-. (28)

Equating equations (26) and (27), and putting the

result into dimensionless form. gives the following
expression for the asymptotic local Nusselt number
Ny in this region :

Fam oA O

Nuloc.O = (29)

Similarly, substituting equation (26) into equation
(28), integrating from = = 0 to /, and putting the result
into dimensionless form. gives for the asymptotic

logarithmic-mean Nusselt number Nu,, ,in this region

Nitno = 3/2) (Nt ) s - (30)

On the other hand, in the low Graetz number region
(z,] - o), the asymptotic local Nusselt number
Nuy,.. and the asymptotic logarithmic-mean Nusselt
number Nu,, , are numerically equal. Therefore

Nuyoe . = Nty , . (31)

4. METHOD OF NUMERICAL ANALYSIS

The analysis was performed first by writing the
energy equation in finite-difference form. and then
solving it by the forward-marching. implicit method
with iteration at each level of Z. The detailed pro-
cedure can be found in refs. [11.12].

The number of equally spaced finite-difference
nodal points in the (-direction over the range
0=0—-0" was K; in the R-direction about
K(1+3.7cos ' /(l/o)) [TA] or K(I+25 cos™"
J/(1/0)) [SA] unequally spaced nodal points were used
over the range R = 1 —a/cos 07, and in the Z-direc-
tion 50 unequally spaced nodal points were set, each
time Z increased by an order of magnitude. that is,
the value of Z increased tenfold.
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Triangular array

T

Square array

FiG. 2. Variation of dimensionless bulk temperature and
dimensionless temperature gradient at wall with local Graetz
number.

K = 41 and 61 for ¢ = 1.0-1.1, K =21 and 31 for
¢ = 1.2-2.0, and K = 11 and 21 for ¢ = 4.0 [TA] or
K =46 and 61 for ¢ = 1.0-1.02, and K = 31 and 46
for ¢ = 1.05-4.0 [SA].

In the finite-difference approximation of the energy
equation, the central-difference approximation was
used in the R- and #-directions, and in the Z-direction
the backward-difference approximation, in which the
accuracy was improved by using three levels of Z, i.e.
the calculating level and the nearest two upstream
levels of Z. A quadratic curve was used for the finite-
difference approximation of the temperature gradient
at the boundaries.

The first step was to calculate V at each nodal point
for the given value of o, then to set the boundary
condition for Z = 0, and to begin the calculation at a
very low value of Z corresponding to a local Graetz
number greater than 5 x 10°. The iterative calculation
for each level of Z was terminated when the absolute
values of the differences between the values of T at all
the nodal points in the R- and 6-directions before and
after the iteration were below 10~ %. The calculations
then advanced to a higher level of Z.

5. RESULTS OF NUMERICAL ANALYSIS

Figure 2 shows the variation of the dimensionless
bulk temperature T, and the peripherally averaged
dimensionless temperature gradient at the wall
(¢T/¢R),. with Gz, with the pitch-to-diameter ratio
g as a parameter. As a matter of course, T, and
(0T/éR),. approach 1 and 0, respectively, for small
Gz, The value of T, that is, the heat transfer rate
first increases and then slightly decreases as o is
reduced. The reason for this behavior is that, as ¢ is
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FiG. 3. Variation of local Nusselt number with local Graetz
number.

reduced, the decrease in the flow area increases the
velocity gradient at the wall and thereby increases the
heat transfer rate ; below a certain value of o, however,
the velocity gradient at the wall at § = 0 decreases and
this decreases the heat transfer rate.

Figures 3 and 4 show the variation of Nu,. and
Nu,,, with Gz,,. and Gz, respectively, with ¢ as a par-
ameter. These figures reveal that Nu, and Nu,
increase and then slightly decrease, as ¢ is reduced
(see also Fig. 8 for small g). The broken lines in Figs.
3 and 4 represent equations (29) and (30), respectively.
Nu,,. and Nu,, tend to approach equations (29) and
(30), respectively, for large Gz, and Gz.

Figure 5 shows the variation of Nuyy. .. (= Nty )
with the dimensionless spacing between cylinders ¢
(= 6—1). @ represents the present numerical solu-

BRI

LR R L B S R L) B R L B R R R

g=1.0 Triangular array _]
i1 ==
107 2 \ >
)
& .0
=) .0
=10 -
--Eq.(30) 7
1 ETTY T AR T R
LELRRLLL | LR R T TIHIII‘ LRI T T Trorm
10% o= Square array _
£
210 3
- --Eq.(30) 1
'] L llllllll 1 I]llllll 1 IlJllIlI L llllllll L L 11)
1 10 102 10° 10* 10°
Gz

Fi1G. 4. Variation of logarithmic-mean Nusselt number with
Graetz number.



422

102 AL B B B B
r Trianguiar arra ]
P ® ‘ ’ ]
8 0E 4 3
E %, 3
N %,
81k &1‘ .
s'f ©® VRT3
2 I ---Eq(37) or Eq.(38) ]
10'1 RTINS SN E U R TIT BN WU TITT S W RTTT
102 AL SR AL B AL I
2, L ]

= Square arra
5 10 ¢ ¢ g E
= E M, 3
N r w b
Al 73
E 1 3
2 F ---£q(37) or Eq38) (O )Y ]
~1 PEERETI SRR EE YT EEER T AR TIT BEE AR T
107 107 107" 1 10

1072
¢

F1G. 5. Variation of asymptotic Nusselt number and mean
value of the third root of the velocity gradient at wall with
dimensionless spacing between cylinders.

tion shown in Table 3 for a uniform wall temperature
both peripherally and axially ; () represents the solu-
tion for a uniform wall temperature peripherally and
a uniform wall heat flux axially, and (% the solution
for a uniform heat flux both peripherally and axially
[6]. In each case, Nu,,. .. increases and then decreases
as g is reduced, while the difference between the values
of Nu,. .. is reduced, as ¢ is increased. The variation
of (6V/R).;* in equation (29) with ¢, which is also
shown in Fig. 5, is qualitatively similar to that of
Nuloch .

Figures 6 and 7 show the comparison between the
numerical results for a triangular array of cylinders
and those for a square array of cylinders at the same
volume fractions of cylinders ¢ given by

2 2
nry id nry n
f=—te = " [TAL &= o= ;-5[SAl.
2/3s7 2307 4s°  4o”
(32)
Table 3. Asymptotic Nusselt number
N, - Nuyy,
Triangular Square
4 array array
1.0 8.92 4.02
1.001 8.93 4.01
1.01 9.02 3.98
1.02 9.13 3.99
1.05 9.52 4.07
1.1 9.97 4.17
1.2 9.89 4.33
1.5 6.86 4.21
2.0 4.17 3.29
4.0 1.96
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o
WE €=075
£ 0.50
o = 0.25
2
210

E Tricnguiar array
; - - -Sguare array
11 Ceaunl ; e o
1 10 107 o 10 10°
Gzioe

F1G. 6. Comparison of local Nusselt number between tri-
angular and square arrays of cylinders.

As seen from the figures, in general, the heat trans-
fer coefficient for the triangular array is larger than
that for the square array. especially for the case
e>0.5.

6. CORRELATING EQUATIONS FOR THE
NUSSELT NUMBER

As shown in Figs. 3 and 4, over the range 0 = 1.0-
1.1 [TA]} or ¢ = 1.0-1.2 [SA]. the local and loga-
rithmic-mean Nusselt numbers are only slightly affec-
ted by o and can be expressed as

Nutge = 9.26(14+0.0022G=59) " [TA]
Ny, = 4.08(1 +0.0058G=529)"  [SA] (33)
Nuty, = 9.26(1+0.0179G="4%) "% [TA]
Nuyy, = 4.08(1+0.0349G="46) 1% [SA]. (34)

Figure 8 indicates that these two formulas, rep-
resented by the solid lines. are quite close to the
numerical solutions represented by the keyed symbols,
and are therefore satisfactory correlating equations
for the Nusselt numbers.

In this connection, for the case ¢ = 1.0, that is, for
the case of cylinders in contact with one another, N,
and Nu,, can be expressed as

Nuy, = 8.92(1+0.0026G=59) " [TA]
N = 4.02(1 +0.0052G=52%)' + [SA]  (35)
Ny, = 8.92(140.0143G="*%) " [TA]
Nup, = 4.02(140.0347G="4%)""*  [SA]. (36)

Over the range ¢ > 1.1 [TA] or 0 > 1.2 [SA], the
formulas suitable for predicting the Nusselt numbers

LEREELILL RS EALIL S N R RLIL B AL

‘vy

[N VT

—— Trianguiar array
- - -Square array

S|

covol el v vl i

1 10 10? 10° 10t 10°
Gz

FiG. 7. Comparison of logarithmic-mean Nusselt number
between triangular and square arrays of cylinders.
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b e 1.0 Triangular array
102 4 _[1.001 10°
E il 1.01
o v 1.02
F + 1.05
F (o] 1=t ——
8 , E
% 10 “310 3
1F —:10
E vl vl vl s vl 0 i
— T T
102 Ha o 410°
E < 1001 Square array ]
F = _[1.01 l ]
L v 1.02
* 1.05 5
J10F o 1.1 =10 §
g F a |1, 3
g E 2 : <
5 =10
o1l Lt sl a9l L1l Rt R ETIT
1 10 10? 10° 10* 10° 108
Gzoc . Gz
FiG. 8. Comparison of correlating equations (33) and (34) with numerical solutions for small pitch-to-
diameter ratios.
can be derived from the asymptotic Nusselt numbers Ntimo = (3/2)g Gz'>. (40)

given in Section 3.
The numerical solution shown in Fig. 5 can be
formulated as (see broken lines in Fig. 5)

8.92(1+2.82¢))
Nt . = Nty 5 = (168667 = [ [TA]
4.00(1+0.509¢) _
Nuloc.x = Nulm.x = W - f [SA] (37)
G < 2704240

YT (1436.5¢%%
V3

o 1.574(1+9.1¢)

Substituting equation (38) into equation (29) (and
setting I'(4/3) = 0.8930) gives

2.34(1+24¢) "
(1436.5¢°4 (2362 —m)"* =
[TA]

1.69(1+9.1¢)
(1+10867) (0" —m)"

[SA].

Therefore. from equation (31)

[SA].  (39)

N Ugeo =
=9 Gzl

Gz, llo/c:’

Nuloc.ﬁ =

=g Gzl (39

As Gz, and Gz are increased, the expressions for
Nuy and Nuy, shift from equation (37) to equations
(39) and (40), respectively. Hence the expressions of
the following form seem reasonable :

Nuge = (Nt o + Nt 0) '/ én
Nty = (Nt o, + Nt o) V2. 42

Substituting equations (37), (39) and (40) into equa-
tions (41) and (42) gives

Nue/f= {1+(g//)? Gz}
Nuw/f = {1+(3/2)*(9/f)*Gz**} 2.

Figure 9 shows a comparison between equations
(43) and (44) (the solid curves) and the numerical
solutions (the keyed symbols). The agreement is seen
to be reasonably good over the range ¢ = 1.14.0 [TA]
or o = 1.2-4.0 [SA], showing that equations (43) and
(44) are satisfactory correlating equations for the
Nusselt numbers.

43)
(44)

7. CONCLUSIONS

A numerical analysis has been carried out to deter-
mine the characteristics of laminar-flow heat transfer
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FiG. 9. Comparison of correlating equations (43) and (44) with numerical solutions for large pitch-to-
diameter ratios.

to a fluid flowing axially between a triangular array
[TA] or a square array [SA] of cylinders with a uni-
form wall temperature and various pitch-to-diameter
ratios ¢ (or various dimensionless spacings
¢ = o—1). The relationships between the local Nus-
selt number Nuy,. and the local Graetz number Gz,,
and between the logarithmic-mean Nusselt number
Nu,,, and the Graetz number Gz were formulated, for
= 1.0-1.1 [TA] or ¢ = 1.0~1.2 [SA] as

Nuye = 9.26(1 +0.0022Gz520) "4,

Nuy, = 9.26(1+0.0179Gz"4¢)'"*  [TA]
Nu.. = 4.08(1 +0.0058Gz},2%)""*,
NUIm = 4.08(] +0_034QGZL46) i/4 [SA]

and, for 6 = 1.1-4.0 [TA] or ¢ = 1.2-4.0 [SA] as
Nuoe = (f*+9° Gz3) ',
N = {f?+(39/2)*G=>7} 17

where
_ 8.92(1+2.82¢)
T T1+6386¢°°
2.34(1 4 24¢)

= TA

g (l+36.5¢5’“)(2\/3a—2_n)|/3 [TA]
4.00(1 +0.509

7 = +0001+0.509¢)

140.765¢"°

3.

3 1.69(149.1¢)
T (14+10.8¢°%) (46> —m)"?

g [SA].
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HAT 33:3-C

TRANSFERT THERMIQUE POUR UN ECOULEMENT LAMINAIRE DE FLUIDE AXIAL
ENTRE DES CYLINDRES A TEMPERATURE DE SURFACE UNIFORME

Résumé—On traite le transfert thermlque pour un écoulement laminaire axial de fluide a travers un
arrangement triangulaire ou carré de cylindres a température de paroi uniforme. L'équation d’énergie mise
sous forme de différences finies est résolue pour obtenir la variation axiale de la distribution de température
dans la section droite, et les résultats numenques sont présentés pour le nombre de Nusselt local Nuy,. et
pour le nombre de Nusselt Nu,, relatif 4 la moyenne logarithmique. On etablit des formules pour la
prédiction de Nuy, et Nu,, en fonction du rapport pas/dlametre ¢ et du nombre de Graetz local Gz, et du
nombre de Graetz Gz. On trouve que pour une méme fraction de volume des cylindres &, le coefficient
de transfert thermique pour I'arrangement triangulaire est supérieur a celui pour I'arrangement carré,
spécialement pour le cas ¢ > 0,5.

WARMETRANSPORT VON EINEM ROHRBUNDEL AN EINE LAMINARE
LANGSANSTROMUNG BEI EINHEITLICHER OBERFLACHENTEMPERATUR

Zusammenfassung—Der Wirmeiibergang in einem laminaren lingsdurchstrémten Rohrbiindel wird unter-
sucht. Die Rohre befinden sich in quadratlscher oder in Dreiecksanordnung, die Oberflichentemperatur
ist einheitlich. Die Energlebllanz wird in Form von finiten Differenzen gelost, um die axiale Anderung
der Temperaturverteilung in den Stromungsquerschnitten zu bestimmen. Numerische Ergebnisse fiir die
lokale Nusselt-Zahl (Nu,) und die mittlere logarithmische Nusselt-Zahl (Nu,,) werden ermittelt. Aus
den Ergebnissen werden Korrelationsgleichungen zur Berechnung von Nu, und Nu, als Funktion des
Teilungsverhltnisses (¢) und der lokalen Graetz-Zahl (Gz,,.) oder der Graetz-Zahl (Gz) angegeben. Es
zeigt sich, daB-—bei einem konstanten Volumenanteil (¢) der Zylinder—der Wirmeiibergangskoeffizient
fiir eine Dreiecksanordnung groBer ist als bei einer quadratischen Anordnung. Dies gilt insbesondere fiir
den Fall ¢ > 0,5.

TEIUIONEPEHOC OT JTAMHHAPHOI'O IIOTOKA K AKCHUAJIbBHOMY OTOKY
XUIKOCTU MEXAY UWIMHAPAMHM C OJMHAKOBON TEMITEPATYPOH
NMOBEPXHOCTH

Amnoramms—HccieNyeTCs TEMIONEPEHOC OT JIAMMHAPHOTO MOTOKAa K aKCHaJIbHOMY MOTOKY XHAKOCTH
MEXIY LHHIMHAPAMH C OIHHAKOBOH TeMnepaTypo#t CTEHOK, PacfoIOXKEHHBIMHA B IIaXMaTHOM HJIH KOpH-
JIOPHOM MOpAaKe. YpaBHEHHE COXPAHEHHS SHEPIHH DPELHACTCH KOHEYHO-Pa3HOCTHHIM METOROM Ui
onpenesicHAs aKCHANbHOFO H3MCHEHMA PacnpElc/iCHHS TEMNEpaTyphl B MONCpeyHOM ceuenuu. Tlpenc-
TaBjIeHbl YHCACHHBIC Pe3yNbTaThl [UIA JokanbHoro Nu, H norapapmuyecxoro cpeanero Nu,, uucen
Hyccenbra. Ha OCHOBE NOJIYYEHHBIX PE3yJLTATOB BHIBOAATCA KOPPEJISLUMOHHME COOTHOWICHHN VIR
pacuera Nu,,, ¥ Nuy, B 3aBHCHMOCTH OT OTHOIICHMs INara K IHaMETPy ¢ M OT JIOKAJBHOTO YAC]A
Ipetua Gz, win uucna I'perna Gz. Haitneno, yTo nmpu oAHHAKOBBIX OGBEMHBIX TOJIAX HHIHHAPOB &
x03pPHIUHMEHT TennonepeHoca B caydae LMIaXMaTHOrO PacnoNoXeHNs WHWIMHAPOB 6oMbie, YeM B clydae
KxopuaopHoro, ocobenHo koraa ¢ > 0,5.
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