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Abstract--Numerical and experimental investigations on turbulent natural air convection coupled with 
thermal radiation have been performed in a vertical rectangular channel with one-sided heated wall. A 
radiation model has been developed with two new features : an analytical method for computing the view 
factor and the macro-elements method for improving the numerical efficiency. Numerical studies have 
shown that the CFD code FLUTAN combined with the radiation model developed is an efficient and 
accurate numerical tool to investigate the flow and heat transfer behaviour in systems considered. It has 
shown that at intermediate and high wall emissivities thermal radiation contributes significantly to the 
total heat transfer by natural air convection, even at low temperatures of the heated wall. Based on the 
experimerltal and numerical results the following semi-empirical correlation has bene developed for descri- 
bing the heat transfer of turbulent natural convection coupled with thermal radiation in a vertical, 
rectangular channel with one-sided heated wall : 

0 1998 Elsevier Science Ltd. All rights reserved. 

1. INTRODUCTION 

Natural convection heat transfer in an open-ended 
vertical flow channel has been widely investigated in 
the past several decades owing to its important appli- 
cations in electronic cooling, solar energy collectors 
and nuclear engineering [l-3]. The pioneering exper- 
imental work of Elenbass [4] laid the foundation for 
the study of natural convection in vertical channels of 
isothermal parallel plates. Analytical studies in this 
field go back to the numerical investigations of Bodoia 
and Osterle [5]. IBoth of the works were restricted to 
two-dimensional, laminar natural convection of air in 
vertical channel with symmetrical heatings. The effect 
of thermal radiation was excluded. 

The flow and heat transfer behaviour in channels 
with asymmetric:al heating was theoretically studied 
by Aung et al. [6, 71. Boundary conditions of uniform 
wall temperature as well as uniform heat flux were 
considered. In addition, experimental investigations 
were performed in a small flow channel with uniform 
wall temperatures. The channel walls were made of 
materials of low emissivity, so that the effect of ther- 
mal radiation was excluded. The Rayleigh number 
realized in this experiment was less than 104. Experi- 
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ments with higher Rayleigh number (up to 108) were 
conducted by Webb et al. [8]. The channel height is 
15.2 cm. The ratio of the channel width to the channel 
depth is larger than six, so that the flow is considered 
to be two-dimensional. One of the plates was heated 
with uniform heat flux and the other is thermally 
insulated. The wall emissivity is kept low (approxi- 
mately 0.1) to neglect the contribution of thermal 
radiation. More systematical investigations have been 
performed by Sparrow et al. [9, lo] into the laminar 
natural convection in open-ended channels under 
different boundary conditions and geometrical con- 
figurations. Based on experimental results, empirical 
heat transfer correlations have been derived, which 
agree well with the well known heat transfer cor- 
relation for the single-plate conditions. 

The first numerical study concerning turbulent 
natural convection in an open-ended two-dimensional 
channel was performed by Borgers et al. [2]. The tur- 
bulent flow characteristics of air are predicted by a 
mixing length model. Based on numerical calculations 
empirical correlations were derived for induced flow 
rate and transferred heat rate, which are still not veri- 
fied by experiments. Pica et al. [l l] performed exper- 
imental investigations on turbulent natural con- 
vection of air in a large vertical channel with the 
channel height 2.6 m and the channel width 1.2 m. 
The channel depth was varied from 7.5-17 cm. One 
of the walls is heated with uniform heat flux, while the 
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NOMENCLATURE 

A surface area [m-‘1 T temperature [“Cl 
B channel width [m] u velocity [m s-‘1 

C, specific heat [J (kg K))‘] X, Y, Z coordinates [ml. 
e emitted heat flux defined as cr * E * T4 

IY me21 
E emitted heat power [W] 

g gravitational acceleration [m sm2] 
h heat transfer coefficient w (m’ K))’ 
H channel height [m] 
k kinetic energy of turbulence [m’ se21 
I aspect ratio, defined as L/B 

1” equivalent hydraulic diameter of the 
flow channel [m] 

L channel depth [m] 
NU Nusselt-number 

Greek sy 

B 
1 

1 & 

P 
V 
P 

cp 

,mbols 
thermal expansion coefficient [ 1 
thermal conductivity [w (m K) 
emissivity or dissipation rate of 
energy k [m’ ss3] 
dynamic viscosity [kg (m s))‘] 
kinematic viscosity [m’ SV’] 
density [kg m-‘1 
shear stress [N mm’] 
view factor. 

0 
P 
Pr 

4 
Q 
Ra 

R.9 
St 

outgoing heat power [W] 
pressure [Pa] Subscripts 

Prandtl-number 
; 

convection 

heat flux [W m-‘1 fluid 

heat power [W] in inlet cross-section 

Rayleigh-number, defined in equation r radiation 

(24) t total 

parameter defined in equation (18) W wall 

Stefan-number, defined in equation 1 heated wall 

(A.21) 2 unheated wall. 

Kl 
-I 1 
‘kinetic 

other walls are made of glass plates and kept adiabatic. 2. NUMERICAL SIMULATION 
Because of the low emissivity of the glass plates the 
effect of thermal radiation was neglected. Based on 

Numerical simulation of 3-D turbulent natural con- 

experimental results, empirical correlations for 
vection coupled with thermal radiation requires high 

induced flow and heat transfer were derived. 
capabilities of a computer code. In the present study 

In many technical systems with natural air con- 
the CFD code FLUTAN is used which is developed 

vection and with asymmetrical heating the effect of 
at the Research Center Karlsruhe [ 141. 

thermal radiation has to be taken into account. Com- 
bined natural convection and thermal radiation heat 
transfer between vertical flat plates was first of all 
numerically investigated by Carpenter et al. [12]. It 
was found that at high Rayleigh number thermal radi- 
ation reduces significantly the heated wall temperature 
by keeping heat flux uniform and constant. Similar 
numerical studies were conducted by Moutsoplou et 
al. [13]. All these works have been restricted to two- 
dimensional laminar flow conditions. 

The above critical bibliographic survey underlines 
the deficiency in experimental as well as in theoretical 
studies on turbulent natural convection heat transfer 
coupled with thermal radiation in a three-dimensional 
vertical channel with asymmetrical heating. This kind 

2.1. Basic equations 
The channel geometry considered is a rectangular, 

vertical channel, as indicated in Fig. 1. One of the walls 
(Y = L) is heated and kept at a constant temperature 
T,. All the walls are thermally insulated against the 
ambient surroundings. The heat conduction inside the 
walls is neglected. The air entering the flow channel 
has a uniform temperature distribution T,,. The basic 
equations for the turbulent flow under stationary con- 
ditions are summarized as follows : 

Mass conservation 

ab4) _ O 
axi . 

of problem, however, has recently drawn considerable 
attention due to its application in nuclear engineering. Momen turn conservation 

In the present study theoretical and experimental 
analysis has been performed for a better under- a(Pu,u,) 

standing and for looking inside of the flow and heat axj 
++” 

, ax, 
transfer behaviour in the system considered. 

(1) 

(p+pt)$ - ;pk 
1 
+pgi. 

(2) 
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Fig. 1. Flow channel and coordinate system. 

(3) 

Transport equation of the kinetic energy of turbulence 
k 

@+) 
- = P,+G,--pe+ &[(?)$I. 

ax, 
(4) 

Transport equation of the dissipation rate of the kinetic 
energy E 

a4 I 
axj 

-c2g + &[(y)gj 
with 

/A = 
C,pk2 

& 

fw[$($+~)] 
Pt aP aT (& = - -- -gj 

( > pa, aT ax, . 

(5) 

(6) 

(7) 

(8) 

In the immedial:e vicinity of a solid wall where large 
variation in the values of turbulent properties exists, 
the so-called wall-function treatment is applied to 
compute wall shear stress 

Table 1. Constants in the basic equations 

0.09 1.44 1.92 0.8 1.0 1.3 0.9 0.4 9.0 

Tw = 
rcpk”2uC;‘4 

In (EyCi’4k”2/v) 
(9) 

and convective heat flux 

KPk”2C;‘4Cp(T,,,- T) 

” = ln(EyC~‘4k”z/v)+9.24~(Pr/a,- 1)(at/Pr)“4. 

(10) 

Here y is the distance from the wall. The constants in 
the basic equations above are summarized in Table 1. 

2.2. Thermal radiation model 
The convective heat transfer is coupled with thermal 

radiation by the thermal boundary condition at 
unheated walls, where the net radiative heat must be 
transferred by natural convection of air : 

4r = 9c9 atX=O or X=B or Y=O. 

(11) 

The convective heat flux qc is determined by equation 
(10). To calculate the net radiative heat flux ql-, a 
thermal radiation model with high numerical 
efficiency has been developed. In this model the fluid 
(air) is considered radiatively non-participating and 
the walls are grey and diffuse. The net radiative heat 
power of a surface element Q,; is computed by the 
net-radiation method for enclosures [ 151: 

(12) 
The above radiation equation can be solved either 
directly or iteratively. The direct solution is exact and 
usually needs larger computing expenditure. An iter- 
ative solution, e.g. the GaulMeidel iteration, requires 
only a few iterations for intermediate or high wall 
emissivities. Nevertheless, at low emissivities the direct 
solution method is more efficient than the iterative 
method. 

The radiative heat power can be easily computed 
by solving equation (12), as long as the view factors 
‘p,, are known. Generally, view factor can only be 
obtained numerically. For a flow channel in the Car- 
tesian coordinate system where boundary walls are 
either parallel or perpendicular to each other, the view 
factor between any two surface elements has been 
derived analytically. Figure 2 shows two different 
cases: (a) two parallel surface elements and (b) two 
perpendicular surface elements. To specify the dimen- 
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(a) two parallel surface elements @) two perpendicular surface elements 
Fig. 2. Geometric parameters of two surface elements in a Cartesian coordinate system. 

sions of any two surface elements and their relative 
positions, seven geometric parameters are needed, 
indicated as a, b, c, d, e,f, g in Fig. 2. The view factor 
for two parallel surface elements (Fig. 2(a)) is derived 
as the following : 

i Zt,j S;{t.Xj.~.arctan(~)} 
,=I 

+iziis; 
,=I ,= 1 i Y, k. Y;m*arctan ~ 

(_)I 1+x; 

-$, Z,;, S;{i*ln(l +xf+ Y?)}. 

For two perpendicular surface elements (Fig. 2(b)) the 
view factor can be calculated by : 

cp,**n*A, 
a2 

=,i, zi,~,~j.{~.(~~-u,).ln(x:+Y,) 
I 

+ i zii S; 
,= I ,= I { 

k*$r,*X!arctan x, 
( )I 

. 
Jr, (14) 

The parameters X,, Y,, Z, and S, in equation (13) and 
in equation (14) are summarized in Table 2 and Table 
3, respectively. 

For computing flow conditions accurately, the com- 
putational domain has to be divided into sufficiently 
small sub-zones. The fine discretization results in a 
large number of surface elements. If the radiation 

Table 2. Parameters in equation (12) 

x, Y, z s 
i=l (f+ d)la @+4/a +1 +1 
i=2 (b-.f)la gla -1 +1 
i=3 W-f-W (c-9-4/a -1 -1 
i=4 (fia) (c -gIla +1 -1 

Table 3. Parameters in equation (13) 

x K z s 

i= 1 (f+d)la [gz+(e+b)*]/a2 + 1 + 1 
i=2 (a -f)la 
i=3 

[eZ+(g+c)2]/a2 T; T i 
(a-f-da W+e*l)l~ 

i=4 (fia) [(g+c)2+(e+b)2]/a* -1 -1 

equation, equation (12), is applied to all the surface 
elements, a large storage capacity and a huge com- 
puting time are needed. Therefore, the so-called 
macro-elements method has been developed in this 
study, to improve the numerical efficiency. 

The basic idea of the macro-elements method is to 
combine a few surface elements (micro-elements) to 
form one macro-element. The emissivity of all the 
surface elements which belong to the same macro- 
element is identical. The effective surface temperature 
of a macro-element is computed by the following 
equation : 

The subscripts ‘i’ and ‘I’ stand for micro-elements 
and macro-elements, respectively. After solving the 
radiation equation for the macro-elements, the net 
radiative heat flux of a micro-element can be deter- 
mined by : 

qr,, = cl+ e, - ep (16) 

Numerical analysis shows that by a suitable selection 
of the macro-elements the additional error resulted by 
introducing the macro-elements method can be kept 
negligibly small, whereas the storage needs and the 
computing time can be reduced significantly. 

3. NUMERICAL RESULTS AND DISCUSSIONS 

For the results presented in this paper the inlet air 
temperature T,, is 2O.O”C, the channel width B is 0.5 
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(b) 
Fig. 3. Profiles of the air temperature (a) and air velocity (b). 

T, = 15O”C, E = 0.9, L = 0.5 m. 

m and the channel height His 8.0 m. Figure 3 illus- 
trates the calculated profiles of the air temperature 
and the air velocity at the channel outlet cross-section 
for the following reference condition : heated wall tem- 
perature (T,) 15O”C, wall emissivity (E) 0.9 and channel 
depth (L) 0.5 m. It can be seen that the air temperature 
decreases rapidly with the distance from the heated 
wall. The maximum temperature locates in the corner 
where the heated wall connects the side wall. Due to 
thermal radiation the air temperature increases again 
by approaching the side wall and the back wall. The 
minimum value of the air temperature appears in the 
central region. S-lmilar results have also been obtained 
for the air velocity distribution (Fig. 3(b)). As expected 
for natural convection, the maximum air velocity is 
observed close to the wall surface. Again, due to ther- 
mal radiation a minimum of the air velocity is found 
in the central region. 

- Z=O.2 m 
--- 2=4.2m 
+2=6.1 m 
* 2=7.8 m 

0 

0.0 0.1 0.2 0.3 0.4 0.5 

Y (m) 

(a) 
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$ 0.8 
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0.0 

-Z=O.2 m 1 
- - - Z=4.2 m 
*Z=6.1 m 
*Z=7.8 m 

0.0 0.1 0.2 

(b) 

0.3 0.4 0.5 

Y (m) 

Fig. 4. Air temperature (a) and air velocity (b) along the 
middle line (X= 0.25 m). T, = 15O”C, E = 0.9, L = 0.5 m. 

Figure 4 shows the air temperature and the air vel- 
ocity along the mid-line (X = 0.25 m) vs. the distance 
from the back wall (Y) at different axial levels. Near 
the inlet cross-section (Z = 0.2 m) the air temperature 
distribution is uniform (20°C) over the entire channel 
depth except for near the walls. At higher axial levels 
the temperature near the walls increases and the region 
affected by the higher wall temperature enlarges. Near 
the outlet cross-section this affected region spreads 
over the entire cross section, so that the air tem- 
perature in the central region is clearly higher than 
the inlet air temperature (20°C). The air velocity has 
a well uniform distribution in the central region in the 
lower part of the channel. At higher axial levels the 
air velocity near the walls increases, whereas it 
decreases in the central region. 

Figure 5 shows the air temperature and air velocity 
at the outlet cross-section along the midline (X = 0.25 
m) vs. the distance from the back wall at different 
values of the channel depth and the wall emissivity. 
By decreasing the wall emissivity from 0.9 down to 
0.4 the effect of thermal radiation and, consequently, 
the temperature on the back wall reduces. This leads 
to a reduction in the air temperature as well as in the 
air velocity near the back wall. In the region far away 
from the back wall the flow condition remains nearly 
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Fig. 5. Air temperature (a) and air velocity (b) at the outlet 
cross-section and X = 0.25 m. 0 : T, = 150°C E = 0.9, 
L=l.O m; A: ?f,=lSO’C, ~=0.4 L=l.O m; x: 

T, = 15O”C, E = 0.9m.2 m. 

unchanged. Reducing the channel depth enhances the 
radiative heat exchange between the heated wall and 
the back wall, so that the temperature on the back 
wall increases. This leads to a higher air temperature 
and higher air velocity. 

Figure 6 shows the temperature distribution on the 
side wall for the reference condition. The temperature 
on the side wall decreases rapidly with the distance 
from the heated wall. It increases again towards the 
back wall due to higher air temperature in the corner 
region (see Fig. 3). With increasing axial level the wall 
temperature at first increases and then decreases again 
towards the channel outlet cross-section due to radi- 
ative heat loss to the environment. 

Figure 7 shows the temperature on the back wall 
along the mid-line (X = 0.25 m) vs. the axial location 
(Z) for different values of the channel depth and the 
wall emissivity. Reducing the wall emissivity from 0.9- 
0.4 results in a reduction in the wall temperature of 
about 20°C. A reduction of the channel depth from 
1.0-0.2 m leads to an increase in the wall temperature 

Fig. 6. Temperature distribution on the side wall. 
T, = 150°C E = 0.9, L = 0.5 m. 
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Fig. 7. Temperature distribution on the back wall along the 
middle line (X = 0.25 m). 0 : T, = 15O”C, E = 0.9, L = 1.0 
m; A: T, = 15O”C, E = 0.4 L = 1.0 m; x: T, = 15O”C, 

E x0.9, = 0.2 m. 

of about 40°C. The maximum temperature locates at 
the elevation 2 z 5.0 m. 

Figure 8 presents the profiles of the convective heat 
flux and the radiative heat flux at the heated wall. 
Due to the development of the boundary layer the 
convective heat flux in the inlet region is much higher 
than in the other regions, where the convective heat 
flux remains nearly uniform. Again, due to the radi- 
ative heat loss to the ambient surroundings the radi- 
ative heat flux in the inlet as well as in the outlet region 
is higher than in the middle region where the radiative 
heat flux has a well uniform distribution. 

By dividing the total channel height into three 
zones, i.e. the inlet zone (2 < 2.0 m), the middle zone 
(2.0 m < Z < 6.0 m) and the outlet zone (Z 2 6.0 m), 
the average heat flux on the heated wall in each zone 
is shown in Fig. 9. The average heat flux in the inlet 
zone is about 40 and 25% higher than that in the 
middle zone and in the outlet zone, respectively. It is 
also clearly seen that for the condition considered 
the heat power transferred from the heated wall by 
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(a) 

(b) 
Fig. 8. Profiles of the convective (a) and radiative heat flux 

(b) on the heated wall. r, = 15O”C, E = 0.9, L = 0.5 m. 

radiation is comp,arable to that transferred directly by 
natural convection. 

Figure 10 shows the ratio of the heat power trans- 
ferred from the heated wall by thermal radiation to 
the heat power transferred directly by convection vs. 
the heated wall temperature for two different values 
of wall emissivity. At high wall emissivity (c: = 0.9) the 
power ratio is larger than one. In this case more heat is 
transferred from the heated wall by thermal radiation 
than by convection. The minimum value of the ratio 
is found by a heated wall temperature of about 80°C. 
At low wall emisr:ivity (E = 0.4) the ratio of the radi- 
ative heat power to the convective heat power is still 
larger than 50%. The minimum of the ratio is also 
found by a heated wall temperature of about 80°C. 

S Convection 
0 Radiation 

Heating zones 
Fig. 9. Average heat flux on the heated wall in different zones. 

T, = 15O”C, E = 0.9, L = 0.5 m. 

1.6 

p;<.; / 

$ 
E 1.0. -+ wall emissivity: 0.9 

1 0.8 -x-wall emissivity: 0.4 

0.4 

40 60 80 100 120 140 160 180 200 

Heated wall temperature [“Cl 
Fig. 10. Power ratio vs. the heated wall temperature. 

T, = 15O”C, L = 0.5 m. 

This emphasizes the strong effect of thermal radiation 
on the overall heat transfer even at low values of 
wall emissivity and at low wall temperatures. This 
minimum phenomenon in the power ratio will be 
explained in the next paragraph. 

Figure 11 illustrates the air mass flow rate and the 
transferred heat power vs. the heated wall temperature 
at different values of the channel depth and the wall 
emissivity. By increasing the heated wall temperature 
the air mass flow rate as well as the heat power 
increases. The heat power increases about 200% by 
increasing the heated wall temperature from lo& 
200°C whereas the air mass flow rate increases only 
about 50%. By reducing the channel depth from 1.c 
0.5 m the air mass flow rate decreases about 40%, 
whereas the heated power remains nearly unchanged. 
Reducing the wall emissivity from 0.9-0.4 results in a 
reduction in the air mass flow rate and the heat power 
of approximately 20 and 30%, respectively. 

4. COMPARISON WITH EXPERIMENTAL DATA 

In addition to the numerical investigation exper- 
iments have been performed using a vertical rec- 
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(b) Air mass flow rate 
Fig. 11. Transferred heat power and air mass flow rate vs. 
the heated wall temperature. 0 : E = 0.9, L = 1.0 m; A : 

E = 0.4 L = 1 .O m ; x : E = 0.9, L = 0.5 m. _> 

tangular channel of which one wall is electrically 
heated, as shown in Fig. 12. The unheated walls are 
made of thin steel plates, so that the effect of heat 
conduction inside the walls is negligible. All the walls 
are thermally insulated from the ambient surround- 
ings. The channel width, i.e. the width of the heated 
wall, is 0.5 m. The channel depth, i.e. the distance 
from the heated wall to the back wall, can be changed 
up to 1 .O m, so that the effect of the channel geometry 
on heat transfer will be studied. The heated wall has 
a total height of 8.0 m and consists of four individually 
heatable plates. The heating power of each heated 
plate is separately controlled, to achieve a uniform 
distribution of the heated wall temperature. The 
heated wall temperature ranges from lOO_175°C. Two 
different values of wall emissivity (0.4,0.9) are realized 
to investigate its influence on the total heat transfer. 
The test facility is equipped among others with 
approximately 170 thermocouples to measure the dis- 
tribution of wall temperatures. Traversing probes for 
recording the air temperature and the air velocity dis- 
tributions are installed at five different elevations with 

crosswise traversing probes 
(velocity, temperature) 

000 

I I’ traversing probe 
(velocity, temperature) 

heated height: 8 m 
channel cross-section: 

0.5 x I .O m (variable) 

X 

heated plate 

Fig. 12. Schematical diagram of the test channel. 

Table 4. Measurement accuracy 

Temperature Air velocity Pressure Heating power 

* 0.75”C k2.0% kO.5% * 1.0% 

thermocouples for the temperature measurement and 
with Prandtl-tubes for the velocity measurement. 
Moreover, the average ambient temperature, the 
pressure at the channel inlet, the air humidity and the 
heating powers of each heated plate are recorded. 
The accuracy of different measurement parameters is 
summarized in Table 4. Detailed descriptions of the 
test facility, measurement techniques and some exper- 
imental results can be found in the previous pub- 
lications [ 161. 

Figure 13 compares the calculated heat power trans- 
ferred from the heated wall with the experimental 
results. An excellent agreement between the numerical 
and the experimental results has been found. For all 
test points considered the deviation between the exper- 
imental data and the numerical results is less than 
10%. 

Figure 14 compares the calculated air temperature 
and air velocity at the channel outlet cross-section 
along the middle line (X = 0.25 m) with experimental 
data for the reference condition. Again, the CFD code 
FLUTAN combined with the radiation model 
developed reproduces the experimental results accu- 
rately and is proven to be successfully verified for 
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0 2 4 6 8 10 
Calculated power (kVV) 

Fig. 13. Comparison of the calculated heat powers with the 
measured data. 

s T, Measurement -- u, Calculation 
u, Measurement 

0.0 0.1 0.2 0.3 0.4 0.5 

Y (m) 
Fig. 14. Comparison of the calculated air temperature and 
air velocity with the: test data. r, = 150°C E = 0.9, L = 0.5 

m, X = 0.25 m, Z = 7.8 m. 

turbulent natural convection coupled with thermal 
radiation in a vertical, rectangular channel with asym- 
metric heating. 

5. HEAT TRANSFER RELATIONSHIP 

A bibliographic survey has emphasised the 
deficiency in correlations describing the heat transfer 
of turbulent natural convection coupled with thermal 
radiation in a vertical, rectangular channel with asym- 
metric heating. Therefore, efforts have been made in 
the present work to develop a semi-empirical corre- 
lation. The total heat flux on the heated wall consists 
of two parts, i.e. the convective heat flux and the 
radiative heat flux. The ratio of both heat fluxes can 
be expressed as the following (see Appendix) : 

;;= (1+2$& 
s 

with 

1 St 
I<, = ~- 

2+21-c NIL,’ 

(17) 

(18) 

1.0 
S 

z 0.8 
3 
< 0.8 
a: 

0.4 

0.2 

0.0 

0.0 0.5 1.0 1.5 2.0 2.5 
R, 

Fig. 15. Relationship between the heat flux ratio and the 
parameter R,. 

To determine the coefficients a and b in equation (17), 
numerical calculations have been performed with 
different parameters : heated wall temperature (3& 
2OO”Q wall emissivity (O&1.0), channel depth (O.l- 
1.0 m) and channel width (0.1-1.0 m). The channel 
height is 8.0 m. Only the results in the middle zone 
(2.0 m < Z < 6.0 m) are used for computing the 
power ratio and the parameter R,, so that the effect 
appearing in the inlet zone and in the outlet zone can 
be excluded. Figure 15 presents the numerical results. 
It can be clearly seen that for all conditions considered 
the relationship between (qr,,/qc,l)[ I/( 1 + 21)] and R, 
can be well correlated by a single curve. By using the 
minimum error square principle both the coefficients 
a and b are determined : 

It yields 

a = 0.919 

b = 0.513. 

The total Nusselt-number is defined as 

(20) 

The convective Nusselt-number NM, can be derived by 
using experimental data obtained under the following 
test conditions : heated wall temperature lOO-175°C 
channel depth 0.25-l .O m, wall emissivity 0.40.9. The 
total Nusselt-number Nu, and the parameter R, can 
be directly determined from the experimental data. 
The convective Nusselt-number Nu, is then calculated 
according to equation (20). Figure 16 shows the con- 
vective Nusselt-number in dependence on the Ray- 
leigh-number, which is directly determined from the 
experimental data. It can be seen that the data points 
can be well correlated by the following equation : 

Nu c = 0.1 - Ra’13. (21) 
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Fig. 16. Relationship between the convective Nusselt-num- 

ber and the Rayleigh-number. 

This equation agrees well with some well known heat 
transfer correlations for turbulent natural convection 
on a single infinite vertical plate [17]. The final cor- 
relation derived is : 

with 

1 
R,? = p* 

St 

2+21-& 0.1 .&‘I3 

The parameter ranges based on which the semi- 
empirical correlation has been developed are identified 
as following : 

Rayleigh-number Ra 107-2 * 109 
Stefan-number St o-6*102 
Aspect ratio I 0.1-10.0 
Heated wall temperature T, 20-200”c 

With the help of the heat transfer correlation 
developed the minimum phenomenon in the power 
ratio (see Fig. 10) can be easily explained. According 
to equation (19) and equation (23) the ratio of the 
radiative to the convective heat flux is written as : 

4”‘K T;(T, - Tf)-“3 

%,I ~+c*T;(T,--T,)-“~ (25) 

with 

5.13 4*o*&*I, 
’ 2+21-E i 

(26) 

The minimum value of the power ratio appears by a 
heated wall temperature of: 

T, = f Tf, 

Here r, and T, are in Kelvin. For an average air 

temperature of 20°C the minimum power ratio 
locates at a heated wall temperature of about 60°C. 

6. CONCLUSIONS 

Although natural convection heat transfer in an 
open-ended vertical flow channel has been widely 
investigated in the past several decades, a thorough 
bibliographic survey underlines the deficiency in 
experimental as well as in theoretical studies on tur- 
bulent natural convection heat transfer coupled with 
thermal radiation in a three-dimensional vertical 
channel with asymmetrical heating. This kind of prob- 
lem, however, has recently drawn considerable atten- 
tion due to its application in nuclear engineering. In 
the present study theoretical and experimental analy- 
sis has been performed for a better understanding 
and for looking inside of the flow and heat transfer 
behaviour in a vertical rectangular channel with one- 
sided heated wall. The effect of the heated wall tem- 
perature, the wall emissivity and the channel geometry 
on the flow and heat transfer behaviour has been 
studied. A broad and detailed data base has been 
generated for the validation of computer codes and 
for development of physical models. The following 
specific main conclusions can be drawn : 

??A radiation model with high numerical efficiency 
has been developed. Analytical equations have been 
derived for calculating the view factor between any 
two surface elements. The so-called macro-elements 
method has been developed which improves the 
numerical efficiency significantly. 

??The CFD code FLUTAN combined with the radi- 
ation model developed has been proven to be an 
accurate and efficient numerical tool to investigate 
the flow and heat transfer behaviour of turbulent 
natural air convection coupled with thermal radi- 
ation in a vertical, rectangular channel with asym- 
metric heating. 

??At intermediate and high wall emissivities thermal 
radiation contributes significantly to the total heat 
transfer by natural air convection, even at low tem- 
peratures of the heated wall. The ratio of the radi- 
ative to the convective heat power shows its mini- 
mum at a heated wall temperature of about 80°C. 

??In the region near the channel inlet cross-section the 
convective heat transfer is much stronger than in 
other regions. This entrance effect diminishes rap- 
idly with the distance from the entrance and vanishes 
at a distance larger than 2 m. Due to the radiative 
heat loss to the environment the radiative heat flux 
shows an increase towards the inlet and the outlet 
cross-section and has its minimum near the middle 
elevation. 

??The convective heat transfer on the heated wall can 
be well described by a conventional correlation valid 
for turbulent natural convection on a infinite vertical 
plate. 

??Based on the experimental and numerical results 
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the following semi-empirical correlation has been 
developed for describing the heat transfer of tur- 
bulent natural convection coupled with thermal 
radiation in a vertical, rectangular channel with one- 
sided heated wall : 
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APPENDIX: RATIO OF THE RADIATIVE HEAT 
FLUX TO THE CONVECTIVE HEAT FLUX 

In the flow channel, indicated in Fig. 1, heat is transferred 
from the heated wall by both thermal radiation and convec- 
tion. The total heat flux on the heated wall consists of the 
convective heat flux and the radiative heat flux : 

ql=qc+q,=qc 1+4’. 
( 1 4c (A.11 

To derive the ratio of the radiative heat flux to the convective 
heat flux, the following assumptions are made : 

(A.lO) 
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The net radiative heat power of the unheated wall is equal 
to that of the heated wall. Therefore, the net radiative heat 
power of the unheated wall is obtained 

a., oEIEZ(T:- T:) 
%* = (Bf2L)H FZ(l +21)+s,(l-&,) 

= R( T, - T>) 

(A.1 1) 

with 

R= 
c&JE,E~T: 

E*(l+21)+E,(l-Ez) 
(A.12) 

(A.13) 

On the unheated wall the convective heat flux is equal to the 
radiative heat flux : 

qc.2 = MTz - r,) = qr.2 = R(T, - j-2). (A.14) 

This leads to the following equation : 

(A.15) 

Thus, the ratio of the radiative heat flux to the convective 
heat flux at the heated wall is 

qr,l Qr,JB* H hz R 
qc., h,(T,-Tf)=(‘+20h,R+h,’ 

(A.16) 

In case that the emissivity of all walls is the same E, equation 
(A. 16) is rewritten as : 

+1+2I) 
cr. &lh, 

l+c,.(h,/h>).(R,/h,) 
(A.17) 

with 

R = 40&T: 

o 2+21-c: 
(A.18) 

The parameter cr and h,/h, depend on the temperature of 
both the heated wall and the unheated wall, which cannot be 
determined analytically. In the present study, two empirical 
coefficients a, b have been introduced and equation (A.17) is 
reduced to 

~=(1+20$& (A.19) 

(A.20) 

44.~. T:*i,, 
St= I n (A.21) 

N&AI, 
L 

(A.22) 

The characteristic length & is the equivalent hydraulic diam- 
eter of the flow channel and is defined as : 

2.B.L 
I, = ~ 

BtL 
(A.23) 


