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Abstract—Numerical study of the buoyancy effect on the flow pattern and heat transfer in an asymmetric-
heating channel with a series of conductive fins is presented. These identical fins are attached on the
relatively hotter wall at equal steamwise spaces so that a periodic flow character prevails in the fully-
developed region. It is found that within one module, in addition to the typical recirculating flow at the
rear of each fin, a secondary recirculating vortex appears near the colder wall when the heating of hotter
wall is sufficiently intense. The strength and pattern of the secondary vortex are found fo be governed by
Grashof number, Reynolds number, and the geometric parameters such as fin pitch, fin height and the
inclination angle of channel. Also, based on the obtained velocity and temperature solutions, the values
of the pressure gradient and overall heat transfer within the solution domain are further calculated
and provided. Meanwhile, buoyancy-assisted flow reversal phenomenon in the unfinned channel is also
discussed and a very different feature in the flow reversal pattern between finned and unfinned channels
can then be observed.
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1. INTRODUCTION

CoNVECTION heat transfer of flow in a parallel-plate
channel with transverse fins has been a problem of
great interest recently because of its practical appli-
cation in heat exchangers, electronic equipment,
nuclear reactors and other thermal devices. These fing
can provide additional surface areas for heat transfer
and improve the mixing of flow. Therefore, they are
frequently used in the heat transfer augmentation
techniques.

Pure forced convection in the finned channel has
been studied widely. For the channel with one or a
couple of fins, Durst et af. [1] investigated the flow
separation and reattachment behavior for various
Reynolds numbers. Cheng and Huang [2] evaluated
the effect of fins on developing flow when the fins are
placed in the entrance region, and presented numerical
results of local heat transfer and friction loss.

When the number of fins in the channel is increased,
a streamwise-periodic flow pattern may be approxi-
mately developed after sufficient distance for develop-
ment. That is, if the region between two successive
fins is considered, the outflow profiles will become
nearly the same as the inflow profiles. This pattern
was observed experimentally by Berner ef /. [3]. On
the other hand, for analysing this periodically fully-
developed flow, a theoretical background was pro-
vided by Patankar et al. [4]. Based on the concepts de-
scribed in ref. [4], many authors, such as Webb and
Ramadhyani [5], Kelkar and Patankar [6], and Cheng
and Huang [7], have further investigated the pure

forced convection problems in the parallel-plate chan-
nel with fin arrays.

The validity of the above forced-convection analy-
ses [2-7] is restricted to the cases of very high flow
velocity or slight wall heating in which the effect of
buoyancy force can be neglected. However, if the wall
heating is sufficiently strong or the flow velocity slow,
the effect of buoyancy force will be appreciable and
needs to be taken into account in the mathematical
model.

As a matter of fact, increasing attention has been
focused on a buoyancy-induced flow reversal phen-
omenon in the unfinned smooth channels. Consider-
ing the smooth vertical channels with asymmetric wall
temperatures, Aung and Worku [8, 9] presented the
numerical solution for developing flow and the ana-
lytical solution for fully-developed flow as well. They
found that when the wall heating is sufficiently intense,
flow reversal can occur near the relatively colder wall
in a buoyancy-assisted situation. The developing flow
with flow reversal was further studied by Ingham et
al. [10]. A FLARE-like marching procedure was em-
ployed in ref. [10] to forward the numerical calculation
from inlet to fully-developed region where reversed
flow may occur. Cheng ef al. [11] extended and solved
the fully-developed problems by considering more
thermal boundary conditions, and parameter zones
for the occurrence of reversed flow under various
boundary conditions were found.

According to these previous studies, it is recognized
that the existence of fins in a channel interrupts the
flow field and hence, results in a remarkable change
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B body force
Dy, hydraulic diameter
d pitch length of fin array

e fin height

I pressure gradient factor

Gr  Grashof number

g gravitational acceleration

H channel width

P dimensionless fluid pressure

Pr Prandt] number

p fluid pressure

p periodic variation part of pressure
Po reference pressure

o overall heat transfer in one module

Q.  dimensionless local heat flux on wall
Oy,  dimensionless local heat flux on fin

surface

Re  Reynolds number

T fluid temperature

U dimensionless fluid velocity in x-direction

u fluid velocity in x-direction

Up, average axial velocity

vV dimensionless fluid velocity in
y-direction

NOMENCLATURE

v fluid velocity in p-direction

w dimensionless fluid vorticity

w fluid vorticity

X, Y dimensionless coordinate system
x,y rectangular coordinate system.

Greek symbols
« thermal diffusivity of fluid
B coefficient of volumetric expansion of
fluid
0 dimensionless fluid temperature
v kinematic viscosity of fluid
P fluid density
T global pressure gradient
v dimensionless stream function
@ stream function
¢ inclination angle of channel.

Subscripts
0 pure forced convection in smooth
channel
1 hotter wall
2 colder wall.

in flow pattern. It is also known that such a flow
pattern may be further altered by the buoyancy effect.
Inasmuch as the buoyancy has a profound influence
on flow reversal and thermal characteristics in un-
finned channels [8-11], it is expected that in a finned
channel the influence of buoyancy is likewise appreci-
able and worthy of investigation. However, even
though the heat transfer in a finned channel has so far
been studied extensively (e.g. refs. [1-7]), the infor-
mation of this mixed-convection flow is still lacking.

Therefore, the present study performed the numeri-
cal calculation to evaluate the buoyancy effect on the
laminar, periodically fully-developed flow in vertical
channels with fin array. Various physical arrange-
ments are considered in order to evaluate their influ-
ence on heat transfer and pressure drop.

A vertical parallel-plate channel with fin array
mounted on the hotter wall is shown in Fig. 1. A series
of fins of equal height (¢) are spaced on the hotter
wall at equal streamwise space (d) so that a periodic
flow character is developed. Hence, one may calculate
the flow and temperature fields in a unit module with
no need of computation for the entrance region. The
channel walls are maintained with uniform but not
equal surface temperatures. Also, the fins mounted on
hotter wall are assumed to be perfectly conductive so
that the surface temperature of each fin is uniform
and equal to the temperature of the hotter wall.

The magnitude of buoyancy force is denoted quan-
titatively by Grashof number (Gr). Basically, flow
behavior is governed by Reynolds number, Grashof

number, and the geometric parameters such as fin
pitch (d/H), fin height (¢/H) and inclination angle
of channel (¢). Since the effect of buoyancy force
becomes particularly appreciable in the low Reynolds
number cases, only the results of Re < 500 are pre-
sented. Grashof number is up to 10°, and the regions

solution
module

i
wl) |
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\“{’b
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f
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FiG. 1. A vertical parallel-plate channel with fin array.
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FiG. 2. Effect of Reynolds number on flow pattern and temperature distribution for d/H =2, ¢/H =03
and Gr = 10°.

of fin pitch and fin height are considered to be within
I <d/H < 7and0 < e/H < 0.5, respectively.

It is noted that when the fin pitch is arranged to be
very large, the influence of fins on the flow will be
negligible ; therefore, the channel can be treated as an
unfinned smooth channel. On the other hand, as the
pitch of fins approaches zero, the connected fins
construct a nearly continuous solid surface so that
the channel can be treated as another smooth but
narrower channel (with width of H—e). The ana-
lytical solutions for these two limiting cases can be
deduced from the solutions of ref. [9], and will be
provided later for comparison with the numerical
results.

The channel is mainly arranged to stand vertically
{¢ = 90°). Fluid flow goes upwards and is heated by
the walls, subject to a buoyancy-assisted situation.
Since the inclination angle is another influential factor
to the flow, the results of 0° < ¢ < 180° are also pre-
sented in this study to illustrate the angle effect. How-
ever, for cases of 180° < ¢ < 360° in which the flow
goes down but is still heated by the wall, the flow
becomes a buoyancy-opposed flow. In these cases
fluid velocity is retarded by the opposing buoyancy so
that heat transfer may be reduced. Thus, cases of
180° < ¢ < 360° are not considered herein because of
practical application.

Besides, the Prandtl number of fluid is also an
important factor influencing the flow and thermal
fields. A higher Prandtl number always produces
higher heat transfer rate, as already discussed in refs.
[5-7]. In this study, the value of Prandtl number is
fixed at 0.71 for air flow without consideration of
Prandt] number effect.

2. ANALYSIS

2.1. Governing equations

The flow and temperature fields are assumed to be
two-dimensional and laminar with constant proper-
ties, except the variation of density in the buoyancy
term of momentum equation. The density variation is
treated by the Boussinesq approximation. Thus, the
continuity, momentum and energy equations govern-
ing the flow in channel are

ou Ov
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du  du 1dp u  &u
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FIG. 3. Buoyancy effect on flow pattern and temperature distribution for d/H = 2, ¢/H = 0.3 and Re = 100.
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If the channel is inclined with angle ¢ from the hori-

zontal plane, the body force terms in the momentum

equations are expressed by B, = pg sin ¢ and B, =

pg cos ¢. Accordingly, for the vertical-channel cases
{¢ =907, one has B, = pgand B, = 0.

The periodic conditions, as given in refs. {4-7], are

u(x, y) = u(x+d, y) (5a)
v(x, y) = v(x+d, y) (5b)
plx, ) = —tx+p{x, y)

with plx, y) = px+d, y) {5¢c)
T(x, y) = Tix-+d, y). (5d)

In equation (5¢), the term tx accounts for the global
pressure drop and hence, —t denotes the pressure
gradient. The quantity g(x, y) is the periodic variation
term.

The primitive variable equations (1)-(4), will not
be solved directly. Instead, as discussed in ref. [7], the
stream function—vorticity method is adopted in this
study to solve these equations. The dimensionless form-
ulation of the stream function—vorticity method can
be derived by defining the dimensionless stream func-
tion and vorticity with

oy ay )
U=oy V="0x ®)
and
_ i}_ U -
TeX @y 0
respectively. One obtains
U?K_}_VGW_ 2 anK+62W
ox Y ~ Re\oX®  oy:
1{ Gr\fc6 30 .
+ i (§2‘><6ic05 (b— é»}}sm (]5) (8)
oy Py
6X2+FY2”—H ©)

U60+V59_ 2 a2o+020 10)
0X ' 8Y RePr\oX?® ' ar?

where the dimensionless parameters are

X=x/H, Y=y/H U=uu, V= vty
¥ = o/(uH), W=wHu,,
0=(T-T)HIT,~T,), Pr=vja

u,, refers to the average axial velocity, and Prandtl
number is assigned to be 0.71 here for air flow. The
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FiG. 4. Effect of fin height on flow pattern and temperature distribution for d/H =2, Re = 100 and
Gr = 5x10%

Reynolds number and Grashof number are defined,
respectively, by

Re = u,, Dy /v (11a)
and
Gr = gB(T,—T))Dpjv. (11b)
3-1 Ty TJrTYyrT vy rrrvry T-
- — Aung etal.[9] -
i * present study
2k .:
Y ¥ .
Un .
1 3
off __>——zo_ ___

smooth channel

e/H=0
N | A D T T
0 0.2 0.4 0.6 0.8 1
Y

F16. 5. Reversed flow profiles of unfinned smooth channels.

In the previous expressions, D, refers to the hydraulic
diameter of the channel.

The boundary conditions at the upstream and
downstream faces of the solution domain are given
with w(0, Y) =y (d/H, Y), WO, Y)= W(d/H, Y)
and 6(0, Y) = 0(d/H, Y). Note that the periodic
behavior still holds for the stream function and vor-
ticity, based on the definitions of equations (5)—(7).
And the conditions on the solid surfaces are

%y
U=0, V=0, §=0, W=~
6 =1 on the hotter wall and fin surfaces; (12a)
and
oy
U=0, V=0, l//=1,W=—W,

6 = 0 on the colder wall surface (12b)

where N represents the normal-direction coordinate
of the related solid surface.

Once U and V have been obtained, the global press-
ure gradient can be further calculated with the di-
mensionless momentum equation in the x-direction
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Fi6. 6. Flow patterns for various pitch lengths, with
e/H = 0.3, Re = 100 and Gr = 5x 10%.
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where P = (j—p,)/(pus) and p, is a reference pres-
sure. The value of f,, indicating global pressure gradi-
ent, is termed ‘pressure gradient factor’ in this study
and defined by

fo = Dy (3pu3). (14)
By applying the periodic conditions of P on the
upstream and downstream faces, the pressure gradient
factor can be calculated through the integration of
equation (13) along the axial direction between two
corresponding points on the respective faces, follow-
ing [7] in derivation, that is
) dHE U oU
Jy = HHd) j [05)7 Ve

2 [ofU U\ 8[Gry .
_§<W+W>~5<Rez)sm¢}dz\’. (15)
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It is noted that f, approaches to the friction factor
defined in the pure forced convection analyses [5-7]
as Grashof number diminishes to zero.

On the other hand, the solution of temperature
distribution enables the heat transfer performance to
be further evaluated. The dimensionless local heat flux
on wall (Q,) is defined by

H T

R (o

wall

The dimensionless local heat flux from the fin surfaces
Q) is given by

On =+ = T 16b
b Ty~ T, 8x g ( )
where the signs ‘4’ and ‘" are selected for the left

and right surfaces of fin, respectively.

Thus, the overall heat transfer (Q) from hotter wall
to colder wall within one module can be calculated by
the integration of 0, along the colder wall from X = 0
to X =d/H, i.e.

i

g=1 Q.dx

0

along the colder wall. (17}

2.2, Numerical methods

By means of an iterative finite difference scheme
similar to that used in refs. [2, 7], solutions of ¢, W,
#, U and ¥V are carried out by solving equations (6)—
{10) numerically. The finite difference expressions of
vorticity transport equation (8) and energy equation
(10) are obtained by taking volume integration over
discrete cells surrounding the grid points and solved
iteratively by the alternating direction implicit method
(ADI). Meanwhile, the successive over-relaxation
method (SOR) is applied to the equation of stream
function (9). A grid system of 101 x 51 grid points is
adopted typically in this computation after a careful
check for the grid-independence of the numerical solu-
tion. The detailed information of the numerical pro-
cedure, which will not be described further, can be
found in refs. [2, 7].

2.3. Limiting cases with very large or very small fin
pitch

2.3.1. Very large fin pitch (d/H — <0). As discussed
in the foregoing section, when the pitch length of fins
approaches infinity, the influence of fins on the flow
becomes slight. Hence, the solutions go to those of
the unfinned smooth channel. Based on the velocity
and temperature profiles provided by Aung and
Worku [9], the pressure gradient factor and overall
heat transfer within a module length (0 < X < d/H)
in the smooth channel can be derived readily as

JfoRe = 96—-Gr/Re
Q=d/H.

(18a)
(18b)

The obtained numerical solutions of the present study
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FIG. 7. Variation of flow pattern with inclination angle for d/H = 2, ¢/H = 0.3, Re = 100 and Gr = 10°,

can match accurately the analytical solutions de-
scribed by equation (18). Their agreement will be
shown later.

23.2. Very small fin pitch (d/H—0). On the
contrary, when the pitch approaches zero, the channel
can be treated as another smooth but narrower channel,
1.e. a smooth channel with width of H—e. For
this limiting case, one can have

fRe = 96/[1 —(e/H)}* — Gr/Re
Q = (d/H)/[1 - (e/H)].

(19a)
(19b)

3. RESULTS AND DISCUSSION

3.1. Flow and temperature fields

Figure 2 shows the effect of Reynolds number on
flow pattern and temperature field in a vertical channel
for the case of d/H =2, ¢/H = 0.3 and Gr= 10%

The values given at the bottom of each diagram indi-
cate the maximum and minimum stream functions. It
is seen that as the Reynolds number varies from 50 to
300, the size as well as the strength of the recirculating
vortex at the rear of fin apparently increases. The
space between two fins is occupied entirely by the
vortex once Re is up to 200. However, it is found that
the Reynolds number seemingly has slighter influence
on temperature field than on velocity field.

The buoyancy effect on the flow pattern and tem-
perature distribution is shown in Fig. 3. For the case
of d/H=2, ¢e/H =0.3 and Re = 100, a remarkable
change in flow pattern caused by the increase of
Grashof number can be observed. It is noticed that
as the ratio Gr/Re” is raised up to 5, a secondary
recirculating vortex near the colder wall starts to
develop and it grows rapidly as Gr/Re? continues to
increase. The reason for the occurrence of the sec-
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ondary vortex may be attributed to a positive stream-
wise pressure gradient developed in the channel which
opposes inertial and buoyancy forces and supports
the secondary vortex. The value of the pressure gradi-
ent will be given and discussed in the next section.

Figurc 4 illustrates the effect of fin height for
d/H =2, Re = 100 and Gr = 5x 10* It is interesting
to find that as fins become higher the primary vortex
grows remarkably, whereas the secondary vortex
gradually disappears. In Fig. 4, for ¢/H=0.1, a
dotted curve is provided to display the velocity profile
at the cross-section passing through the secondary
vortex. It is noticed that if ¢/H is decreased to zero,
the velocity profile exactly goes to the fully reversed
flow profiles of the unfinned smooth channel con-
sidered in refs. [8—11]. This certainly provides a test
for the validity and accuracy of the numerical method.
The comparison between the present numerical data
and the theoretical solutions provided by Aung et al.
[9] for various values of Gr/Re is shown in Fig. 5. And
an excellent agreement has been found.

For ¢/H = 0.3, Re=100 and Gr=5x10% the
influence of pitch length on the flow is illustrated in
Fig. 6. It is obvious that the larger fin pitch ts more

1.7
ML | A |

1.6 o= 2 ]
= Gr/Ré* =

1.5 e/H=0.3 r/ d

Olo

(a) -
0 100 200 300 400
Re
6
[ M § T L]
[ Gr/Ré=0 ]
0 ]
t,Re ~SF
fiRe,
-2k
—18}

0

Re

F1G. 8. Variation of overall heat transfer and pressure gradi-
ent factor with Reynolds number ford/H = 2ande/H = 0.3:
(a) Q/Qy—Re: (b) f,Re/f,Rey—Re.

C.-H. CHENG ¢t al.

encouraging to the secondary vortex motion. As
d/H approaches infinity, the velocity distribution
asymptotically goes to the smooth-channel solution
for Gr/Re = 500 in ref. [9].

Aside from these physical and geometric par-
ameters introduced above, the inclination angle of the
channel is an influential factor that may affect the
recirculating flow pattern and heat transfer. Figure 7
shows the effect of inclination angle on the flow. for
d/H = 2,e/H =03, Re = 100and Gr = 10°. One may
cxpect that as ¢ varies from 0" to 180°, the buoyancy
force will be strongest at vertical arrangement
(¢ =907) and weakest at horizontal situations
(¢ =0 and ¢ = 180°). Actually, in this figurc the
stronger secondary vortex can really be seen at angle
closer to 90°. Note that flow patterns of ¢ varying
from 90“ to 0" are different from those of ¢ varying
from 90~ to 180",

3.2. Heat transfer and pressure drop

Attention is drawn to the heat transfer character-
istics and pressure gradient. The results of overall
heat transfer and pressure drop are presented with the
ratios of finned-channel values to the values associ-

1.7

T L] T ¥ )
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Fi1G. 9. Variation of overall heat transfer and pressure gradi-
ent factor with fin height for d/H =2 and Re = 100: (a)
Q/Q,-e/H: (b) .f;wR(’/./prUn"(’f/H-
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ated with forced convection in unfinned channel (i.e.
with Q/Q, and f,Re/f,Re;). The values of Q, and
J,Re, are equal to d/H and 96, respectively, from
equation (18) by letting Gr = 0. The same values can
also be obtained readily using the information pro-
vided by Shah and London [12].

Figure 8 shows the variations of overall heat trans-
fer and pressure gradient with Reynolds number for
d/H = 2 and e/H = 0.3. It is noted that the curves of
Gr/Re? = 0 denote the data of pure forced convection.
An increase of 50% in heat transfer can be observed
on the curve of Gr/Re® = 10 as Re reaches 300. On the
other hand, it is noticed that the value of f,Re/f Re, is
always positive for Gr/Re*> = 0. However, as Gr/Re’
is elevated, the pressure gradient factor may become
negative. This implies a positive streamwise pressure
gradient prevailing in the channel. As stated earlier,
such a positive pressure gradient produces a force in
reverse direction against the buoyancy and inertial
forces and supports the occurrence of the secondary
vortex.

The effect of fin height on overall heat transfer and
pressure gradient factor is illustrated in Fig. 9. Higher
fins are employed to provide more heat transfer areas.

17

S
1.6'.Gf/Re’=5
| e/H=0.3

ole
N

50
200
4
3007
(b) =24 il L ] el
0 1 2 3 +4 6 7
d/H

Fic. 10. Variation of overall heat transfer and pressure
gradient factor with fin pitch for ¢/H = 0.3 and Gr/Re?* = 5:
(@) Q/Qy-d/H; (b) f,Re[f,Re,~d/H.
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Hence, in Fig. 9(a), overall heat transfer increases
significantly with e/H. Note that e/H = 0 represents
the smooth channel case in which Q/Q, becomes unity
and f,Re/f,Re, can be calculated with

JoRelf,Rey = 1 —Gr/(96Re). (20)

The values of f,Re/f,Re, for e/H = 0 obtained with
the above equation for various values of Gr/Re? are
indicated by dashed lines in Fig. 9(b). The good agree-
ment between the numerical solutions of very small
¢/H and the theoretical solutions can be seen.

Figures 10(a) and (b) show the influence of pitch
length on the heat transfer and pressure gradient,
respectively, under various Reynolds numbers for
Gr/Re® = 5 and e/H = 0.3. The heat transfer exhibits
a remarkable change along with the variation of pitch
length, especially for higher Reynolds number cases.
But the pressure gradient is merely slightly affected
by the pitch length. Since the channel with d/H — 0
approaches a smooth but narrower channel, the
values of Q/Q, and f,Re/f,Re, for small d/H are ex-
pressed with

Q/Qo = 1/l1—(e/H)] (21a)

100

300 4

5 -r
Re= ]
0 300 4
f,Re =5 :
f:Re, 100 1
-10 3
-15 3
50 b
(b) -2 1 1

1
103 106
FiG. 11. Variation of overall heat transfer and pressure

gradient factor with Grashof number for d/H =2 and
e/H =0.3:(a) Q/Q4Gr; (b) f,Re/f,Re,—Gr.
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Fi1G. 12. Effect of inclination angle on overall heat transfer
and pressure gradient for d/H = 2, ¢/H = 0.3 and Re = 100:
(a) Q/Qu—¢: (b) f,Relf Re\—¢.

and
foRejf,Req = 1/[1—(e/H)]'—Gr/(96Re) (21b)

respectively. According to the previous equations, one
may have Q/Q,=1/0.7=1.43 at d/H =0 for the
present case. Note that this value is independent of
the Reynolds number. And in Fig. 10(a). it is clear
that the numerical solutions accurately satisfy this
limiting condition.

The theoretical values of f,Re/f,Re, calculated from
equation (21b) for d/H = 0 under various Reynolds
numbers are displayed with dashed lines in Fig. 10(b).
A good agreement between the numerical solutions
and the theoretical solutions is also found.

The buoyancy effect may be properly illustrated in
Fig. 11. For d/H = 2 and ¢/H = 0.3, Fig. 11(a) pro-
vides the variation of overall heat transfer with Gras-
hof number under various Re values. It is found that
only for a Grashof number less than approximately
10* is the heat transfer accurately predicted by the
pure forced convection estimate. For Gr higher than
104, the buoyancy effect becomes relatively important
and should be taken into account in the mathematical
model. Normally, the lower Reynolds number cases
experience more significant variations as Gr 1s

C.-H. CHENG ¢t al.

increased. The results of pressure gradient factor are
shown in Fig. 11(b).

Figure 12 shows the dependence of heat transfer
and pressure gradient on inclination angle. As already
observed in Fig. 7. the influence of buoyancy force is
strongest in the vertical arrangement. Thereforc, one
may find that the curves in Fig. 12(a) reach maximum
values, and those in Fig. 12(b) reach minimum values,
at ¢ = 90", In general, the flows of higher Gr/Re” have
greater dependence on the inclination angle.

4. CONCLUSIONS

Numerical study of the buoyancy effect on heat
convection of the periodically fully-developed flow
in a vertical channel with a series of fins has been
performed. Results of various physical parameters are
presented to show the influence of buoyancy force, at
low Reynolds numbers, on flow pattern and thermal
characteristics. In general, a primary vortex is found
at the rear of each fin. However, if hotter wall heating
is sufficiently strong, a positive pressure gradient is
formed within the channel and then a series of buoy-
ancy-induced secondary vortices may appear, onc in
cach module, near the colder wall. The occurrence
of this secondary vortex is governed by the Grashof
number, the Reynolds number, and the geometric
parameters such as fin pitch, fin height and inclination
angle of channel.

When the fin height (¢/H) becomes zero, the present
numerical solution of velocity accurately matches the
theoretical solutions presented by refs. [8-11] for a
smooth channel. Mecanwhile, for the cases of very
large and very small fin pitches (d/H), the numerical
results of the pressure gradient factor and overall heat
transfer also reasonably approach the theoretical
values given by equations (18) and (19).

Results for a typical case show that only for a
Grashof number less than approximately 10” is the
heat transfer accurately predicted by the pure forced
convection estimate. For Gr higher than 10*, the buoy-
ancy effect becomes appreciable and hence, it should
be taken into account in the mathematical modecl. The
buoyancy effect on the flow is the strongest when the
channel is arranged to be vertical. Mcanwhile, the
overall heat transfer increases with the fin height and
the Reynolds number.
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EFFET DE FLOTTEMENT SUR LA CONVECTION THERMIQUE DANS DES CANAUX
VERTICAUX AVEC PICOTS A FAIBLE NOMBRE DE REYNOLDS

Résumé—On présente I'étude numérique de leffet de flottement sur la configuration d’écoulement et le
transfert thermique dans un canal chauffé axisymétriquement et avec une série de picots conductifs. Ceux-
ci sont identiques, attachés a la paroi plus chaude avec des espacements égaux dans le sens de Pécoulement
de fagon que s’¢tablisse une région avec un écoulement périodique. On trouve que dans un module, en plus
de ’écoulement typique de recirculation a l'arriére de chaque picot, un vortex secondaire apparait prés de
la paroi froide quand le chauffage de la paroi chaude est suffisamment intense. L’intensité et la configuration
du vortex sont trouvés tre gouvernées par le nombre de Grashof, le nombre de Reynolds et les parameétres
geéométriques tels que le pas entre picots, la hauteur des picots ct 'angle d’inclinaison du canal. A partir
de solutions de vitesse et de température obtenues, les valeurs du gradient de pression et du transfert
thermique global sont calculées. On discute aussi le phénoméne de renversement de 'écoulement di au
flottement, dans le canal sans picots. On observe une configuration trés différente dans I'écoulement de
retour entre les canaux avec ou sans picots.

AUFTRIEBSEINFLUSSE AUF DIE KONVEKTIVE WARMEUBERTRAGUNG IN
SENKRECHTEN KANALEN MIT RIPPENANORDNUNGEN BE]
KLEINER REYNOLDS-ZAHL

Zusammenfassung—Der Auftriebseinflul auf das Strémungsfeld und den Warmeiibergang in einem asym-
metrisch beheizten Kanal mit einer Reihe von wirmeleitenden Rippen wird numerisch untersucht. Diese
identischen Rippen sind an der vergleichsweise wirmeren Wand mit in Strémungsrichtung gleichméiBigen
Abstdnden angebracht, so daB im Gebiet vollstindig ausgebildeter Stromung ein periodischer Charakter
vorherrscht. Es zeigt sich, daB innerhalb eines Moduls zusétzlich zu der typischen Rezirkulationsstrémung
im Nachlauf jeder Rippe ein sekundirer Rezirkulationswirbel in der Nihe der kilteren Wand erscheint,
wenn die Beheizung der wirmeren Wand hinreichend stark ist. Die Stirke und Form des Sekundirwirbels
wird von der Grashof-Zahl, der Reynolds-Zahl und von geometrischen Parametern wie Rippenteilung,
Rippenhéhe und Neigungswinkel des Kanals gesteuert. Aufgrund der ermittelten Geschwindigkeits- und
Temperaturfelder werden zusitzlich die Werte fiir den Druckgradienten und den Gesamiwirmeiibergang
innerhalb des Losungsbereiches berechnet und dargestellt. Mittlerweile wird auch das Phédnomen der
auftriebsgesteverten Stromungsumkehr in unberippten Kanilen diskutiert. Die Form der Strémungs-
umkehr in berippten und unberippten Kanilen erweisen sich als sehr unterschiedlich.

BIAMAHHWE NOABEMHON CHJIBI HA TEIIJIOBYIO KOHBEKLHIO B BEPTHMKAJIBHBIX
OPEBPEHHBIX KAHAJIAX TIPHM HHU3KUX YHUCJIAX PEAHOJNBIACA

Anporanas—YHCIEHHO HCCEAYETCH BIHAHAE NOXBEMHOM CAJIB HA KADTHHY TEYEHHA M TEIJIONEPEHOC B
aCHMMETPHYHO HAIPEBAEMOM KaHAJIE C PAAOM Temionposonsmux pebep. PeGpa npuxpemienn x Gonee
HAIPEeTOH CTEHKe HA OHAKOBLIX PACCTOSHHSX B HANPAB/ICHHH TCYEHHs, TAK YTO B PA3IBHTON 0o6MacTH
npeobafaeT TeveHne NEPHOIMIECKOT0 XapakTepa. Haiinieno, 4To B npenenax oHoro MOmy.s Hapsay ¢
THIMYHBIM PELHPKYISIHONHBIM TEYEHHEM, HMCIOIHM MECTO Ha 3anHei moBepxnocTH pelpa, y Mence
HarpeTOd CTEHKH BOECHHKACT BTOPHYHLIN DERHDKY/IAUMOHHHWIH BHXpb HOPH AOCTATOYHO HHTCHCHBHOM
uarpese Sonee HarpeTodl CTEHKH. YCTaHOBJICHO, 4TO HHTCHCHBHOCTh H CTPYKTYPA BTODHYHOTO BHXDS
onpeneasmorces yucnamu I'pacroda m PeiiHombAca, a TakXke TAKMMM T'EOMETPHYECKHMH NapaMETDPaMH
KaK paccrosHue mexxy peGpamm, BaicoTa peGpa ® yroa HakjioHa Kanana. Ha OCHOBE HONYYEHHBIX
peluennii U CKOPOCTH H TEMIICPATYDPH! ONPEACASIOTCH 3HAMCHHA IPAMAMEHTA OABIEHHA H CYMMapPHOTO
Teruionepenoca. O6cyxmaeTca Takxe sBjeHAC OGpallleHns MOTOKA 33 CYET NOABEMHOM CHIIB B HeopeG-
penHOM kaHane. O6Hapyxero 60bIIOE Pa3MAIHE MEXIY KAPTHHOH OGpalleHAs NOTOKOB B OpeGpeHHEIX
M HeopeGPEeHHBIX KaHANAX.



