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Abstract—The laminar combined convection heat transfer from an isothermal horizontal circular cylinder is
studied for the two cases when the forced flow is directed either vertically upward (paraliel flow) or vertically
downward (contra flow). The investigation is based on the solution of the full vorticity transport equation
together with the stream function and energy equations. The velocity and thermal boundary layers are
developed in time until reaching steady conditions. The variations of vorticity and Nusselt number are
obtained over all the cylinder surface including the zone beyond the separation point. The predicted values of
the average Nusselt number are compared with the available experimental data and the agreement is
satisfactory. The streamline and isotherm patterns are plotted for several cases to show some of the flow field
characteristics.

NOMENCLATURE
a cylinder radius
c specific heat
Sn functions defined in equation (8)
g gravitational acceleration
Gn functions defined in equation (8)
Gr Grashof number, gBf(T,— T, }2a)3/v?
mk local and average heat transfer coefficients
H,, H, functions defined in equation (8)
k thermal conductivity
Nu, Nu local and average Nusselt numbers
Pe Péclet number, Re Pr
Pr Prandtl number, uc/k
g rate of heat transfer per unit area
r dimensionless radial coordinate, r'/a
Re Reynolds number, 2au /v
t dimensionless time
T temperature
v,, vy  radial and transverse components of
velocity
Uy uniform stream velocity.
Greek symbols
B coefficient of volumetric thermal
expansion
& constant defined following equation (11)
¢ logarithmic radial coordinate, In(r'/a)
o density
v kinematic viscosity
¢ dimensionless temperature,
(T— T AT~ Ts)
v dimensionless stream function, ¥'/au,
8 angular coordinate
{ dimensionless vorticity, {"a/u,,.

INTRODUCTION

CowmBINED forced and natural convection heat transfer
from a circular cylinder continues to be one of the
important problems due to its fundamental nature as
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well as the many related engineering applications. In
spite of the fact that a good number of experimental
investigations were carried out in the past, it seems that
most of the theoretical treatment of the problem is
limited to cases in which the forced flow is directed
vertically upward (parallel flow). Even though for this
relatively simple case of paralle]l flow the solution of the
problem, according to the literature, isincomplete since
none of the previously presented theories succeeded to
predict any information about the velocity and thermal
fields beyond the point of separation. On the other
hand, the solution of the problem when the forced flow
is directed downward (contra flow) received, so far,
very little success because the boundary-layer flow
assumption may not be valid especially when buoyant
forces are comparable to inertia forces.

The first theoretical study on combined convection
from bodies in the existence of boundary-layer flows
was carried out by Acrivos [1] who obtained the
Nusselt number for the case of stagnation flow when
Prandtl number Pr—0 or Pr-»oco. Joshi and
Sukhatme [2] introduced a method to study the
problems of parallel and contra flows. The method is
based on a series solution of the laminar boundary-
layer equations. In their work the velocity distribution
outside the boundary layer was assumed to be exactly
the same as that of potential flow. Under the above
assumptions their study was limited to the region from
the forward stagnation point up to the point of
separation only. Accordingly, the average Nusselt
number over the cylinder surface could not be obtained.
In Joshi and Sukhatme’s work no study was carried out
to investigate the accuracy and limitations of the
boundary-layer simplifications as well as the assump-
tions of potential flow outside the boundary layer.
Nakai and Okazaki [3] studied the problem of
combined convection from a circular cylinder for the
cases of parallel, cross and contra flows. Their analysis
was limited to cases when Reynolds number, Re, and
Grashof number, Gr, are very small and also when
either forced convection or natural convection is
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dominant. Their results were found to agree reasonably
with experimental data for the case of parallel flow,
however, a considerable difference was found in case of
contra flow. Sparrow and Lee [4] considered the
parallel flow regime and obtained a similarity solution
based on using an approximate expression for the
velocity variation outside the boundary layer. The local
Nusselt number distribution was only obtained in the
region upstream of the point of separation (from the
forward stagnation point up to an angle of 70°). Merkin
[5] studied the same problem by obtaining a numerical
solution to the boundary-layer equations based on the
assumption that Re >» | and Gr » 1. The method was
again restricted to the region preceding the point of
separation since the boundary-layer equations are not
valid beyond that point. Lately, Badr [6] presented a
method to deal with the problem of cross combined
convection from a circular cylinder. The method is
based on the solution of the full Navier—Stokes and
energy equations.

Numerous experimental investigations were carried
out to study the effect of various parameters on the rate
of heat transfer from a circular cylinder. The first
comprehensive experimental work on this problem was
carried out by Hatton er al. [7] who investigated
combined convection from horizontal cylinders upto
Re = 45 and Rayleigh number, Ra = 10. The effect of
free stream direction on the heat transfer process was
also investigated. A correlation based on vectorial
summation of the forced and natural heat transfer
effects was suggested. This correlation was found to fit
the data reasonably well except when the flow direction
approaches that of contra flow where the correlation
fails to predict the Nusselt number. Gebhart and Pera
[81 conducted experiments on the same problem,
however, for very small Reynolds and Grashof
numbers. A good survey of the work done on this
problem prior to 1970 was found therein. Oosthuizen
and Madan [9] considered the problem of parallel flow
in the ranges of Reynolds number 107 < 3 x 10* and
Grashof number 2.5 x 10* < Gr < 3 x 10°. Based on
their experimental data a correlation for the average
Nusselt number was obtained. An alternative
correlation of the same data was obtained by Jackson
and Yen [107 which was found to fit the data better
especially at higher values of Gr/Re®. In another work
by Oosthuizen and Madan {11] the effect of flow
direction on the rate of heat transfer is investigated
when the free stream makes an angle 0of0°,90°,135°, and
180° with the direction of natural convection. No
correlation was given in that work.

In the present work the problem of laminar
combined convection from an isothermal horizontal
circular cylinder is considered for the two cases of
parallel and contra flows. The objective here is two-
fold. First, to study the case of parallel flow in order to
obtain the vorticity and local Nusselt number variation
over all the cylinder surface. Second, to investigate the
case of contra flow and show the details of the velocity
and thermal boundary layers in addition to the effect of
the different parameters on the streamline and isotherm
patterns. Of special interest is to consider the cases in

which the effect of natural convection is of the same
order of magnitude as that of forced convection.

PROBLEM STATEMENT

Consider the problem of a horizontal circular
cylinder, of radius a, that has an isothermal surface, of
temperature T, and is placed in a uniform free stream of
temperature T, and velocity u,. The free stream is
directed either vertically upward or vertically
downward. The temperature difference AT( = T,— T,)
is assumed to have a negligible effect on the fluid
properties except for the buoyancy forces in the
momentum equation. The cylinder is considered to be
long enough so that the end effects can be neglected and
accordingly the flow field can be assumed two-
dimensional. Consider the line # = 0 to be the radius
through the rearmost point on the cylinder surface
viewed from the upstream direction (the free stream will
always be in the direction 0 = 0). Using the modified
polar coordinate system (&,0), where ¢ =Inr, the
governing equations can be written in the form of the
vorticity, stream function and energy equations as

200 2 ((?ZC 62C> Y 80 oy of
gts = 07 a0 —

ot Re\ae? o0 o 9F a0
. Gr 1 dd o¢
+ S —_ —
+e 2Re2[0€ sin 0+(70 cos 0], n
A2 @Zdl
2w, _OW %Y
@ L=t V)

A2
=5 —7+(’—‘f—)- BRND2 B

ot Pe\o&* a6 o0 o9& 8¢ o0
where t is the dimensionless time, {,  and ¢ are the
dimensionless vorticity, stream functions and tempera-
ture, respectively, Re = 2au_/v, is the Reynolds
number, Gr = gf2a)¥T.—T,)/v* is the Grashof
number, Pe = Re Pr,isthe Pécletnumber,and Pristhe
Prandtl number.

The dimensionless variables ¢, {,  and ¢ are defined
as

et _555_ — 2 (62?5

t= t/ud‘/a'l C = “C’al/“a@,
y=ylau,,  ¢=(T-THNE-T,),

where t', ', " are the dimensional time, vorticity and
stream function, respectively. The dimensionless radial
and transverse velocity components », and v, are
defined as

o a0’
{5)
_e W x4
* T, o Ll

1t is important here to mention that the sign of the
buoyancy term [the last term in equation {1}] depends
on the flow regime and is positive for parallel flow and
negative for contra flow.

The thermal boundary conditions are based on the
constant temperature on the cylinder surface and the
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free stream temperature away from it, and can be
expressed as

¢=1 at £{=0 and ¢—>0 as £— . (6

The boundary conditions of the velocity field are based
on vanishing normal velocity as well as the no slip
condition on the cylinder surface and the free stream
conditions away from it. This will result in the following

_W_w _
¥ = a0 =0 at &=0,
e O W ¥

%—wos 0,e¢ %—xsm 0,

(-0 as ¢— o0.

THE METHOD OF SOLUTION

The method used for solving the present problem is
similar to that developed by Badr [6] to study the
problem of cross mixed convection from a circular
cylinder. In this method the velocity and thermal
boundary layers are developed in time until reaching
steady conditions. This has been achieved in two stages.
During the first stage of motion the free stream is
assumed to start from rest at t = 0 with no temperature
difference between the cylinder surface and the
approaching flow. In this stage the velocity boundary
layer develops partially with time while no body forces
present. The second stage starts at time ¢t = ¢* at which
the cylinder is assumed to be heated instantaneously to
the constant surface temperature T,. In this stage the
velocity and thermal fields develop simultaneously
with time until reaching steady conditions.

In case of parallel and contra mixed convection
regimes the flow and temperature fields are symmetric
about a vertical line passing through the cylinder
centre. Accordingly the following series expansion of
the stream function ¢, vorticity { and temperature ¢ is
assumed

V= i fa(& 1) sin nd, (8a)
n=1
(= i gn(&, 1) sin nb, (8b)
1 N
¢ = EHO(C, D+ Y H,(& 1) cos no. (8c)

n=1

The same truncated Fourier series was used by Ingham
[12] for studying the free convection limit (Re = 0) of
the problem. Using equation (8) together with equation
(2) will result in the following relation between the f,
and g, functions

o*f.

662 _n2f" = 625 Gns (9)

where f, = f (¢, t)and g, = g,(&, t). Similarly by using
equations (8) with equations (1) and (3) the following
differential equations can be deduced
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where S,, Z, and Z, are functions of £ and ¢ and defined
as
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= |m—n| and sgn (m—n),

means the sign of the term (m —n).

The boundary conditions of the functions f,, g,, H,
and H, are deduced from equations (6)—(8) and can be
summarized as

0
f,,=H,,=aé"=0 and Hy=2 at £¢=0,
g,.—0, Hy,—0, H,»0 and (12)
[0, €8 as ¢— oo,

By integrating both sides of equation (9) with respect to
¢ between £ =0 and oo and using the boundary
conditions (12)
f e2~m g dE = 26, (13)
(4]

The solution procedure and the details of the
numerical technique used for solving equations (9) and
(10) subjected to the boundary conditions (12) and
satisfying the integral condition (13) are in principle
similar to that used by Badr [6].

DISCUSSION OF RESULTS

Parallel flow

The problem of laminar combined convectionfroma
hot horizontal circular cylinder is studied for the
parallel flow regime at Reynolds numbers of 5, 20, 40
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and 60 and at different values of Grashof number in
each case. To be able to discuss and compare results the
local and average Nusselt numbers, Nu and Nu, are
introduced such that

Nu = 2ah/k,
Nu = 2ahy/k,

where h and h represent the local and average heat
transfer coefficients which were defined as

(14)

1 2z

h=d(T—T,), K h 0,

T Jo

oT
and q=*k< ,) , (15)
ar r'=a

where 4 is the rate of heat transfer per unit area.
From equations (8), (14), and (15) it follows that
0H, ©

oh, .
Nu=[— a7 -2y o sin nelzo, l

n=1
_ oH, J
Nu= |2 |
¢ [aé l

For all the cases considered, the calculated values of Nu
as well as the angle of separation 6, are listed in Table 1.
From Table 1 it can be seen that the value of Gr has no
effect on the angle of separation for the case of Re = 5
since separation occurs at § = 0 and no circulation
takes place in the wake. This criterion agrees with the
results obtained by Collins and Dennis [13] who
concluded the non-existence of re-circulating zones in
the wake when Re < 6. At higher Reynolds numbers
(Re = 20, 40 and 60) it was found that increasing Gr
tends to delay flow separation. It can also be seen from
Table ! that, in the range of Re considered, the location
ofthe point of separation depends on Reas wellas Gr.In
general, the same conclusion can be deduced from

(16)

Table 1. The average Nusselt number Nu and the angle of
separation 6, for the case of parallel combined convection

when Pr = 0.7
05

Re Gr Nu (deg)

5 0 1.450 0.0

5 5 1.499 0.0

5 30 1.727 0.0

5 60 1.882 0.0

5 100 2.010 0.0

5 125 2.075 0.0
20 0 2.540 43.13
20 100 2.654 29.51
20 400 2970 0.0
20 800 3227 0.0
20 1200 3420 0.0
20 1600 3.564 0.0
40 0 3.480 53.60
40 400 3.650 42,46
40 1600 4.100 0.0
40 3200 4.420 0.0
40 4800 4.690 0.0
40 6400 4910 0.0
60 900 4.260 50.01
60 3600 4912 23.29
60 7200 5.270 0.0

M.

Babpr

equation (1) since Re, Gr/Re? and the flow direction are
the three parameters affecting the vorticity field.

The vorticity distribution around the cylinder
surface at Re = 20 and 40 and for different values of Gr
can be seen in Figs. 1(a)and (b). Itis clear from Figs. 1(a)
and (b) that increasing Gr tends to a significant increase
in the surface vorticity. For example, the maximum
surface vorticity for the cases of Re = 20 and 40
increased to three times its value by increasing the term
Gr/Re? from 0 to 4. The locations of the point of
separation when Gr = 0 (no heat transfer) for the two
cases of Re = 20and 40are compared with the results of
Dennis and Chang [14] and an excellent agreement is
found. The angles of separation 8, are not compared
with those obtained by Merkin [5] since Merkin’s
results are based on the solution of the boundary-layer
equations with the assumption of potential flow

Gr = 1600

Gr = 800

Gr = 400

Gr = 100
Gr=0——

| 1 |
180 140 120

A1 I | ! |
100 80

8 (deg)

Gr = 6400

Gr = 3200

Gr = 1600

Gr = 400

6r=0——

2 I 1 \ ! ! ! ! !
60 140 120 100 80

(b) 6 (deg.)

FiG. 1. The vorticity distribution on the cylinder surface at

different values of Grfor the case of parallel flow when Pr = 0.7
and (a) Re = 20, (b) Re = 40.
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prevailing outside the boundary layer. It is important
here to mention that, in the considered range of
Reynolds numbers (Re < 60), the full equations of
motion are utilized and not the boundary-layer
equations due to the following reasons. First, the
boundary-layer thickness is not small especially at low
Re or when the forced flow direction is opposite to that
of natural convection. Second, the boundary-layer
approximation is no longer valid in all cases in the
region following the point of separation (wake region).
Third, there is no way to predict, accurately enough, the
velocity distribution outside the boundary layer
especially for the case of contra flow when the term
Gr/Re* ~ 0(1).

In the two studies (refs. [2, 5]), the boundary-layer
approximations were considered for parallel and
contra flow regimes. In both studies the potential flow is
assumed outside the boundarylayer. As aresult of these
approximations and assumptions it was found that the
angle of separation depends only on the ratio Gr/Re?
and not on Re. It is believed that this criterion might be
true for parallel flow at high Reynolds number but not
in the range of Re considered in this work.

Table 1 also shows that Nu, at a given Re, increases
continuously with the increase of Gr for parallel flows.
This is a natural result of the increase of the vorticity all
over the cylinder surface as demonstrated in Fig. 1. The
local Nusselt number distributions for the two cases of
Re = 20 and 40 and at different values of Gr ineach case
are shown in Figs. 2(a) and (b). It can be seen from Figs.
2(a) and (b} that increasing Gr results in a significant
increase in Nu near the front stagnation point
{# = 180°). The response of the local Nusselt number
to the increase in Gr near the rear stagnation point
is slightly different. At first, a small increase in Gr above
its zero value causes a decrease in the local Nusselt
number until reaching its minimum value. A further
increase in Gr results in increasing Nu near 6 = 0°. The
reason for this behaviour is that the initial increase of
Gr above its zero causes a decrease in |[{| near 8 = 0°
[see Figs. 1(a) and (b)] and accordingly causes a drop
in Nu. Further increase in Gr results in increasing ||
near 6 = 0° and accordingly increasing Nu there.

In Figs. 2(a) and (b) the forced convection Nusselt
number distribution is compared with that obtained
by Dennis et al. [15] at the same value of Re but at
Pr = 0.73 instead of Pr = 0.7 considered in the pres-
ent study. Figure 3 shows a comparison between
the predicted values of Nu and the experimental
correlation of Hatton et al. [7]. In Hatton's correlation
Nu is expressed as a function of an effective Reynolds
number Re;, that is defined for the case of parallel flow
as

Rey; = Re[1+(2.06 Ra®*1%/Re)
+(1.06 Ra®#%/Re?)],

where Ra is the Rayleigh number ( = Gr Pr). The
difference in Nu between Hatton’s correlation and the
present results did not exceed 119. This difference is
believed to be due to the uncertainty in the
experimental measurements, the limitation of Hatton’s

(a)

. Pracent work

- e Dennis et ol [14]

Gr = 1600

Gr = 800

Gr = 100

S sk

2

5 | L | I L

{80 150 20 0 80 30 s}

8 {deg)
1c
(b}
Present work
8 I - e Dennis et gl [14]

Gr = 6400

— Gr = 3200

3 Gr = 1600
o
ok
o i L i 1 !
B0 150 20 90 6 30 O

& (deg.)

F16. 2. Variation of the local Nusselt number on the cylinder

surface for the case of parallel flow when Pr=10.7 and a

comparison with the results obtained by Dennis et al. [14]

for the special case of forced convection for {a) Re = 20, and
(b) Re = 40.

correlation to a range of Gr that is far below most of
those considered in this work and the assumption of
constant fluid properties. The results are also plotted on
the same coordinates used in refs. [9, 107 as can be seen
in Fig. 4. If the present theoretical results are to be fitted
to a single curve the following equation, which is of the
form suggested by Jackson and Yen [10], can be used

]\Ti‘_ GT 0.2133
== l4+— .
Nu[orced Rez

The streamline and isotherm patterns for the cases of
Re = 20and 40 and for different values of Grcan beseen
in Figs. 5(a)and (b} and 6(a)and (b). Itis found from the

(17
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Table 2. The average Nusselt number Nu and the angle of
separation 6, for the case of contra combined convection when
5 Pr=207

N b 0,
’ / / Re Gr Nu (deg.)

2 s ~ 5 5 2.37 31.33
5 10 1.19 67.74

er ya N 25 1.12 180.00

20 100 2.12 62.84

- 20 400 1.78 144.82

20 800 2.15 180.00

] I L I ] I | ! 40 400 3.17 68.33

C (& 2¢ 30 4C 50 60 70 80 20 40 800 3.05 79.19

Re .. 40 1600 2.70 106.77

40 3200 322 180.00

F1G. 3. Comparison between the present results, O ; and the
experimental correlation obtained by Hatton et al. [7], ——
for the case of parallel flow.

streamline plots for the parallel flow regime that
increasing Grresults in decreasing the wakelength until
it completely disappears. The isotherm patterns for the
same cases [see Figs. 6(a) and (b)] show that as Gr
increases the ¢ = 0.9 line gets closer to the cylinder
surface which indicates higher temperature gradient
and accordingly higher heat transfer rates. Figures 5(a)
and (b) and 6(a) and (b) show also the dependence of the
velocity and temperature fields not only on the ratio
Gr/Re? but also on the value of Re.

Contra flow
The contra flow combined convection regime is
studied at Reynolds numbers of 5, 20 and 40 and at
L L L L different values of Gr in each case. Table 2 shows the
? 4 i predicted values of Nu as well as 6, for each of the
Gr/Re* various cases considered. It is clear from the results that
FIG. 4. The effect of the parameter Gr/Re? on the ratio between increasing Gr above its zero V?lue_ causes the average
the Nusselt numbers of combined and forced convection ~INusselt number to decrease significantly due to the
regimes for the case of parallel flow. slow down of the flow velocity near the cylinder surface.

=]
~n
o
[

ve2
v
y=2

Gr = 100
Re = 20



Laminar combined convection from a horizontal cylinder —parallel and contra flow regimes 21
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Gr = 400

Gr = 3200
Re = 40

Fi1G. 5. Streamline patterns for the parallel flow regime when Pr = 0.7 and (a) Re = 20,(b) Re = 40.(The shown
streamlines are = —2.0, —1.5, —1.0, —0.5, —0.25, —0.1, —0.05,0,0.05,0.1,0.25, 0.5, 1.0, 1.5, and 2.0)

(a)

¢ =0l

(a)

-3 | | | v A |
180 160 140 120 100 80 60 40 20 0
Re = 20 8 (deg.)
8
(b)
6k
Gr=0
AR Gr = 400
Gr = 80O
s>
4
0
-2 Gr = 3200
el
6 I I 1 | I
|80 160 (40 (20 100 B8O 60 40 20 0
Re = 40 8 (deg.)

F1G. 6. Isotherms for the parallel flow regime when Pr = 0.7
and (a) Re = 20, (b) Re = 40.(The shown isotherms are ¢ = 1,
09,08,...,and 0.1))

FiG. 7. The vorticity distribution on the cylinder surface at
different values of Gr for the contra flow regime when Pr = 0.7
and (a) Re = 20, (b) Re = 40.
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Further increase in Gr results in an increase of Nu and
the flow field becomes more dominated by natural
convection.

The effect of Gr on the vorticity distribution around
the cylinder surface can be seen in Figs. 7(a) and (b).
Although { decreases over all the surface as Gr
increases, the value of |{| increases near § = 0° (the
backward stagnation point). This is mainly because the
buoyant forces are aiding the circulating flow close to
the cylinder surface near § = 0°. This effect causes Nuto
increase with the increase of Gr in the same region while
decreasing in the region surrounding the forward
stagnation point (0 = 180°) as can be seen in Figs. 8(a)
and (b). [t can also be seen from Figs. 7(a) and (b) as well
as Table 2 that increasing Gr causes the point of
separation {{ =0) to move towards the forward
stagnation point contrary to the case of parallel flow.

The streamlines and isotherms for the contra flow
regime at Re = 20 and 40 and at different values of Gr
are shown in Figs. 9(a) and (b) and 10(a) and (b). As
expected, the geometry of the wake region is completely
different from that occurring in the parallel flow regime
at the same values of Re and Gr/R2?. Atlow values of Gr
the wake takes place at the downstream side of the
cylinder. The circulating fluid in the wake is completely
isolated from the main flow and heatis transferred from
this region to the main stream by conduction across the
wake boundaries. As Gr increases the wake gets bigger
[see Figs. 9(a) and (b)] until the wake boundaries
compiletely surround the cylinder forming a cylindrical
dome. The circulating fluid inside the dome is driven by
the buoyant forces and never gets entrained to the main
stream. In this case, the heat transfer from the cylinder
surface becomes influenced by natural convection
inside the dome. Similar to the wake region, heat is
transferred from the circulating fluid inside the dome to
the main stream by conduction through the dome
boundaries.

CONCLUSION

The problem of laminar combined convection heat
transfer from a hot horizontal circular cylinder is
studied for the two cases of parallel and contra flow
regimes. The full governing equations of motion and
energy are solved in order to predict the details of the
velocity and thermal boundarylayers. The variations of
vorticity and local Nusselt number are obtained over
all the cylinder surface including the zone beyond the

24

(b}

Nu

180 15C 120 8¢ 80 30 o
8 (deg)

F1G. 8. Variation of the local Nusselt number on the cylinder
surface for the case of contra flow when Pr=0.7 and
(a) Re = 5, (b} Re = 20.

point of separation. The effect of increasing Grashof
number on the vorticity and Nusselt number
distributions for both cases of parallel and contra flows
are discussed in detail. The predicted values of the
average Nusselt number are compared with the
available experimental correlations and a satisfactory
agreement is found. The streamlines and isotherms are
plotted for different Reynolds and Grashof numbers to
show some of the details of the velocity and thermal
fields.
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Gr = 400 Gr = 1600

Gr = 3200
Ke =40

F1G. 9. Streamline patterns for the contra flow regime when Pr = 0.7 and (a) Re = 20,(b) Re = 40.(The shown
streamlines are y = —2.0, — 1.5, — 1.0, —0.5, —0.25, —0.1, —0.05, 0, 0.05, 0.1, 0.25, 0.5, 1.0, 1.5, 2.0.)
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Gr =100 Gr = 400

[continued overleaf]
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Gr = 3200
Re = 40

Gr = 1600

Fi16. 10. Isotherms for the contra flow regime when Pr = (.7 and (a) Re = 20, (b) Re = 40. (The ploited
isotherms are ¢ = 1,0.9,0.8,...,and 0.1))
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Laminar combined convection from a horizontal cylinder—parallel and contra flow regimes

CONVECTION LAMINAIRE MIXTE AUTOUR D’'UN CYLINDRE HORIZONTAL AVEC DES
REGIMES D’)ECOULEMENT FAVORABLE OU ADVERSE

Résumé— La convection laminaire mixte de la chaleur a partir d’un cylindre circulaire horizontal est étudiée
pour les deux cas de I'écoulement forcé dirigé soit vers le haut (écoulement favorable) soit vers le bas
(écoulement adverse). L’étude est basée sur la résolution de I'équation de transport de vorticité, a partir de la
fonction de courant, et de I’équation de I'énergie. Les couches limites dynamique et thermique sont
développées dans le temps jusqu’a 'obtention des conditions permanentes. Les variations de la vorticité et du
nombre de Nusselt sont obtenues sur toute la surface du cylindre en incluant la zone voisine du point de
séparation. Les valeurs théoriques du nombre de Nusselt moyen sont comparées aux données expérimentales
disponibles et 'accord est satisfaisant. Les configurations des lignes de courant et des isothermes sont tracées
pour quelques cas afin de montrer quelques caractéristiques du champ d’écoulement.

LAMINARE UBERLAGERTE KONVEKTION AN EINEM WAAGERECHTEN ZYLINDER IM
GLEICH- UND GEGENSTROM

Zusammenfassung—Der Wirmeiibergang bei laminarer liberlagerter freier und erzwungener Konvektion an
einem isothermen waagerechten Zylinder wird fiir die beiden Fille der aufwértsgerichteten (Gleichstrom) und
abwirtsgerichteten Konvektionsstrémung (Gegenstrom) untersucht. Die Untersuchung basiert auf der
Lésung der vollstindigen Wirbeltransportgleichung zusammen mit der Losung der Stromfunktion und der
Energiegleichung. Die Geschwindigkeits- und Temperaturgrenzschichten werden zeitabhingig entwickelt,
bis stationérer Zustand erreicht ist. Die Anderungen der Wirbelintensitiit und der Nusselt-Zah] werden liber
die gesamte Zylinderoberfliche einschlieBlich des Gebiets nach dem Ablosungspunkt ermittelt. Die
berechneten Werte der mittleren Nusselt-Zahl werden mit vorhandenen Versuchsergebnissen verglichen. Die
Ubereinstimmung ist zufriedenstellend. Stromlinien- und Isothermenfelder werden dargestellt, um einige
typische Eigenschaften der Stromungsfelder zu zeigen.

JJAMUHAPHASA CMEWAHHASA KOHBEKLIMA OT TOPU30OHTAJIBHOI'O
HAJTUHAPA—PEXUMBI CITYTHOIO U MPOTUBOTOYHOI'O TEYEHHH

Annoraima—TemnonepeHoc NpPH JaMHHAPHOM CMELIAHHOH KOHBEKLMM OT HM30TEPMHYECKOTO TOPH-
30HTAJLHOTO KOJIbHEBOTO LMIMHAPA MCCIEAyeTcs B JBYX CIly4astx: (a) MOTOK BbIHYXICHHOH KOH-
BEKLIHM HANpPaBJE€H BEPTMKA/IbLHO BBEPX (CNYTHbIA NOTOK) M (0) — BEPTUKANIBLHO BHH3 (IIPOTHBOTOK).
HccienoBanue OCHOBAHO HAa pELICHHH TOJIHOTO YPaBHEHHMs MEPEHOCA 3aBHXPEHHOCTH BMECTE ¢
ypaBHEHHAMH U1 GYHKUMH TOKa M OJHepruu. /IMHAMHYECKHE M TEMJIOBLIE TNOrPaHHYHLIE CIOM
pa3’BMBAIOTCA BO BPEMEHU 10 IOCTHXEHHS CTAUMOHAPHOro cocTosHMA. Onpenesenbl M3MEHEHHs
3aBUXpEeHHOCTH ¥ udcia Hyccenbra no Bcell MOBEPXHOCTH LMJIMHApPA, BKJIIOYas 30HY 3a TOYKOM
oTpbiBa noToka. [1poBelieHO cpaBHEHHE PACYeTHLIX 3HaYeHuH cpeanero uucna HyccenbTa ¢ umerowu-
MHCH SKCMIEPMMEHTAJIbLHBIMH JaHHBIMH H MOJIYYEHO WX YAOBJIETBOPHTENbHOE coBnaaenue. [aHo
rpadudeckoe MpPEACTABJICHHE JHMHMHA TOKd M HM30TEPM IS psda CIy4aeB C UEIbIO MILUTIOCTPALMH
HEKOTOPBIX XapaKTEPHCTHK TNOJIsA TEYEHHS.
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