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Abstract - The problem ofconjugated heat transfer from a circular cylinder with a heated core region in low 
Reynolds number flow is considered. The solid may consist of several layers with different thermal 
conductivities. The energy equations of the fluid and the solid are solved under the conditions of equality in 
leat flux and temperature at the fluid-solid interface and the solid-solid interfaces. Conditions at infinity are 
applied for the flow field by Imai’s asymptotic solution and for the temperature field by a matching to the 
zorresponding asymptotic temperature solution. Results are given for various solid materials and fluids. 

NOMENCLATURE 

cylinder radius; 

constant; 

drag coefficient ; 
diameter of the cylinder; 

diameter of the core region ; 
outer diameter of the ith solid layer; 

error function ; 
function in the asymptotic solution of the 

temperature field ; 
step size in the numerical calculations; 
film heat transfer coefficient ; 
modified Bessel function of the second kind; 
thermal conductivity of the fluid; 
thermal conductivity of the ith solid layer; 
thermal conductivity of the solid when only 
one solid layer exists; 
Nusselt number (= hD/kf) ; 
mean Nusselt number ; 
integer ; 
function in the asymptotic solution of the 
flow field ; 
Prandtl number; 
function in the asymptotic solution of the 
flow field ; 
optimal relaxation parameter of the heat 
conduction equation; 
Reynolds number (= U,D/v); 
radial coordinate in the polar coordinate 
system (r, 0); 

dimensionless temperature; 
temperature ; 
temperature of the core region; 
temperature within the ith solid layer; 
temperature of the fluid far away from the 
cylinder ; 
velocity of the fluid far away from the 
cylinder; 
variable in the asymptotic solution of the 
temperature field ; 
rectilinear coordinate system. 

Greek symbols 

Laplacian operator ; 
dimensionless coordinate in the (5, q)- 
coordinate system; 
polar angle in the polar coordinate system 
(r, 0) ; 
kinematic viscosity of the fluid ; 
dimensionless coordinate in the (5, q)- 
coordinate system ; 
angle measured from the forward stagnation 
point ; 
streamfunction; 
dimensionless streamfunction; 
vorticity ; 
dimensionless vorticity (= wa/U,). 

INTRODUCTION 

WHEN a solid body of finite dimensions and moderate 

thermal conductivity is adjacent to a fluid flow do- 

main, the temperature field in the fluid is coupled with 

the temperature distribution in the solid. It is then 

necessary to solve the energy equations for the fluid 

and the solid body under the conditions of equality in 
temperature and heat flux at the interface. This 
presents a conjugate heat transfer problem. 

Problems of this kind are complicated but have been 
increasingly studied during recent years. Both analyti- 
cal and numerical methods have been used. Some of 
the papers will be mentioned below. Perelman [l] 
studied the problem of slip flow past a semi-infinite 
solid having distributed heat sources. An analytical 
solution was obtained for the integral equation arising 
from coupling the Laplace transform solution for the 
fluid and the Fourier transform solution for the solid. 
He also considered the problem of transport to a 
laminar boundary layer. 

Heat transfer to a slug flow past a flat plate was 
treated by Sell and Hudson [2]. They obtained the 
temperature distribution in the flat plate and the fluid 
in terms of a series expansion. Conjugated heat 
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transfer has been treated for circular tubes in [3-71 
and for parallel plates in [3,8-lo]. Luikov et al. [l l] 
studied the conjugated heat transfer from a flat plate in 
a compressible gas flow by the method of separation of 
variables. Perelman et al. [12] considered theunsteady 

conjugated heat transfer problem in a semi-infinite 
plate with heat sources. They also used the separation 
of variables technique. 

Convective heat transfer for steady and unsteady 
regimes when the unsteady state is the result of heat 

sources present in the body, was investigated by 
Luikov et al. [13]. They obtained analytical solutions 

for steady state heat transfer of a thin-wall wedge and 
for unsteady state heat transfer of a thin plate normal 

to an incident viscous incompressible flow. 
Luikov [14] analysed the conjugated heat transfer 

from a flat plate of finite thickness in a laminar 

incompressible flow. Design formulas for the local 
Nusselt number were suggested. This analysis was 

extended by Payvar [15], thereby using Lighthill’s 
method of analysis for laminar boundary layer heat 
transfer problems. 

Sohal and Howell [16] considered the determi- 
nation of the temperature of a flat plate in the case of 

combined conduction, convection and radiation. 

The coupled heat transfer problem of two laminar 
free convection systems with a conducting vertical 

plate in between was studied by Lock and Ko [17]. 

Karvinen [18, 191 presented an approximate me- 
thod for calculation ofconjugated heat transfer in a flat 

plate by using analytical solutions for the convective 
heat transfer field and finite-difference solutions for the 

heat conduction. 
Olsson [20,21] studied the conjugated heat transfer 

for a wedge in laminar flow by using an integral 

method and an extended Blasius technique. A similar 
study was performed for a lenticular cylinder by Halse 

PI. 
Torkelsson [23] considered the conjugated heat 

transfer for a wedge in laminar as well as turbulent 

flow. The method of finite differences and the finite 

element method were used. 
Recently, Patankar [24] presented a method (for 

finite difference solutions) to account for discon- 
tinuities in thermal conductivity and other transport 
properties. He showed that it is more appropriate and 

more accurate to calculate the heat flux across an 

interface from the harmonic mean of the conductivities 
on the two sides of the interface, than from the 
arithmetic mean. As examples Patankar gave the flow 
in a duct with an internal fin and the fully developed 
heat transfer in a square duct with finite wall thickness. 

In the present work, the conjugated heat transfer 
from a circular cylinder with a heated internal core 
region in low Reynolds number flow is considered. 
One objective of the paper is to present the influence of 
the thermal conductivity ratio (solid to fluid) on the 
heat transfer. Another objective of the paper is to 
perform accurate flow and temperature calculations 
by using accurate far field representations of both the 

flow and temperature fields. 
The common case with a uniform temperature 

prescribed at the soliddfluid interface is obtained as the 
limit of an infinite ratio of the thermal conductivity of 
the solid to that of the fluid. 

Studies of the flow field around a circular cylinder 

for low Reynolds numbers have been made by many 

investigators, for instance Thorn [25,26], Takami and 
Keller [27], Kawaguti and Jain [28], and Nieuw- 

stadt and Keller [29]. A review can be found in [30]. 
The technique to calculate the flow field can therefore 

be said to be known. 
For the heat transfer field only pure convection, that 

is the cases of uniform temperature and uniform heat 

flux at the solid-fluid interface, have been treated. 

See [31--351. 
For the problem of coupled heat conduction within 

a solid circular cylinder to forced convection in a fluid 

(conjugated heat transfer), no study seems to have 
been performed. 

PROBLEM UNDER CONSIDERATION 

We are considering a long horizontal circular 

cylinder which is aligned normal to a uniform, un- 
disturbed oncoming free stream with velocity U, and 

temperature t,. The diameter of the cylinder is D. 

The cylinder has a heated core region with a diameter 

D, and a temperature t,. The cylinder material may 
consist of concentric layers with different thermal 

conductivities k,,, k,,, etc. The thermal conductivity of 
the fluid is k,. See Fig. 1. 

We are interested in the local and mean heat transfer 

coefficients Nu, and how they are influenced by the 

conductivity ratios k,,Jk,, k,,/k,, etc. D,JD, and the 
Reynolds number Re,. Of special importance is the 

temperature distributions at the interface between the 
fluid and the solid, and at the interfaces between the 

heat conducting solid layers. 
The physical properties of the fluid and the solid 

layers are assumed to be constant. Thus it is required 
that the temperature differences are small. 

The study has been performed for Reynolds num- 

bers in the range of 5 < Re, I 40 thereby using the 
further assumptions of steady state and symmetry 
around the stagnation lines which might be good 
assumptions according to experiments. See [36] and 

E371. 
The ratio of the Grashofnumber to the square of the 

Reynolds number is assumed to be much smaller than 
unity and thus the influence of natural convection is 
neglected. 

Since the physical properties are assumed to be 

constant and thereby independent of the temperature, 
the flow field is not coupled with the temperature field. 

The problem is of interest in hot-wire anemometry, 
heat exchanger design and the rating of electrical 
conductors. 
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FIG. 1. Problem under consideration. 

BASIC EQUATIONS 

With the assumptions above, the basic equations 
are : 

Flow field 

ay 
--ZOO. 

X- ay 

(1) 

AY = --w. (2) 

Convective heat transfer field 

(3) 

Heat conduction within any solid layer 

At = 0 (4) 

where Y is the streamfunction, w the vorticity, v the 
kinematic viscosity, t the temperature, and Pr the 
Prandtl-number of the fluid. x, y are the independent 
Cartesian coordinates. A is the Laplacian operator. 

BOUNDARY CONDITIONS 

Equations (l)-(4) are to be solved with respect to 
some boundary conditions. We use the following 
boundary conditions. 

Within the core region : 

x2+y2<Df/4: t=t,. (5) 

At the ith solid-solid interface (between layers i and 
i+ 1): 

x2 + y2 = Df/4, all 0: ti = ti+r, (6) 

- ks@i = - ksi+,(;)i+I. (7) 

At the fluid-solid interface : 

x2 + Y’ = D2/4, ah 0 : tconvsction = fnconduclion, (8) 

-k a” 0 ‘n dr 
(9) 

conduction 

r, 0 are here the polar coordinates. Subscript n denotes 
the solid layer adjacent to the fluid. 

(10) 

Far away from the cylinder: 

x2 + y2 + cc : r -+ r,, (11) 

y + U,Y, (12) 

0 + 0. (13) 

Equations (6) and (7), and (8) and (9) express the 
thermal conditions at the solid-solid interfaces and at 
the fluid-solid interface, respectively. Through these 
conditions, continuity in temperature and heat flux, 
the temperature fields in the solid layers are coupled 
with the temperature in the fluid. 

TRANSFORMATION OF THE BASIC EQUATIONS 
AND THE BOUNDARY CONDITIONS 

For accuracy in the numerical treatment, new 
rectangular coordinates (5,~) are introduced by the 
conformal transformation 

1 
5 = -ln(r/a), 

II 
(14) 

q = 1 - e/n. (15) 

(See Fig. 2, a = D/2.) 
The following non-dimensional variables are 

introduced : 

Y’ = Y/aU,; co‘ = oa/U,; T= (t - tJ(t, - t,). 

By using equations (14) and (15), and the non- 
dimensional variables above, the basic equations now 
read : 

(16) 

AT= Red+ W’, T) 
2 a(r,q) ’ 

AT= 0. (19) 
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FIG. 2. Coordinate transformation and the calculation do- 
main for the heat transfer field. 

In equations (16)-(19) A is (#/at2) + (a’/a$). 
The boundary conditions are transformed into : 

5 I 5,: T= 1. (20) 

li = ilnz, all q: Ti = Ti+,. (21) 

5 = O,allr7: T convection = T “.onduclio” (23) 

(24) 
"Cond"shn 

ayl ay' 
-_=--_=o 
at all 

(25) 

5 -+ m: Y’ + en5 sin 7r( 1 - q) (26) 

w’ -+ 0 (27) 

T-+0 (28) 

Along the stagnation lines, we have due to symmetry : 

V=O: ayf aT _ = 0, fIlJ’= 0, - = 0. 
tf=i: ag ao (29) 

CORRECTION OF THE BOUNDARY 
CONDITIONS AT INFINITY 

For a practical reason, the calculation domain must 
be cut off at some finite distance from the cylinder. The 
assumption of the uniform stream boundary con- 
ditions [equations (26)-(28)] at finite distances from 
the cylinder is not so very satisfactory because of the 
slow decay of the flow in the wake. By using equations 
(26)-(28), the drag coefficient is found to vary with t,, 
and the temperature field becomes inaccurate. In order 
to obtain accurate flow and temperature fields it is 
necessary to correct these boundary conditions. For 
the streamfunction and the vorticity, the asymptotic 

solution deduced by Imai [38] can be used. Here 
Imai’s solutions including two terms are employed. We 
then have: 

Y’(t,,q) = e”:, sinn(1 - r)) + -cf{(l - u) - erf(Q)I 

_ e-Q’ J2p erf(Q)} + -___ 
P2 + Q2 I ’ 

(30) 

CL&, Q -Q2 

~‘(5,,rl) = - ___ nte + 
ChRei 

4& e -1 64fient, 

1 
X 

[-~e { 
-Q’ 

P 
LQe-Q’ + (2Q2 - 

J;r 

I)erf(Q) 
1 

+ ${fi(erf($Q) - 1) - eeQ’erf(Q)} 
I 

(31) 

where 

P = Jiim sin(nq/2), (32) 

Q = Jm cos(nr//2). (33) 

It is important to note that these formulae depend on 
the drag coefficient CD Here the drag coefficient is 

evaluated at the cylinder surface and the following 

formula can be derived : 

CD=& 
1 ad 

D s( J 
o ,x osin(nv~dv, 

4n ’ 

s ROD o 
~‘(0, r)) sin(nq)dq. (34) 

Equations (30) and (31) have also been used by Keller 

and Takami [39], and Takami and Keller [27], and 
parts of them by Nieuwstadt and Keller [29] in studies 

concerning only the flow fields. In those works, the 
importance the conditions (30) and (31) also was 
pointed out. 

For the temperature field the following procedure is 
used. 

As 5 + x, the streamfunction Y’ approaches the 

uniform flow solution given in equation (26). If this 

expression of the streamfunction is inserted into 
equation (18) we obtain : 

a2T a2T Re,Prne”’ 
3+&Y= 2 

x 
i 

?sinrrr) - gcosnij (35) 
?? 1 

The solution of equation (35) is 

T(,Z, ‘I) = ex COS n(l - 4) i A,K,(X)cosn~(l - rj). 
n=0 

(36) 
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with 

x= Red+ n5 

-e . 
4 

The functions K,(X) are the modified Bessel fun- 
ctions of the second kind and A, are arbitrary con- 
stants. As 5 + co, we have for K,(X): 

K,(X) = (K/~X)O.~ emx (37) 

regardless of n. Equation (36) can then be written as : 

W, tl) - WI) e 
X~cosn(l-~~-l)-~a5~/2 (38) 

If the constants A, are known, then the function F(q) 
can be determined. However, it is not necessary to 
know the function F(q) explicitly since we just wish to 
use equation (38) as the outer boundary condition for 
the temperature field. 

Let 5, denote the outermost boundary in the 
calculation domain and 5, a boundary situated just to 
the inside of 5,. From equation (38) we then obtain : 

T(5m tl) ~ = exp[(cos K( 1 - q) - 1)(X, - X,} 
T(&,,, V) 

-(5, - &nWl. (39) 

Equation (39) is the corrected boundary condition of 
the temperature field to be used instead of equation 

(28). 
An essentially the same procedure for handling the 

temperature boundary condition was used by Dennis 
et al. [31]. However, equation (39) was applied in a 
slightly different manner. Dennis et al. studied only 
pure forced convection but did not use flow fields 
where the asymptotic solutions (30) and (31) had been 
applied. 

To the author’s knowledge, this is the first study 
where both the flow and temperature conditions at a 
finite distance from the cylinder surface have been 
treated in an accurate way by matching to asymptotic 
solutions. 

HEAT TRANSFER COEFFICIENT 

Of great importance in heat transfer calculation is 
the film heat transfer coefficient or the Nusselt number 
at the interface between the fluid and the solid. Here we 
define the heat transfer coefficient with respect to the 
temperature difference t, - t,. The result is 

o’ 

NUMERICAL SOLUTION PROCEDURE 

The full numerical details will not be given in this 
report but can be found in [30] and [40]. Here only 
some principles will be mentioned. 

The equations are solved by using second-order 
finite-difference approximations. On the (5, q)-plane a 
uniform grid with the same spacing in both the 
coordinate directions is placed. In the physical plane, 

we get smaller meshes near the surface of the cylinder 
and bigger ones far from the body. 

The finite-difference equations of ‘4’ and w’ are 
solved by using the relaxation method. However, the 
relaxation parameters must be smaller than unity. 
With increasing Reynolds number these relaxation 
parameters must be diminished, especially that of the 
vorticity equation. 

If we study equations (18) and (19), we see that we 
can use one and the same equation (equation (18)) for 
the whole heat transfer field (except at the interfaces) 
by letting Y’ = 0 within the solid since we have no flow 
within the solid. 

The finite-difference solution of equation (18) is also 
obtained by the relaxation method. Within the solid 
layers equation (18) reduces to the Laplacian equation 
and then an optimal relaxation parameter R = 2/ 
(1 + sin nH) can be used. For the convective heat 
transfer field, the relaxation parameter is dependent on 
the value of ReDPr. For a given Reynolds number this 
relaxation parameter must be much smaller than unity 
for fluids with high Prandtlqumber while for low 
Prandtl-number fluids a relaxation parameter larger 
than unity can be used. 

The interfaces are treated in a special way. By 
Taylor-expansion of the temperature and by appli- 
cation of the conditions ofequality in temperature and 
heat flux at the interfaces we obtain: 

At the ith solid-solid interface: 

T(5, tl) = 
T(5i - H, ~1 + (hi+ llkq) T(ti + H, tl) 

1 + ks;+ ,/kj 
(41) 

At the fluid-solid interface : 

By using the corrected boundary conditions, equa- 
tions (30), (3 l), and (39), the numerical solution should 
ideally be independent of the value of (r/a), or 5,. The 
values of (r/a), were set equal to 14, 16.9, and 20.4. It 
was found that the drag coefficient was slightly 
dependent on (r/a), while the effect of (r/a), on the 
heat transfer coefficient was negligible. 

All the calculations have been done on IBM 360165 
and 3701148 in single precision. 

The influence of the step size on the numerical 
results was investigated by letting H = 0.04,0.02, and 
0.01. For the flow field, the results with H = 0.04 
differed from those with H = 0.02 by one per cent, 
while for the heat transfer calculations the correspond- 
ing difference was about three per cent. 

If computations in double precision were used H 
= 0.02 and H = 0.01 yielded the same heat transfer 
results (to at least six figures) while with computations 
in single precision only three figures were identical. 
This is due to the fact that in single precision the 
computer has a mantissa of only _ 7.2 figures. In 
double precision the mantissa is of N 16.8 figures. As 
an effect, in single precision, the number of significant 



1364 BENGT SUND~N 

N”l 
6 

5 

l+ 

3 

2 

1 

0 

I 
0 

k\/'k,=co 

0 20 LO 60 80 100 120 1LO 160 180 9 

FIG. 3. Influence of the ratio kJk, on Nu,. ReD = 40, Pr 
= 0.72, DJD = 0.5. 

figures in the calculated results will be very small if a 
very large number of operations and grid points were 

used. 
Since the numerical calculations were done in single 

precision (essentially due to economical reasons and 
much enlarged storage requirements for double pre- 
cision) the step size was chosen to H = 0.02. 

The iterative procedure for the flow field calcu- 
lations was terminated when the relative increase or 
decrease in the drag coefficient was smaller than 10m5. 
For the heat transfer calculations, the iterations were 
terminated when the relative increases or decreases in 
the local Nusselt numbers and the interface tempera- 
tures were smaller than 10e6. 

I 
I II I / 1 / I ! I 11, I / I 

0 20 LO 60 80 100 120 1LO 160 180 v 

FIG. 4. Surface temperature distribution. Influence of the ratio FIG. 6. Interface temperature distributions. Re, = 20, Pr 
k,lk,. ReD = 40, PI = 0.12, DJD = 0.5. = 0.12, k,, fk, = 20, k,Jk, = 4. 

- -- k,/k,=20 for the whole salId 
- cornpate materlal k,,/k, ~20 k,,/k‘ :4 

---- k,/ki=i for the whole solid 

Ol 
0 90 180 q 

FIG. 5. Distribution of the Nusselt number along the 
fluid-solid interface for a two-layer composite material. Re, 

= 20, Pr = 0.72. 

RESULTS AND DISCUSSION 

The results of the flow field calculations are in good 
agreement with experiments and with published 
numerical results but will not be given in this report. 
Instead the most interesting heat transfer results will 
be given. 

In Fig. 3, the results for the local heat transfer 
coefficient Nun are given for Re, = 40 and DJD = 0.5. 
The solid material has here a uniform thermal con- 
ductivity. The ratio k,/k, appears as a parameter. As is 
evident, the heat transfer coefficient is greatly in- 
fluenced by k$k,. As kJkf is decreased, the local 
Nusselt number is decreased especially on the forward 
side of the cylinder surface. This is because of the 
increased insulation obtained for k,/k, < n However, 
it is also clear that k,/k, has to be rather small if the 
heat transfer coefficients for kjk, = m (equal to the 
isothermal case) should be changed. Figure 4 shows 
the corresponding surface temperature distributions. 
As kJk, is decreased the temperature difference be- 
tween the forward and backward stagnation points is 
increased. 



Conjugated heat transfer from circular cylinders 1365 

‘A 

o-- 

5- 

- forward stagnation line 
--- backward stagnatmn lme 

. solid 1 +I;,, , \ fhd '. 
I . . 

I / 1. 
/ ._ 

, 
I 1 
I I 

0 I I I I I’ I 1 I I 1 I 

4 5 10 15 20 25 30 35 LO L5 50 55 60 65 70 75 J 

FIG. 7. Temperature distribution along the forward and backward stagnation line. Two-layer composite 
material. Re, = 20. Pr = 0.72. 

Figure 5 shows the distribution of the Nusselt 
number along the cylinder surface for a two-layer 
composite material. The Reynolds number is ReD = 20 
and the diameter ratios are DJD = 0.11 and DJD 
= 0.5. The results are given for k,Jk, = 20 and k,,/k, 
= 4. Comparison is made with the cases when the 
whole solid has kJk, = 20 and k,lk, = 4, respectively. 
Again, the remarkable effect of the thermal con- 
ductivity is clear. 

The corresponding interface temperature distri- 
butions are shown in Fig. 6. For the solid-solid 
interface the temperature difference between the points 
cp = 180” and rp = 0” is rather small. This means that 
in the solid layer closest to the core region, the heat 
transfer is almost due to radial conduction. The reason 

04, I I I I J I I I < Q 
0 90 180 

FIG. 8. Influence of the cooling medium on the local heat 
transfer coefficient. ReD = 40, DC/D = 0.11, k,/k, = 4. 

for this might be that the core region has the strongest 
influence on the heat transfer in the first solid layer. 

Figure 7 shows the temperature distributions along 
the forward and backward stagnation lines. Due to the 
differences in the thermal conductivity between the 
solids and the fluid, discontinuities in the temperature 
gradients appear at the interfaces. For the low Rey- 
nolds numbers considered in this work, the activity in 
the wake region is low and as is evident from Figs. 3 
and 5, the forward side of the cylinder dominates the 
heat transfer. As is shown in Fig. 7, this results in great 
differences between the temperature distributions 
along the forward and backward stagnation lines. 

In Fig, 8, the influence of the Prandtl-number on the 
local Nusselt number can be studied. The Reynolds 
number is ReD = 40 and the solid material has a 
uniform thermal conductivity with kJk, = 4. The 
diameter ratio is 0,/D = 0.11. For mercury (Pr = 
0.021), the variation in the Nusselt number along 
the cylinder surface is small. This is so because for 
small B-number, the convection terms in equation 
(18) no longer dominate the heat transfer within the 
fluid, that is the heat conduction in the fluid becomes 

10 1 

0 Hg~Pr=0021 
a,r,Pr:O72 

H,O.Pr.50 

OJ ,1111,,,,,,,,1,111 

0 90 180 
Q 

Fig. 9. Influence of the cooling medium on the surface 
temperature distribution. Re, = 40, DC/L) = 0.11, k,lk, = 4. 
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On 4 j ( z > . 

05 10 k,lk, 

Fig. 10. Influence of k,/k, and Pr on the mean heat transfer 
coefficient. Re, = 40, 0,/D = 0.11. 

very important. On the other hand, for high Prandtl- 
number (for instance water Pr = 5) the convection 
terms become very strong as is shown in Fig. 8. Also 
the contribution from the wake region becomes larger 
when the Prandtl-number is increased. 

Figure 9 shows the corresponding surface tempera- 
ture distributions. 

The influence of the thermal conductivity ratio kinks 
and the Prandtl-number on the mean heat transfer 
coefficient is shown in Fig. 10 for ReD = 40 and DC/D 
= 0.11. From this figure it is clear that for higher 
Prandtl-number, the mean heat transfer coefficient is 
more sensitive to the value of kf/kS. 

The effect of D,/D on the heat transfer results can be 
studied by comparing the results in Figs. 3 and 8. For 
air (Pr = 0.72) and kJk, = 4, we see that for D,/D 
= 0.11 the local heat transfer coefficients are smaller 
than those for DJD = 0.5. This is so because for DC/D 
= 0.11 the solid insulation layer is thicker than that for 
DC/D = 0.5. 

For DC/D = 1 or ks/kr = co, the mean heat transfer 
coe&ients were compared with the well-known em- 
pirical formulas available in the literature. It was found 
that the formula due to Kramers [41] gave mean heat 
transfer coefficients with a deviation from the numeri- 
cal results calculated in this work within 8%. 
(5 s Re, I 40). The formula from Collis and Williams 
[42] gave results with a deviation within 5 7:. 

CONCLUSION 

The conjugated heat transfer problem for a circular 
cylinder with a heated core region in low Reynolds 
number flow has been studied. The ratio of the thermal 
conductivities (k,/k/) has been found to greatly in- 
fluence the heat transfer. High &number fluids have 
been shown to be more sensitive to the thermal 
conductivity ratio than low Pr-number fluids. 

The condition within the core region, t = t,, can 
without any large effort be changed to an arbitrary 
temperature distribution or to an arbitrary heat flux 
distribution. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

1.5. 

16. 

17. 

18. 

19. 

20. 

REFERENCES 

T. L. Perelman, On conjugated problems of heat transfer, 
Int. J. Heat Moss Tru~~r 3, 293-303 (1961). 
M. G. Sell Jr. and 1. L. Hudson. The effect of wall 
conduction on heat transfer to a slug Row, Int. f. Heat 
Mass Transfer 9, 11-16 (1966). 
S. C. Chou and S. G. Bankoff, Heat transfer to slug flows 
with finite wall thickness, Paper presented at the A. I. Ch. 
E. Annual Meeting, Boston (1965). 
S. Mori, M. Sakakibara and A. Tanimoto, Steady heat 
transfer to laminar flow in a circular tube with con- 
duction in the tube wall, Heat Transjir-Japan Rex 3, 
37-46 (1974). 
A. V. Luikov, V. A. Aleksashenko and A. A. Alek- 
sashenko, Analytical methods of solution of conjugated 
problems in convective heat transfer, Inr. J. Heat Mass 
Transfer 14, 1047.. 1056 (1971). 
Yu. N. Kuznetzov and V. P. LXelousov, Unsteady turbu- 
lent conjugated heat transfer in tubes, Proc. Vth fnr. Heat 
Transfer Conf. Vol. II, 349-352 (1974). 
J. A. Fillo and .I. R. Powell, Coupled con- 
duction-turbulent convection in a circular tube, Proc. 
Vlth Heat Tram& Co@ Vol. 2. 181.-186 (1978). 
(1978). 
E. J. Davis and W. N. Gill, The effects of axial conduction 
in the wall on heat transfer with laminar flow, Int. J. Heat 
Mass Transfer 13,459-470 (1970). 
S. Mori, T. Shinke, M. Sakakibara and A. Tanimoto, 
Steady heat transfer to laminar flow between parallel 
plates with conduction in wall, Heat Transfer-Japan Res. 
5, 17-25 (1976). 
Z. P. Shulman, E. A. Zaltsgendler and V. K. Gleb, 
Conjugated problem of convective heat transfer in re- 
cuperative heat exchangers with a non-Newtonian heat 
carrier, Proc. Vlth int. Heat Transfer Conf Vol. 4, 
367-372 (1978). 
A. V. Luikov, I”. L. Perelman, R. S. Leventin and L. B. 
Gdalevich, Heat transfer from a plate in a compressible 
gas flow, fnt. J. Heat Mass Transfer 13, 1261-1270 
(1970). 
T. L. Perelman, R. S. Leventin, L. B. Gdalevich and B. M. 
Khusid, Unsteady-state conjugated heat transfer be- 
tween a semi-infinite surface and incoming flow of a 
compressible fluid-I. Reduction to the integral relation, 
Int. J. Heat Mass Transfer 15, 2551”-2573 (1972). 
A. V. Luikov, T. L. Perelman, R. S. Leventin, L. B. 
Gdalevich and B. M. Khusid, Characteristics of external 
conjugated heat transfer in fluid flows around bodies, 
Proc. Vth Inc. Heat Transfer COF$ Vol. II. 285-299 
(1974). 
A. V. Luikov, Conjugate convective heat transfer pro- 
blems. Int. .I. Heat Mass Transfer 17. 257-265 (1974). 
P. Paivar, Convective heat transfer to’laminar flbw over 
a flat plate with finite thickness, Int. J. Hear Mass 
Transjkr 20,431-433 (1977). 
M. S. Sohal and J. R. Howell, Determination of plate 
temperature in case of combined conduction, convection 
and radiation heat exchange, Inr. J. Heat Mass Transfer 
16, 2055-2066 (1973). 
G. S. H. Lock and R. S. Ko, Coupling through a wall 
between two free convective systems, Int. J. Heat Mass 
Transfer l&2087-2096 (1973). 
R. Karvinen, Steady state and unsteady heat transfer 
between a fluid and a plate with coupled convection, 
conduction and radiation, Acta Polytech. Scand. Me 73 
(1976). 
R. Karvinen, Some new results for conjugated heat 
transfer in a flat plate, Int. J. Heat Mass Transfer 21, 
1261-1264 (1978). 
U. Olsson, Heat transfer by convection and radiation 
from wedge-shaped bodies with limited heat conduc- 
tivity, Part of thesis for Licentiatexamen, Dept. of Appl. 
Therm0 and Fluid Dynamics, Chalmers Univ. of Techn.. 



Conjugated heat transfer from circular cylinders 1367 

GGteborg (1968). 
21. U. Olsson, Laminar flow heat transfer from wedge- 

shaped bodies with limited heat conductivity, Int. J. Heat 33. 
Mass Transfer 16, 329-336 (1973). 

22. B. Halse, Heat transfer in laminar flow past lenticular 
cylinders with limited heat conductivity. Part of thesis for 
Licentiatexamen. Dent. of ADD]. Therm0 and Fluid 34. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

Dynamics, Chalmers ‘Univ. of ‘T’echn., GGteborg (1971). 
S. Torkelsson, A numerical solution method for con- 
jugated heat transfer problems. Internal report No. 78/3, 
Dept. of Appl. Therm0 and Fluid Dynamics, Chalmers 
Univ. of Techn., Gb;teborg (1978). 
S. V. Patankar, A numerical method for conduction in 
composite materials, flow in irregular geometries and 
conjugate heat transfer, Proc. n th Int. Heat Transfer 
Conf. Vol. 3, 297-302 (1978). 
A. Thorn, An investigation of fluid flow in two dimen- 
sions, Aero. Res. Count. R. and M. No. 1194 (1928). 
A. Thorn, The flow past cylinders at low speeds, Proc. R. 
Sot. A141, 651-669 (1933). 
H. Takami and H. B. Keller, Steady two-dimensional 
viscous flow of an incompressible fluid past a circular 
cylinder, Physics Fluids Suppl. II, 11-51-11-56 (1969). 
M. Kawaguti and P. Jain, Numerical study of a viscous 
fluid flow past a circular cylinder, J. Phys. Sot. Japan 21, 
2055-2062 (1966). 
F. Nieuwstadt and H. B. Keller, Viscous flow past 
circular cylinders, Comp. Fluids 1, 59-71 (1973). 
B. SundBn, Conjugated heat transfer at low Reynolds 
number flow around a circular cylinder. Publ. 78/5, Dept. 
of Appl. Therm0 and Fluid Dynamics, Chalmers Univ. of 
Techn., Giiteborg (1978). 
S. C. R. Dennis, J. D. Hudson and N. Smith, Steady 
laminar forced convection from a circular cylinder at low 
Reynolds numbers, Physics Fluids 11, 933-940 (1968). 
G. A. tihman, Numerical calculation of steady heat 
transfer from a horizontal cylinder by combined free and 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

forced convection, Acta Polytech. &and. Phys. Incl. nucl. 
series No. 68 (1969). 
K. M. Krall and E. R. G. Eckert, Heat transfer to a 
transverse circular cylinder at low Reynolds numbers 
including rarefaction effects, Proc. IVth Znt. Heat 
Transfer Conf: Vol. III. FC7.5 (1970). 
P. C. jain ad B. S. Go& A numerical study of unsteady 
laminar forced convection from a circular cylinder, J. 
Heat Transfer 98, 303-307 (1976). 
D. Sucker and H. Brauer, Stationarer Stoff- und 
WLmeiibergang an station;ir quer angestriimten Zylin- 
dern, Wiirme- und Stofibertrogung 9, 1-12 (1976). 
M. Coutanceau and R. Bouard, Experimental determi- 
nation of the main features of the viscous flow in the wake 
of a circular cylinder in uniform translation. Part 1 
Steady flow, J. Fluid Mech. 79, 231-256 (1977). 
E. R. G. Eckert and E. Soehngen, Distribution of heat 
transfer coefficients around circular cylinders in cross- 
flow at Reynolds numbers from 20 to 500, Trans. ASME 
74, 343-347 (1952). 
I. Imai, On the asymptotic behaviour of viscous fluid flow 
at a great distance from a cylindrical body with special 
reference to Filon’s paradox, Proc. R. Sot. A208,487F516 
(1951). 
H. B. Keller and H. Takami, Numerical studies of steady 
viscous flow about cylinders, Proc. Symp. on Numerical 
Solurion of Nonlinear Differential Equations. Univ. of 
Wisconsin (1966). 
B. Sundtn, A coupled conduction-convection problem 
at low Reynolds number flow, Proc. 1st Inc. Conj on 
Numerical Methods in Thermal Problems, Swansea, 
Wales (1979). 
H. A. Kramers, Heat transfer from spheres to flowing 
media, Physicn 12, 61-80 (1946). 
D. C. Collis and M. J. Williams, Two dimensional 
convection from heated wires at low Reynolds number, J. 
Fluid Mech. 6, 357-384 (1959). 

TRANSFERTS THERMIQUES CONJUGUES AUTOUR DE CYLINDRES CIRCULAIRES 
AUX FAIBLES NOMBRES DE REYNOLDS 

Rbumb-On considere le problime du transfert thermique conjugue B partir d’un cylindre circulaire avec un 
noyau central chauffk, aux faibles nombres de Reynolds. Le solide est con&UC de plusieurs couches avec 
diffkrentes conductivitts thermiques. Les kquations d’Cnergie du fluide et du solide sont resolues sous la 
condition d’egalit6 de la tempkrature et du flux de chaleur aux interfaces fluide-solide et solide-solide. Des 
conditions B l’infini sont appliqukes pour le champ d’lcoulement par la solution asymptotique d’Imai et, pour 
le champ de tempbrature, par la solution asymptotique correspondant aux tempkratures. Des rtsultats sont 

donne’s pour diffkrentes matCriaux solides et fluides. 

GLEICHZEITIGES AUFTRETEN VON FREIER UND ERZWUNGENER KONVEKTION 
AN KREISZYLINDERN IN STRI)MUNGEN BE1 NIEDRIGEN 

REYNOLDS-ZAHLEN 

Zmammenfassung-Es wird das Problem der gleichzeitig auftretenden freien und erzwungenen Konvektion 
an einem im Kern beheizten Zylinder in Strijmungen mit niedrigen Reynolds-Zahlen untersucht Der 
FestkGrper sol1 aus mehreren Schichten mit unterschiedlicher Wlrmeleitfihigkeit bestehen. Die Energieglei- 
chungen fiir die Fliissigkeit und den FestkGrper werden unter der Bedingung gleicher Wlrmestromdichte 
und der gleichen Temperatur an der Grenzfllche fliissig-fest und den Grenzfllchen fest-fest gel&t. Die 
Unendlichkeitsbedingungen werden auf das StrGmungsfeld durch die asymptotische LGsung nach Imai und 
auf das Temperaturfeld durch eine Anpassung an die entsprechende asymptotische LGsung fiir die 
Temperatur angewendet Es werden Resultate fiir verschiedene Festkiirpermaterialien und Fliissigkeiten 

angegeben. 

COIlP%KEHHAfi 3AAAYA TEfUIOIIEPEHOCA OT KPYrJIOI.0 UMJIHHflPA B IIOTOKE 
C MAJIbIMM YMCJIAMM PEtiHOJIbACA 

AHaoTaunn - PaccMaTpHBaeTcn ConpnxeHHan sana’la rennonepefioca OT HarpeaaeMoro H~HYTPA 

Kpyrosoro cnnouworo uwnminpa npe 06TeKaHHH ei-0 n0~0K0M XG~~~K~CTW B cnyrae Manb*x wicen 

PeiiHOnbnCa. qH,,HHnp MOXeT COCTOITb W3 HeCKOJIbKWX CJOeB C pa3.“H’,HOii TennOnpOBOL,HOCTbH). 

YpaeHeHse 3neprWH nnn X~KOCTA B ypamiessr ~ennonposontmcm nn5i uenminpa pemaroTcR B 
npennono*enHB paeeHc-raa nno-reocrefi TennoBoro noToKa n TeMnepaTyp Ha rpaHliuax pasnena 
xouurocTb - mepnoe Ten0 A Teepnoe reno-mepnoe Teno. Ycnoaen Ha GecxoHeqHocm n.nn nons 
CKOpOCreti OnpenennloTcR aCHMnTOTHqeCKAM pemeseehl, npennomeHHbIM AMaH, a nm nom Tehme- 
paTyp - “a OCHOBaHHW COOTBeTCTByH)merO aCHMnTOTW’,eCKOrO pemeHHa. I’%CC.“enOBaHbI pa3nH’tHbIc 

rrrepnbre r+faTepeanbr u XC~K~C-~H. 


