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Abstract--Flow and heat transfer of a participating medium over a right circular cylinder was investigated 
experimentally and numerically. Experimental results for the total Nu number using combustion products 
of propane were obtained for Reynolds number 500 and gas temperature up to 1219 K. The length-to- 
diameter ratio of the cylinder was greater than 10, in order to simulate two-dimensional conditions. A 
finite-element method was used to solve low Reynolds number flow over a circular cylinder in a radiatively 
participating medium. Continuity, momentum, energy, and an equation for radiative intensity were solved 
simultaneously. A constant property assumption allowed decoupling of the momentum and energy equa- 
tions. The medium was assumed non-gray and non-scattering, and the intensity field was approximated by 
the PI spherical harmonic method for each effective band. Edward's wide band model was used to obtain 
the absorption coefficient and the effective band width for each band. The average and local Nusselt 
numbers were calculated for Re = 500. The numerical results for the average total Nu number are in 

agreement with the experimental data. 

INTRODUCTION 

Flow with heat transfer past tube banks is a complex 
problem of great practical importance. When the fluid 
is a radiatively participating medium, such as products 
of combustion, heat transfer occurs by both con- 
vection and radiation. The radiation contribution can 
become significant at high temperatures as, for exam- 
ple, in high-temperature waste heat recovery systems. 
The thermal and fluid dynamic behavior of a single 
tube in crossflow yields important insight into flow 
past banks of tubes. 

Experimental results on heat transfer over the cir- 
cumference of a heated cylinder in transverse flow 
were published by Schmidt and Wenner [1]. The 
results included the local heat transfer coefficient on 
the surface of the cylinder for 5000 < Re < 426 000. 
Eckert and Soehngen [2] successfully performed an 
experimental study of flow over a cylinder for 
20 < Re < 500, as did Perkins and Leppert [3] for 
local heat transfer coefficients on a uniformly heated 
cylinder. The latter results included the local Nu num- 
ber in the range of Reynolds numbers from 2000 to 
120 000. Achenbach [4] performed an experimental 
study for Re from 34 000 to 4000 000. 

The first successful numerical results for this prob- 
lem were obtained by Thom [5] for the steady Navier- 
Stokes (N-S) equations of viscous flow around a cyl- 
inder. For unsteady flow, the first results were pub- 
lished by Payne [6] for Reynolds number equal to 40 

and 100. More recent simulations of the two-dimen- 
sional unsteady N-S equations for flow over a cylinder 
were developed, for example, by Son and Hanratty 
[7], Dennis and Chang [8], Loc [9], and Chun and 
Boehm [10]. Of these, the highest Re number was 
reported by Chun and Boehm who successfully solved 
this problem with Re = 3480. Additionally, Kundu 
and Haji-Sheikh [11] solved heat transfer in crossflow 
over cylinders between two parallel plates. 

Until now, the main focus in thermal modeling has 
been on convective heat transfer in the medium range 
of Reynolds number (2000-200 000). However, the 
problem of heat transfer at low Reynolds numbers 
has become increasingly important. At low Reynolds 
number, very little energy is needed to drive the flow 
compared with the expenditure on the flow at medium 
and high Reynolds number. 

In the previous work on flow over a cylinder, one 
important phenomenon has received little attention. 
When the medium temperature is very high, radiation 
heat transfer may play an important role in the heat 
transfer process. For pipe flow and some other 
internal flows, a considerable body of research has 
been devoted to the above problem. The results of 
pipe flow show that radiation can make a large con- 
tribution to the total heat transfer [12]. Yang and 
Ebadian [13] performed a numerical simulation on 
combined forced convection and radiation for a 
square duct flow and found that radiation is important 
when the medium temperature is high. Seo et al. [14] 
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NOMENCLATURE 

A~ average band width [/~m] 
ami maximum value of the absorption 

coefficient in Edward's model 
ap Planck mean absorption coeffÉcient, 

[m-11 
~ spectral absorption coefficient in band 

i, [m -i] 
CI parameter in Edward's model 

[g2 cm-  1] 
C3 parameter in Edward's model [cm-1] 
c o heat capacity [J kg-  ~ K -  i] 
D diameter of the cylinder, [m] 
Eb~ total effective blackbody emissive 

power of the gas [W m -2] 
F~ fraction of blackbody total emissive 

power 
H half-width of the test channel [m] 
I0 integrated intensity [W m -z] 
k thermal conductivity, [W m -  ~ K -  ~] 
N conduction to radiation parameter, 

aRT3w/k 
Nu Nusselt number, 2qwR/k(Tw- Ti) 
p pressure [Pa] 
Pe Peclet number, Re Pr 
Pr Prandtl number, Cpt~/k 
q heat flux [W m -2] 
qc pure convective heat flux, [W m -2] 
qr radiative heat flux from the cylinder 

surface to the gas, [W m -2] 
qw cylinder wall heat flux without surface- 

to-surface radiation [W m -2] 
R radius of the cylinder [m] 
Re Reynolds number, UoD/v 

T local temperature [K] 
T~ inlet temperature [K] 
Tw cylinder wall temperature [K] 
t time Is] 
u local velocity along x axis [m s-l]  
U0 inlet velocity [m s -l] 
v local velocity along y axis [m s-1] 
x horizontal axis coordinate 
y vertical axis coordinate. 

Greek symbols 
ew emissivity of the surface of the cylinder 
/3 b emissivity of the surface of the 

boundary wall 
qi wave number of the absorption band 

[cm -1] 
r/0 wave number of the center of the 

absorption band [cm-~] 
p dynamic viscosity [kg m -~ s -~] 
v kinematic viscosity [m 2 s-1] 
a Stefan-Boltzmann constant 

[Wm 2K-4] 

~rxx normal stress, - p  + 2pdu/Ox [Pa] 
r optical thickness 
rxy shear stress, #(Ou/Sy)+(Ov/~x) [Pa]. 

Superscripts 
* dimensionless quantity, see equation 

(16). 

Subscripts 
i for band i, or inlet. 

solved for pipe flow using a non-gray model and 
reported that radiative effects are significant for prac- 
tical combustion gases. 

For  external flow the problem of combined con- 
vection and radiation of a flow past a sphere has been 
studied by Jones and Bayazitoglu [15]. Their study 
indicates that when the Planck number, k/(4RaT3), is 
low, radiation heat transfer can dominate the entire 
process. 

In this paper, flow with a Reynolds number of 500 
is simulated both numerically and experimentally. 
Radiative emission and absorption in the fluid is 
included in the energy equation. In high-temperature 
heat transfer, (700-1500 K), radiative heat transfer 
may play an important role in the heat transfer 
process. This paper is the first to report a combined 
convective and radiative solution for transient flow 
over a circular cylinder. 

EXPERIMENTS 

The test section used to perform the experiments 
for the present study is shown in Fig. 1. The test 
section includes a diffuser, flow straightener, test chan- 
nel, test cylinder, power supply and measurement 
system. All the experimental data were taken by the 
data acquisition system and recorded by an IBM 386 
PC. Quantities measured include pressure, tempera- 
ture, flowrate, gas composition and heat flux. 

The combustion loop is shown in Fig. 2. Air is 
heated by combustion of propane. The gas tem- 
perature can be controlled by adjusting the flowrate 
of the injected propane. For  each group of exper- 
iments, Re was held constant as the gas temperature 
was raised. The composition of the combustion prod- 
ucts was allowed to vary. The difference between the 
temperatures of the test cylinder surface and incoming 
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Fig. 1. Schematic diagram of the test section. 

Dilution air: 
I 

I = , , ~  I 

96" 

3 4 

1. Turbine 2. Power Supply 3. Flow Measurement Device 
4. Butterfly Valve 5. Rotameter 6. Combustion Chamber 
7. Test Section 8. Cooling Section 

Fig. 2. Schematic diagram of the experimental combustion loop. 

Propane 

combustion gas was held within the range of 
30-45 K. 

The test cylinder is made of Inconel, which will 
withstand temperatures up to 1800 K. Seven K-type 
thermocouples were installed on the inside surface of 
the test cylinder and fixed in place by a coaxial cylinder 
made of Lava. The Lava material, which was obtained 
from AlsiMag Technical Ceramics Inc., has a unique 
physical property: when this material is heated to 
about 800 K, it will expand and take a permanent set. 
It will not subsequently shrink when it is cooled down. 
Using this property, a shrink fit was performed 
between the test cylinder and the Lava rod to fix the 
thermocouples in place. These seven thermocouples 

were used to measure the temperature profile along 
the test cylinder surface. 

The thermocouples measuring the inlet and outlet 
gas temperatures are sheathed by small pieces of 
honeycomb to prevent thermal radiative losses. Gen- 
erally, without radiation, two unsheathed ther- 
mocouples of different bead size should measure the 
same temperature. However, if the radiation effect 
is included, the ratio of convective to radiative heat 
transfer depends on the bead diameter, and the mea- 
sured values could be very different [16]. To prove 
that the radiative effects are reduced, the temperature 
difference measured by two unsheathed thermo- 
couples of different bead size was compared with 
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that measured by these two thermocouples sheathed 
by a honeycomb. When the gas temperature is over 
800 K, the two unsheathed thermocouples of different 
bead size showed a temperature difference of up to 
27 K. The sheathed thermocouples showed a much 
smaller temperature difference of only 7 K. Therefore, 
the above method substantially reduces radiation 
effects. 

To reduce the cylinder end effects, the ratio of the 
width of the test channel to the diameter of the cyl- 
inder was set at 10. For this geometry, a two-dimen- 
sional assumption is reasonable. The cylinder speci- 
fications are : 25.4 mm OD ; 0.762 mm wall thickness ; 
and 0.46 m length. The channel size is 0.254 m x 0.254 
m in cross-section by 1.651 m long and insulated by a 
0.102 m ceramic fiber blanket and 25.4 mm high- 
density ceramic fiber board. The heat loss from the 
channel to the outside is estimated to be less than 3% 
of the total heat transfer and can be neglected. The 
test cylinder was heated by a power supply which can 
supply up to 2500 A DC. Since the test cylinder wall 
is machined to a tolerance smaller than 0.025 mm, 
heat flux is very uniform in the whole tube. Moreover, 
the ends of the cylinder are insulated by a 50.8 mm 
thick ceramic fiber blanket to prevent heat loss. The 
flow straightener consists of a screen and a honeycomb 
to reduce the turbulence level of the incoming flow in 
both axial and lateral directions. 

Experiments on combined convection and radiation 
were performed. The space-averaged Nusselt number 
for convection is defined in the conventional way as : 

qwD 
Nu - (I) 

k(Tw- Ti) 

where 

Table 1. The experimental values of the gas compositions 

Gas temp. CO2 HzO N2 02 
(K) (%) (%) (%) (%) 

Run 1 350 - -  - -  79.0% 21.0% 
Run 2 503 1.1% 1.4% 7 8 . 5 %  17.2% 
Run 3 596 2.1% 2.8% 7 8 . 0 %  15.4% 
Run 4 661 2.3% 3.0% 7 8 . 0 %  15.2% 
Run 5 746 2.6% 3.5% 7 7 . 8 %  14.6% 
Run 6 830 3.4% 4.5% 7 7 . 5 %  13.3% 
Run 7 980 4.3% 5.7% 7 7 . 0 %  11.7% 
Run 8 1061 5.1% 6.8% 7 6 . 7 %  10.4% 
Run 9 1219 6.2% 8.2% 76.2% 8.6% 

NUMERICAL ANALYSIS 

When Re is greater than 9, the flow over a cylinder 
starts to separate and two vortices are created. If Re 
is greater than 44, the vortices will be shed from the 
cylinder, and the unsteady N-S and energy equations 
should be used to study the velocity and temperature 
fields. 

A schematic of the solution domain and the finite- 
element mesh are shown in Fig. 3. Buoyancy effects are 
negligible in the present work. Additionally, assuming 
the ratio of the length to the diameter of the cylinder, 
L/d, to be greater than 10, the ends of the cylinder can 
be neglected. Thus, the problem is simplified to two 
dimensions. The governing equations are : 
continuity equation : 

0u tv 
t~  + ~yy = 0 (3) 

Navier-Stokes equation : 

qw = qr+qc. (2) 

The quantity qr is the surface to gas radiation heat 
flux from the cylinder to the participating medium, 
and qc is the convective heat flux from the cylinder to 
the gas. 

The uncertainty in Nusselt number was estimated 
to be about 15% based on the accuracy of the thermo- 
couples, the heat conductivity of the gas mixtures, 
the emissivity of the test cylinder, the uncertainty of 
the surface to surface radiation, etc. Since the purpose 
of the present study is the understanding of combined 
convection and gas radiation, surface to surface radi- 
ative heat flux was subtracted from the total heat flux, 
and is not included in equation (2). 

Table 1 shows the measured gas composition for 
Re = 500 at several different values of gas tempera- 
ture. Gas composition was measured by a Hach Carle 
Gas Chromatograph (72001-00 Model 01131). The 
measured results show that propane was completely 
burned for all of the experiments and the measured 
gas compositions are close to the theoretical stoi- 
chiometric values. 

abl Oil OU 1 @ f#2U 02U~ 
+ u ey . + (4) 

ov ov lap  
~ + U ~ x + V a y  pOy+Vk~-x2+Oy2 ] (5) 

the energy equation including radiation : 

- ~  +u~x  +vfffy = pc---~p kOx2 + - V . q  r (6) 

where qr is the radiative heat flux gradient. 
Assuming the medium to be non-gray and non- 

scattering, the Pj method [18] was used to model 
radiative heat transfer for each band. Edward's wide 
band model [19] was used to estimate the effective 
band width and the absorption coefficient of each 
band. 

The participating gases are CO2 and H20. Accord- 
ing to Edward's wide band model, there are 5 effective 
bands for CO2 and 4 effective bands for H20. For 
each band, from Edward's model [20] : 
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Fig. 3. A schematic diagram of the geometry with finite-element mesh. 

a2i = C , / C  3 exp F(-21~Yt/° l)-I  
L c, J 

From the P~ equation : 

where 

(7) 

•2[0i a2I°i 3a~2i (I0i--4Eb3 (8) 
Ox-- 5- + 8y-- 5- = 

Is = faai Ioad2 (9) 

Ebi = | ebai d2 (10) 
Oa 2i 

and aai is the average absorption coefficient of each 
band, which is defined as : 

IA).i azi (I0i - 4ebai ) d2 (11 ) 
a2i =: IA2i(/0Zi -- 4ebai) d2 ' 

In equation (11), zb.i cannot be obtained until the inte- 
grated intensity, I0~, is known. However, if the assump- 
tion that da~ ~ ami is made, where ami is the maximum 
value of the absorption coefficient from equation (7), 
then ami can be defined as : 

ami = C1/C 3. (12) 

Approximating the actual exponential distribution 
by a top-hat distribution, and setting the area under 
the two curves equal produces : 

arni(A,~m) = ~ a,~i d2 .  (13) 
Ja 2i 

Thus, the absorption coefficient of each band can be 
approximated by a constant value. For  this case, the 
numerical simulation of a non-gray gas is as simple as 
that of a gray gas [21]. 

The Planck mean absorption coefficient predicted 
using the average value ami was compared to that 
predicted from Edward's wide-band model for gas 
temperature of 1061 K and the conditions shown in 
Table 1. The resuRs were the same within 2%. There- 
fore, the above assumption is assumed to be reason- 
able in the present study, and equation (8) becomes : 

a21oi d:10i 2 
c~x 2 + - -  = 3ami(Ioi--4Ebi). (14) dy 2 

Finally, the integrated form of the equation of transfer 
is: 

9 
V ' q  r = 2 ami(4Eb-Ioi) (15) 

i=1 

where summation over the nine bands of interest has 
been made. 

Boundary conditions for this problem are: no slip 
at the surface of the cylinder, uniform incoming flow, 
symmetric flow above and below the cylinder and 
no flow stress at the outlet. The thermal boundary 
conditions are: constant wall temperature, gray 
diffuse walls and black surroundings at the inlet and 
outlet. 

The symmetric flow assumption was made to save 
CPU time. Usually, when the Re number is not very 
large, although the flow separates from the cylinder 
and Von Karman vortices are generated, the time- 
averaged flow and temperature field can still be 
approximated as symmetric. Chun and Boehm [10] 
have shown that this assumption is reasonable for 
flow with Re numbers smaller than 3400. 

Introducing the dimensionless variables : 

x* = x / R  y* = y / R  u* = u/Uo v* = v/Uo 

T* = T/Tw q* = q / (Twk/R)  N =  aRT3w/k 

zi = ami n I* = Ioi/4aT 4 p* = p/pU2o 

t* = t/(R/Uo) (16) 

du* &* 
c~x* + Oy ~ = 0 (17) 

~u* ~u* ~u* @* 2 le2u * ~2u*~ 
- -  + v * - -  = F 

Ot* + u* Ox* Oy* Ox* Ree \Ox .2 + ~ y . 2 )  
I -  

(18) 

2 (O2v * a2v*'~ 
+ 

&* &* &* @* 

Ot* +u* ~x ~ + V * ~ y ,  = @ ,  

(19) 
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P e  ( a T *  OT*  , OT*'x O: T *  

and 

0 2 T *  9 
+ 0-yg7 + 4 N _ ~  zi[I*--(F22i-F,)0 T*'I (20) 

~210~ 02Io~ 
0x * ~  + 0 - ~  = 3~i2 [I* -- (F2).i -- Fi2i) T .4] (21) 

Ebi  
F2,~i - -  F I  2i ~ - -  

o . T  4 " 

The Nusselt number in terms of non-dimensional 
quantities is given by, from equation (1), 

q w D  2q*  
N u  - - -  (22) 

k ( T w  - TO (T*w - T,*) 

where : q* = q*+ q*. Therefore, 

2q*c + 4N(ew) ~i9=1 [(F2~i -- F,2i) - I~i] 
N u - , T -  ~- ,  

Tw -- T, (2-e,,,)(T* - Ti*) 

(23) 

Notice that because radiative heat transfer has been 
included in the total energy equation, this heat transfer 
coefficient is the total heat transfer coefficient, includ- 
ing both convective and radiative components. 

SOLUTION OF THE GOVERNING EQUATIONS 

Equations (17)-(21) were solved by the finite- 
element method. A commercial package, FIDAP, was 
used to solve the N-S and energy equations. A special 
purpose code to solve the P~ approximation was 
coupled with the F IDAP solution. 

For  the P~ approximation, the Galerkin method 
[22] was used to set up the finite-element equations. 
Assuming 9 node quadrilateral elements, the shape 
functions, Nj, can be used to approximate the inte- 
grated intensity as : 

9 

r* = Z u, g0% 
j = l  

Using the shape functions as weighting functions, and 
integrating the P~ equation over the solution domain 
produces : 

\0x  ~ -  + 0 ~ -  +3ziZ((F2ai--Fu~)T*4 

-- /*))N~ a f t )  = 0. (24) 

Equation (24) is the basic equation needed to set up 
the stiffness matrix. After assembling the stiffness 
matrix for each element, the total assembled matrix is 
formed. The boundary conditions are used to modify 
the matrix, and the linear system of the assembled 

matrix is solved. Then, this program is coupled with 
the main program of FIDAP. 

The number of elements and nodes of the solution 
domain are 2310 and 9497, respectively. The size of 
the smallest elements around the cylinder is 
0.0086 × 0.067. The dimensionless size of the solution 
domain is 7 in height and 13 in length. To refine the 
grid, the number of elements and the ratio of the grid 
size to the diameter of the cylinder were adjusted until 
grid error was less than 1%. At the initial compu- 
tation, the non-dimensional time step was 0.4. Then, 
the non-dimensional time step was changed to 0.04 at 
4. After time about 75, a periodic steady state was 
reached, which was very close to the results reported 
by Son and Hanratty [7]. 

Additionally, another calculation was performed 
which shows that the total Nusselt number of the 
combined heat transfer is not sensitive to the value of 
boundary wall emissivity, eb. This may indicate that 
the domain size of the present calculation is sufficiently 
large to simulate a cylinder in an infinite participating 
medium. 

RESULTS AND DISCUSSION 

When the above method is used to solve the system 
of equations, the program converges very quickly, 
even though the energy equation is very nonlinear. 
The Newton-Raphson method is used to handle the 
nonlinearities. An initial approximation of the flow 
assuming Stokes flow is used to begin the simulation. 
For  the energy equation, the initial guess is the solu- 
tion without radiation. On an IBM RS/6000 work- 
station, each run takes about 6 hours of CPU time. 

To verify the code, the momentum and energy equa- 
tions in the absence of radiation were solved for 
R e  = 500  under the condition of constant wall tem- 
perature. The local Nusselt number along the surface 
of the cylinder was obtained and compared with that 
reported by Krall and Eckert [23] and Chun and 
Boehm [10] as shown in Fig. 4. The deviations are not 
large. The largest deviations between the present work 
and the data reported occurred after the flow sep- 
arated from the cylinder, which may be caused by the 
symmetric flow field assumption, the big time step, 
and the coarse mesh (there are some small vortices 
behind the cylinder). 

When radiation is included, the local Nusselt num- 
ber distribution along the surface of the cylinder is as 
shown in Fig. 5 at various values of gas temperature. 
At each gas temperature, the R e  number was held 
constant at 500 and the difference between the cylinder 
wall and inlet temperature was held approximately 
constant. The air and propane flow rates were adjusted 
to achieve these conditions. Therefore, each curve rep- 
resents a different gas composition, as shown in Table 
1. The gas radiation properties are dependent on the 
gas temperature, pressure and composition. The con- 
duction-radiation parameter N is only dependent on 
the medium temperature. The optical thickness z is 
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Fig. 5. Local Nu profile for different gas temperature. (AT = T,-- Tin is within 30-45 K; Re = 500.) 

dependent on the :gas temperature, pressure and com- 
position. Therefore, different gas temperatures imply 
different magnitudes of N and T. From Fig. 5, when 
the gas temperature is 1219 K, the gas radiative effects 
are significant, even though the percentage of CO2 and 
H20 are less than 10% in the gas. In this case, the 
total average Nu number is about twice as large as 
that of pure conw.~ction. 

Figure 6 shows a comparison of the numerical and 
experimental values of the space-averaged Nu 

number. Good agreement was obtained. The exper- 
imental data is a little higher than the numerical simu- 
lation, which may be caused by conduction heat losses 
from the end of the test cylinder and the test channel. 

For the same gas composition, the higher the gas 
temperature, the greater the value of the conduction- 
radiation parameter N. This implies that the gas radi- 
ation increases with gas temperature. Figure 7 shows 
the numerical Nu number vs the location on the sur- 
face of the cylinder at different average gas tempera- 
tures, but constant gas composition. When the gas 

temperature is about 746 K, combined radiation and 
convection is very close to pure convection even 
though the gas has a high percentage of CO2 and H20. 
Figure 7 also shows that the total Nu number increases 
quickly with the gas temperature even if gas com- 
position is constant. 

The gas composition effects on radiation were pre- 
dicted by calculating the gas total Nu number at the 
same gas temperature (Tg = 1219 K) but different gas 
compositions. Figure 8 shows the Nu number com- 

parison for different mixture gases or different excess 
air. The Nu number does not necessarily increase with 
the percentage of CO2 and H20. This is because the 
physical properties of the gas change with gas com- 
position, which can affect the convection. However, 
when the percentage of C O  2 and H20 is close to zero, 
the total Nu number of this case approaches that of 
pure convection. 

In Figs. 5, 7 and 8, the shape of the total Nu number 
curve is very similar, which may hint that gas radiation 
does not strongly affect the convective heat transfer. 
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However,  if  the radiat ive te rm is m u c h  higher  than  
the convective term, this conclus ion may  no t  hold. 
A large radiat ive heat  flux gradient  can  change  the 
tempera ture  gradient ,  which will affect the convective 
hea t  transfer.  

CONCLUSIONS 

A trans ient  l aminar  flow and  heat  t ransfer  over a 
circular cylinder has  successfully been analysed by 
b o t h  a numerica l  and  exper imental  technique.  Bo th  
the m o m e n t u m  and  energy equat ions,  including radi- 
a t ion hea t  t ransfer  were solved by a finite-element 
method.  Rad ia t ion  in the med ium was approximated  
by the Pj me thod  for each band.  F r o m  b o t h  the 
numerica l  and  exper imental  results, the med ium radi- 
ative heat  t ransfer  does make  a significant con- 
t r ibu t ion  to the total  heat  t ransfer  coefficient in low 
Reynolds  n u m b e r  flow. The  impor t an t  factors which 
can affect the radiat ive t ransfer  were analysed. In the 
h igh- tempera ture  heat  t ransfer  case, a small  a m o u n t  
of  par t ic ipat ing ga,; such as CO2 and  H 20  can br ing 
abou t  significant radiat ive heat  transfer.  
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