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Abstract-The interaction of thermal radiation and free convection in the boundary layer regime of a 
vertical enclosure is analytically and experimentally examined. The local heat flux from the highly- 
reflecting heated wall in the enclosure is obtained interferometrically : the second wall is a nearly-black 
cooled plate. The experimental data are compared to a boundary layer type analysis based on the ex- 
ponential wide-band model. Experiments are presented for pure NH,, pure N,, and N,-NH, mixtures 

for pressures up to 2 bar at a temperature level near 300 K. 

NOMENCLATURE 

dummy variable; 
correlation parameter for ith band; 

correlation parameter for ith band; 

AaiC~&i(‘Q,)/M; 
derivative of the Planck function with respect 

to temperature; 
dimensionless stream function; 
acceleration of gravity; 
Grashof number, see equation (1); 
height of gas layer; 
thermal conductivity; 
thickness of gas layer; 

7 A,iC~i&i(Tm); 
Nusselt number, see equation (2); 

absorbing gas pressure; 
Prandtl number; 

total pressure; 
wall heat flux; 

refers to pure conduction or pure convection; 
Rayleigh number; 
temperature; 
distance along plate; 
distance perpendicular to plate; 
dummy variable; 

thermal expansion coefficient; 
dimensionless variable, y/x(Gr/4)*; 

(T- T,)/(T, - T,) or (T- Tc)/(Y, - Tc): 
kinematic viscosity; 
defined by equation (3); 
mole fraction of absorbing gas. 

* Sponsored by the National Science Foundation under 
Grant GK 20382. 

Subscripts 

C, cold wall; 

K hot wall; 

1, ith band; 

W, wall value; 

ref, reference level; 

co, free stream value or minimum temperature 
in boundary layer; 

0, wave number dependent. 

INTRODUCTION 

GASEOUS radiation has been the subject of study by 

astrophysicists for years but has only received con- 
siderable attention by the engineer in the last decade 
primarily because of hypersonic flight and the reentry 

process. Obviously, gas radiation is also extremely 
important in combustion processes that take place 

in industrial furnaces, internal combustion engines, 
gas turbines, and jet engines. Interest in pollution 
and fire prevention has recently accentuated this 
attention. The primary difficulty in analytically 

treating gas radiation arises from the complicated 
nature of the absorption-emission process. Simplified 
analytical models of absorption bands have to be 

critically tested against experimental results. In the 
area of radiation+onvection interaction there is a 
definite lack of experimental data against which 
analytical models can be compared. 

One of the first experimental studies in gaseous 
radiation interaction was the study by Gille and 
Goody [l]; this study concentrated on the effect of 
gaseous radiation on the stability of an horizontal 
layer heated from below. Other studies in radiation- 
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conduction interaction are by Schimmel, Novotny 
and Olsotka [2] and by Olsofka and Novotny [?I. 

Both employed the same geometry, that of the 
horizontal layer heated from above. In the area of 
free convection-radiation interaction there are only 

the experimental studies by England and Emery [4]. 
and Audunson and Gebhart [5]. England and Emery 
investigated the effect of thermal radiation upon the 

boundary layer on a vertical constant heat flux flat 

plate. Their conclusion was that the effect of gaseous 
radiation was negligible. Audunson and Gebhart [S] 
interferometrically studied free convection from a 
vertical. constant heat flux plate for both absorbing 
(ammonia) and non-absorbing gases (air, argon). The 
experiments were conducted for pressures from 2 to 

8 bar and for three different plate emissivities. The 

results presented significant radiation effects and 
showed trends that are in fair agreement with theoreti- 
cal predictions based on a gray gas model. 

This paper describes an experimental study of 
radiation-convection interaction in a free-convection 

boundary layer along a flat plate with emphasis being 
placed on the examination of the validity of a com- 
monly used non-gray gas model [2. 61. In this 

investigation. the free-convection boundary layer is 
approximated experimentally by the boundary layer 

regime in a rectangular enclosure. The two bounding 
vertical plates in the enclosure are at constant but 
different temperatures. The heated plate has a reflec- 

tivity close to one while the other plate has a reflec- 
tivity of nearly zero. As has been discussed elsewhere 

[7. 81, there exist, basically, three laminar flov\ 

regimes in the enclosed layer depending on the value 
of the Rayleigh number. the Prandtl number. ami 
the aspect ratio. For small values of the Rayleigh 

number the heat is transferred mainly by conduction 
although there is a small unicellular motion in the 

fluid. At large values of the Rayleigh number there 
are two boundary layers formed at the walls resembling 
the boundary layer formed on a vertical heated or 
cooled plate in an infinite medium with the exception 
of the corner regions, For intermediate values of the 
Rayleigh number. there exists a transitional regime 
between the conduction and the boundary layer- 
regime. The experiments are run for two values of the 
aspect ratio such that results can be obtained for the 
conduction and the boundary layer regimes. 

Nitrogen, ammonia, and their mixtures at different 
pressures and mole fractions are employed in this 
study, Temperature profiles across the layer and local 
wall heat fluxes are obtained interferometrically. The 
experimental results for pure nitrogen are used as a 
reference base for the comparison of the ammonia 
local heat flux results with an analytical solution 

based on the non-gray exponential wide-band model 
[6, 91. The exponential wide-band model has proven 
to be successful in predicting radiation--conduction 
interaction in horizontal gas layers [2, 31: the radia- 
tion-convection interaction analysis used here i\ 

based on the investigation of Bratis and Novotnv 
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DESCRIPTION OF EXPERIMENTAL APPARATUS 
AND PROCEDURE 

The two vertical plates used in the present investiga- 

tion were constructed by Schimmel [lo]. The 50.8 cm 
by 50.8 cm plates were manufactured from 606 1 -T651 

aluminum tooling plate. The plates were instrumented 
with a sufficient number of thermocouples for 

monitoring the temperature. One of the plates was 

heated by four strip heaters epoxied on its back side: 

the other plate was maintained at room temperature 

by circulating water from a constant temperature 
bath through cooling channels. To enhance inter- 
action effects and to simulate a free convection 
boundary layer in an infinite environment, the cool 
plate was coated with 3M Nextel black velvet paint 
to decrease its emittance. Based on the manufacturers 

I Pressure chamber 
2 Cover plate 

3 Cold plate 

4 Heated plate 

5 Neoprene foam 

6 Aluminum sheet 

7 Cotton used as Insulator 

FK;. I, Schematic of apparatus. 
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specifications and an experimental check, the re- 

flectivity is less than @03. The highly-reflecting heated 

plate was the same plate used in [2]; the reflectance 

characteristics remained the same as those quoted in 

PI. 
The two vertical plates were enclosed in a pressure 

chamber with inside dimensions 55.9 cm by 55.0 cm 
and 35.5 cm wide. It was constructed by welding 

6061-T651 aluminum tooling plate; with the two 
55.9 cm by 55.9cm sides open. A flange having an 

O-ring groove was welded on each of the open sides; 
the chamber could be easily sealed by two aluminum 
cover plates. A schematic section of the apparatus 

perpendicular to the light beam direction is given in 

Fig. 1. Figure 1 represents the configuration used in the 
small aspect ratio experiments. Two pairs of viewing 

ports were installed on the other two sides of the 
chamber in order to allow passage of the inter- 
ferometer beam. The ports were positioned such that 
a large portion of the slot height could be viewed by 

either raising the apparatus or turning the apparatus 
upside down. The ports were pressure sealed with 
optical flats 1.9cm thick held by aluminum rings or 

aluminum cover plates depending on the mode of 

operation. The thick optical flats were separated from 
the heated gas layer by Brewster windows (2mm 

thick) held in place by Plexiglas holders. 
Figure 2 presents a photograph of the pressure 

chamber without one of the large cover plates. Inside 
the chamber, the back of the heated plate is shown; 
the horizontal stripes are the strip heaters covered 
with epoxy. In order to apply the required voltage 

on the strip heaters from the outside of the pressure 
chamber, the copper buss bars at the end of each 

strip were connected through lead wires to another 
set of buss bars epoxied to an O-ring sealed plug. 
These plugs are visible in Fig. 2 together with the buss 

bars. Similar plugs were used for bringing the thermo- 
couple wires out of the pressure chamber. 

The spacing between the vertical plates was 

dictated by four micarta plugs positioned at the 
corners of the plates. The spacings used in the experi- 
ments were 1.78 cm and 6.35 cm. With the 1.78 cm 
spacing, the entire height of the slot was used giving 

an aspect ratio (height/spacing) of 28. With the 

6.35 cm spacing, only half of the height of the slot was 
used (separated from the rest of the slot by neoprene 

foam) giving an aspect ratio of 4 (see Fig. 1). The 

FIG. 2. Photograph of apparatus. 



plates were kept approximately 2.5 cm away from the 
walls of the pressure chamber by use of Plexiglas bars 
in order to avoid excessive heat losses. Except for 
small viewing slots. the edges of the gas layer were 

bounded with open-cell neoprene foam. 
The copper-~constantan thermocouples used fol 

obtaining the plate temperatures were calibrated with 
a Leeds and Northup six dial potentiometer against 
a National Bureau of Standards calibrated resistsncc 
thermometer. During the experiments the thermo- 

couples output was monitored with a digital potentio- 
meter (Honeywell. Model 4001 l-20121 1. Cooling 

water was supplied to the cool plate by a Brinkmann- 
Lauda bath with a rated control accuracy of i 0.03 K. 

The Mach-Zehndcr interferometer was manu- 

factured by Intertech Corporation and has 15.2 cm 
optics. The plates were aligned vertically using H 

plumb line as reference. The method described by 
Howes and Buchele [I 11 was used for aligning the 

plates parallel to the light beam. 
The gases employed in the experiments were nitro- 

gen. ammonia and nitrogen -ammoma mixtures. The 

nitrogen was the Matheson prepurified grade; the 
anhydrous ammonia. also obtained from Matheson 
Company, was better than 99.95 per cent pure accord- 

ing to specifications. For the experiments with pure 

nitrogen and pure ammonia the pressure chamber was 
evacuated and then filled with the appropriate gas at 
least twice, in order to insure a purity well above 99 
per cent. In the conduction regime mixture runs, the 
pressure chamber was filled first with nitrogen and 

then with ammonia: the mole fraction was specified 
by monitoring the pressure in the chamber with twc> 

calibrated Heise gages. A sufficient time period was 
allowed to insure proper mixing of the gases. To 

conserve time in the convection runs. ;I mixing tank 
was utilized. 

At the start of an experimental run, an interfero- 

gram was taken with the fringes horizontal. A voltage 
was applied across the strip heaters and the constant- 
temperature bath was activated with its temperature 
level set at the desired temperature (room temperature\ 
of the cold plate. When the desired temperature 
difference between the two plates was rcachcd. the 

voltage across the heaters was reduced. If the tempera- 

ture readings did not change more than i 3 PV in a 
period of 20 min. quasi-steady state was assumed and 
,I final interferogram was recorded. In the small- 
spacing runs. the fringes were rotated before a final 

interferogram was taken. This accentuated the wall 
derivatives of the fringe profile as noted by Schimmel. 
Novotny and Osolfka [2]. In the runs with the large 

(b) 
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spacing, the fringes were not rotated. The inter- NH, is about 2 per cent at the temperature level of 
ferograms were taken on Kodak Royal Pan 4 x 5 the experiments. In light of other property uncertain- 
film using a Super Speed Graphic camera without a ties, it is felt that the use of the perfect gas law is 
lens. justified. 

To conserve space only a brief description of the 

interferogram analysis will be given here. In this 
type of system, a reference temperature is not avail- 
able. To offset this difficulty, themeasured temperature 
difference between the plates was used to calculate 

the total fringe shift across the gas layer. This value was 
then used as a basis to correct the data obtained from 

the fringe pattern. Optical imperfections in the 
system were too small to warrant correction by using 
the initial fringe pattern. Examples of an initial fringe 

pattern and a final fringe pattern for the large aspect 
ratio case are given in Fig. 3. All interferograms were 
analyzed on a Gaertner model M2001 toolmakers 

microscope. By examination of the repeatability 

of the data from a number of interferograms, it was 
determined that the fringe profiles could be obtained 
to better than +s fringe. This, of course is not true 

very near the wall; the procedures used for extra- 
polation to the wall are discussed in [lo, 141. The 
Gladstone-Dale approximation to the Lorenz- 

Lorentz equation was employed in the interferogram 
analysis; the principle of additivity for the molar 

refractivity was used in the mixture runs. The nitrogen 
and ammonia properties necessary for evaluating 
the Gladstone-Dale constant were obtained from 
[12, 131, respectively; the densities were evaluated 

from the perfect gas law. Since the pressures in the 
experiments were limited to 2 bar or less, the com- 
pressibility error due to using the perfect gas law for 

Length limitations allowed only a brief discussion 

of the experimental apparatus, experimental pro- 
cedure, data reduction and errors to be presented here; 
a detailed discussion of these points can be found in 
[14]. Examples of prior interferometric work using 
similar procedures can be found in [2, 3, lo]. 

RESULTS AND DISCUSSION 

Conduction regime 
Data for the conduction regime were obtained 

from the experimental runs with the small spacing 

of the plates. Data for the boundary layer regime 
could not be obtained with this spacing because the 

flow would become unstable before reaching the 
boundary layer regime. The presence of instabilities 

resulted in fluctuations of the fringe pattern, re- 
sembling wave motion. The onset of the instabilities 
was difficult to detect because the fronge motion 

could only be detected on the ground glass of the 
camera when the amplitude of the fringe fluctuations 

became larger than about 0.3 of the fringe spacing. 
The lower value of the Rayleigh number at which 

instabilities were observed for the small spacing and 
the large aspect ratio (H/L = 28) was @7 x 104. 
This value is in satisfactory agreement with the 
value presented by Gill and Davey [15] which is 
0.65 x 1Q4. 

The heat transfer result for the conduction regime 

Pure NH3 

L= 178cm, H/L=20 

x = Dlstonce from base of layer 

Q = Pure conduction heal flux 

qc= Heat flux at heated wall 

T Ref = 300 K 
‘1 

P 
NH3’ bar 

FIG. 4. Effect of radiation interaction; conduction regime 



are presented as a ratio of the heat flux at the heated 
wall to that for pure conduction. Figure 4 presents 
the results for pure ammonia. The lines in the graph 

represents an analytical solution obtained with the 
method given by Schimmel, Novotny and Olsofka 

[2] and Schimmel, Novotny and Kast [16]. The 
analytical solution, based on linearized radiation. 
utilizes the exponental kernel approximation and the 

correlation for the total band absorptance given by 
Tien and Lowder 1171. For the present case the 

reflectance of the heated wall was taken equal w 
0,95* and that of the cold wall equal to 0.05. It should 

be noted that the analysis is based on diffuse surfaces. 
The introduction of a specular boundary condition 
would have little effect on the final results presented 

here [16]. The spectroscopic constants of ammonia 
were taken from [6]. The experimental results for 
pure NH, were obtained for a temperature difference 
of 3 K, except for the data corresponding to 0.5 bar 
which were obtained for a temperature of 5 K: this 

larger temperature difference increased the accuracy 
of the interferogram analysis by increasing the total 

fringe shift. 

The agreement between the experimental results 
and the analytical solutions is good except at 2 bar. 
The discrepancy at 2 bar between the data and the 

analytical results are interpreted to be caused b> 
convection: pure N2 data. which are not given 

here. support this conclusion. The presence of free 
convection is also in agreement with the results of 

Eckert and Carlson [7]. From their results. one 
finds that for a Grashof number, based on the width 

of the layer. of the order lo4 (which is the order of the 
Grashof number for the runs with a total pressure 
of 2 bar) the enclosed layer is in the transition regime. 

Although the primary emphasis of this paper is 

the boundary layer regime. the previous results were 
presented to verify the values of the spectroscopic 

constants [6] and the proper behavior of the 
experimental apparatus. Additionally, the conduc- 
tion--radiation interaction results arc for the nearly 

black wall and one highly reflectmg wall which 
differs from the two highly reflectmg wall case 
previously studied [2]; these results support the 
conclusion of [2] that the exponential wide-band 

model is the correct model for predicting radiation- 
conduction interaction. 

* Due to a programming error, this value is shghtly 
higher than the measured value [2]. Since the wall tempera- 
ture gradients are insensitive to the reflectance for reflec- 
tances near one [16], the error in the analysis given in Fig. 4 
is less than 2 per cent. 

Data in the boundary layer regime were obtained 
from the experiments with the spacing 1. = 6.35 cm 
and an :~spect ratio of H/L -: 4 Values in the conduc- 

tion regime for this aspect ratio could not be obtained 
because free convection was present c‘\cn for small 

values of the temperature difference. For large 

values of the Rayleigh number. instabilities were 
noticed by the presence of wave motion in the fringe 

pattern. The minimum value of the Rayleigh number 

for which instabilities were observed was Rtr,_ :~ 6.X 

A IO'. This value is in good agreemcnc with the one 
predicted (7 ' 10') by Gill and Davcq [I CJ. FOI 
runs in the ‘boundary layer regime m which wa\c 

motion was observed, the fluctuation of the fringes 
had a small amplitude and therefore the influcnc~ 

on the temperature profile was very small. The 
influence of the fluctuations on the estimation of the 
temperature wall gradient was negligible: the fluc- 
tuations were more or lecx confined in the core repiot! 

of the layer. 

Figure 3 presents two 01 the mterfcrograms taken 
during the experimental run with :t mixture o! 

ammonia and nitrogen at a total pressure of 2 bar. 
the mole-fraction of ammonia being 1 :: 0.75. The 
initial interferogram with zero temperature difference 
between the plates is given in part I~I of Fig. -3. 

Only a small portion of the cold wall. which is on the 
right, appears in the interferogram. This was done il: 
order to obtain the maximum portion of the heated 

wall in the interferogram: the stud? was centered 
on the heat transfer from the highly-reflecting wall.* 
The narro\v black shadow from a needle indicates 
the height ni 15.7 cm measured from the bottom of the 
enclosure. The top of the layer i$ towards the top 01 
the page. Flpure 3 (b) is the interferopram taken with 
;I temperature difference of 7 K. The fringes in tfiz 
center region of the layer arc ncarlv horilinlal 
indicating an approximately constunt :cmperature 
across the iayer. Close to the walls the fringes are 
bent indicating a temperature gradiem perpendicuiar 
to the walls and therefore a boundary layer along 
each wall. The corresponding value of the Rayleigh 

number is Ra, = X.15 Y 105. Although this is larger 
than the mInimum Ra, for which instabilities have 
been noticed (6.8 x LO’). the fringe paltcrn did not 
exhibit detectable fluctuations. The results presented 
In this stud) correspond to situations where fluctua- 
tions wcrc absent from the interferograms: 11 should 
be pointed out that characteristics of strong second- 



Radiation-convection interaction in the boundary layer regime of an enclosure 29 

ary flows as noted by Elder [8] were absent from the 

data. 
The temperature distribution along the vertical 

in the mid-plane between cold and heated wall is 
presented in Fig. 5 for four different pressures. The 
temperature is plotted in a dimensionless form 
versus the dimensionless height of the gas layer. 
The open circles correspond to values obtained with 
pure nitrogen and the closed circles to values obtained 
with pure ammonia. All data were obtained with a 
temperature difference of 7 K except the data for 
0.5 bar which were for a temperature difference of 
8 K. The centerline temperature distribution obtained 
for nitrogen is in good agreement with the results of 
Eckert and Carlson [7]. It is seen that in all cases the 
centerline temperatures for ammonia are consistently 
lower than the corresponding temperatures for 
nitrogen. The heated wall has an emittance of nearly 
zero while the cold wall has an emittance close to 
one. It is, therefore, reasonable to expect that in the 
case of ammonia, heat is transferred by radiation 
from the gas to the cold wall resulting in a lower 
centerline temperature than in the pure nitrogen 
case. Results for NH,-N, mixtures at total pressures 
of 1 and 2 bar exhibit basically the same behavior 
[14]; to conserve space, they were omitted here. 

The temperature profile across the layer at a 
height of 15 cm is presented in Fig. 6 for pure NH, 
and pure N, at total pressures of 1 and 2 bar. It is 
seen from Fig. 6 that the temperature gradient at 
the heated highly-reflecting wall for pure NH, 
is greater than that for pure N, at both total pres- 
sures. The temperature gradient at the nearly-black 
cold wall has a different behavior. At a pressure of 
1 bar the temperature gradient at the cold black 
wall for NH, is less than that for N,; at a pressure of 

P=lObor: X= 15cm 

0,8 - Nz 
---- NH3 

06 

0.2 H/L-- 4 

L = 6.35 cm 

-0 0,2 0.4 0,6 0.6 IO 

Y IL 
(Ql 

P. 2.0bar; X= 15Cm 

- N2 

H/L = 4 

L = 6.35 cm 

of ’ ’ ’ 1 ’ ’ ’ ’ ’ J 
0 0.2 0,4 0.6 0.6 I.0 

Y/L 
(bl 

FIG. 6. Experimental temperature profiles; boundary-layer 
regime. 

2 bar, the temperature gradient exceeds the value of 
the gradient for pure nitrogen. This behavior* agrees 
with the behavior of the conductive heat flux found 

* A similar behavior was found in the NH,-N, mixture 
results. The variation of the gradient at the cold wall with 
pressure is related to the ability of the gas to directly exchange 
energy by radiation with the nearly-black cold wall. 

0.4 05 06 0.7 04 0.5 0.6 07 0.4 0.5 0.6 O-7 O-4050607 
IO I 1 1 , , I , I I I I I I 1 I I I I i 

o-9 - P= 2 tsar fJ = 0.: bar _ 

L = 6,35em 

07- T,,,r3OOK l a 

I I I I I I I I I I I I I 1 I 
0.1 0.2 0.3 04 0.1 02 0.3 0.4 01 0.2 0.3 04 0.5 06 07 

at 

FIG. 5. Centerline temperature distribution. 



by Schimmel. Novotny and Kast [16] in a radiation 
conduction interaction situation. The reverse tem- 
perature gradient in the core of the layer is 

characteristic of the boundary layer regime in an 
enclosure 18, 181. The slight bumps in the profiles 
near y/L. = 0.2 and 0.X are partially caused by optical 
imperfections which are more apparent at the higher 

pressures: these also might be indicative of the onset 
of secondary flow. however, all other characteristics 
of a strong secondary flow are missing [8]. 

Eckert and Carlson [7] succeeded in correlating 

their data from the rectangular enclosure by plotting 
them as the local Nusselt number versus the local 

Grashof number-. For a characteristic temperature 
difference. they employed the difference between wall 
and centerline temperature. As was mentioned in the 

discussion of Fig. 6. the presence of an absorbing- 
emitting gas, combined with the asymmetric radiative 
boundary conditions. significantly affects the center- 
line temperature.’ For this reason. in this investiga- 

tion, the temperature difference was chosen as the 

difference between the wall temperature, 7,. and 
the temperature at which the temperature gradient 

becomes zero as one moves away from the wall. 
7;. The local Grashof and Nusselt numbers are 

then given by: 

Nu = qx:(T,!, -- 7Jk (3) 

where x denotes the distance from the starting corner 

of the plate (the base of the enclosure). The tem- 
perature 7, was obtained by plotting the temperature 

profile across the layer. Figure 7 presents examples 
of the experimental temperature profiles for pure 
ammonia and pure nitrogen at 2 bar for different 
heights in the layer. It should be noted that only for 

the height of 15 cm. was the interferogram analyzed 
across the whole layer: for all other heights. the 
interferograms were analyzed from JYL = 0.4 to 

\,.‘L = 1.0. 
The local heat transfer results obtained from the 

experiments are presented as the Nusselt number 
versus the Grashof number as defined in equations 
(1) and (2). The results for pure nitrogen are presented 
in Fig. 8 for four pressures. The solid line represents 
the best fit to the data of Eckert and Carlson [7]: 
the dashed line represented the solution for faminar 
free convection from a vertical constant-temperature 

x: This is also clear from the mixture profiles given in 1141. 
it should be rc-emphasized that only the gradient at the 
highly-reflecting heated wall will be treated in the compari- 
sons presented here 

regime 

plate. The results for each pressure fetei can be 
approximated by a straight line having about the 

same slope as the slope of the Eckert and C’arlson 
line. It is noticed. however. that the magnitude of 
the Nusselt number decreases with increasing pressure 
level. It is felt that this effect is real and not the result 

of inaccuracies in the data. This behavior suggests 
that the growth of the boundary layer is approxi- 
mately the same for all pressures but that the pressure 
possibly has an effect on the turning behavior 01 

the flow in the corners resulting in a different charac- 
teristic starting length .x/l, for each pressure. T‘hts 
conclusion is pure speculation but the author-5 hnd 

no other explanation of the pressure hchavtor 
The cxpcrimental data for pure .tnrmon~~~ :rnd 

ammonia nttrogen mixtures arc pt’csenlcci iti the 
same manner as the pure nitrogen data. Ftgure (1 
shows the results obtained for put-~ ammonia ;:I 
pressure of !.5 and 2 bar. The open crrclc\ indicate 
the N, data presented in Fig. 8: the solid line averages 
the nitrogen data points. The dark points indicate 
the ammonia data. The dashed line represents the 
theoretical prediction based on the results of Rratis 
and Novotny [h]. This analysis [6j. uhich is based 
on a perfectly reflecting wall* with ;I black wail at 
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the free-stream temperature located outside the logarithmic behavior and at low pressures by a 
boundary layer, employs series expansions for the square-root behavior.* 
dimensionless stream function and temperature in To serve as an example to the reader, the final 
terms of a parameter representing the relative role equations for the logarithmic region will be repro- 

Pure N, H/L =4 

- Eckert and Carlson [ 7] 

---- Flat plate sol&Ion 

2 I \ I lIll!l I I _I (Ill1 I I 

IO5 2 4 7 106 2 4 7 IO’ 2 4x107 

Gr 

FIG. 8. Heat transfer for pure N,; boundary-layer regime. 

of radiation to convection. This parameter is defined 
as 

where A&& is the band intensity of the ith band, 
and eLmi is the derivaiive of the Planck function 
evaluated at the free stream temperature and at the 
center of the ith band. This parameter is commonly 
encountered in radiation-convection problems, for 
example see [19]. 

Using the approximations necessary to formulate 
the radiative term in the energy equation in terms of 
the total band absorption [2, 6, 16, 191, the non-gray 
exponential wide-band model for the total band 
absorption was used in the limits of high and low 
pressure.* This finally results in two sets of approxi- 
mate ofdinary differential equations where for high 
pressures the band absorption is represented by a 

* One should differentlate between pure NH, and prcs- 
sure broadened NH, (N,-NH, mixtures): however, in both 
cases, the total pressure governs the region of the total band 
absorption required for the heat transfer calculations [6]. 

duced here. The stream function and temperature 
expansions for this region take the form 

.I-(& ‘I) = “G(V) + fi(V)5: + 1m5 + . . . (4) 

W V) = Q,(V) + e,(V)<+ + H,(V)< + ‘. . (9 

Following procedures previously used [Z, 161 and 
invoking the logarithmic approximation for the 
total band absorption, the conservation equations 
yield the following set of ordinary differential equa- 
tions for 5’ 

for <+ 

fb” + 3f$b’ - 2(fb)2 + 8, = 0 (6) 

$0; + 3&e; = 0 (7) 

* The linear region for the total band absorption does 
not apply in the range of pressures considered here [6]. It 
should be noted that this approach assumes that the bound- 
ary layer is entirely within the square-root absorption region 
or the logarithmic absorption region. 
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where 

in Fig. 10: the results for N,-NH, mixtures exhibit 
the same basic behavior. The reader is referred to 

reference [6] for a detailed development and dis- 
cussion of the analysis; the property values (spectro- 
scopic and transport) necessary for (hi: results pre- 

sented here are also given in [h].” 
The analytical predictions represented by the 

dashed lines m Fig. 9 are obtained from results 
similar to those shown in Fig. IO. Since the numerical 

solutions of the non-radiating enclosure problem are 
rather limited, the predictions for the radiating case 

must use the N2 data as a base. To accomplish, this. 
one must take into account the variation due to the 

difference in the Prandtl number between pure NH, 
and pure N, 1091 for NH, as compared to 0.71 for 

N, at 300 Kj. Without additional informatlon. It was 
necessary to assume that the Prandtl number effect 

in the enclosure is the same as that for a constanl 
Lemperaturc vertical flat plate. This is then combined 
with the increase in heat flux due to gaseous radiation 
as predicted from results such as thnse <hewn in 

iO% , ,,‘- I 5 bor 

1 ,-“-2’ 
/.__‘_ RIghI ordinate 

‘0 /d 
,I’ 

- Folred ine 

~- -. PredictIon 
ogarlthmlc 

obsorptlon 

FIG. 9. Effect of radiation interaction for pure NH,: boundary-layer resims 

and Zi = 1.0 for linearized radiation, The boundary 
conditions are given by 

g = 0: ,& = ,f, = ,f; = . = 0 

fb =j; =j’; =_._ =o 

0” = 1, n, = H, = := 0 

q ---t co: f; =,f; =,I‘; = . = 0 

6” = 0, = 0, = = 0. 

Sample analytical results for pure NH, are given 

Fig. 10 for each corresponding < value and pressure. 
The combination of these two effects predicts a value 
of the Nusselt number at a given Grashof number for 
NH,; this is shown as the dashed lines on Fig. 9. 

* For the small temperature differences encountered in 
the experiments, all analytical results are based on linearized 
radiation. It should be noted that the data of [5] indicate an 
increasing interaction with pressure at P 2 6 bar whereas 
the results in Fig. 10 indicate a decreasing interaction at this 
pressure level; this is probably due to the difference in the 
boundary conditions. 
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FIG. 10. Analytical results for radiation interaction in a free-convection boundary layer [6] 

As presented in Fig. 5 and discussed by Eichhorn 
[20], the thermal stratification in the core of the 
enclosure influences the local heat transfer rates for 
non-radiating gases. This effect is approximately 
taken into account since the radiating gas results 
are based on the nitrogen data; however, it should 
be noted that the effect of gaseous radiation on the 
local heat-transfer rates is estimated using a local 
temperature difference. The effect of using a local 
temperature difference for estimating the magnitude 
of interaction should introduce little error into the 
final results since the correction due to the inter- 
action itself is fairly small. 

The agreement between the analytical predictions 
and the pure NH, data for 2 bar and 15 bar is 
excellent as shown in Fig. 9. The predictions at this 

33 

pressure level use the logarithmic limit (see Fig. 10). 
The two NH, absorption bands which play a role 
at this temperature level are the 950 and 1627 cm-’ 
bands; the strongest of the absorption bands (950 
cm-‘) dictates the absorption region used in the 
analysis. This, of course, has a tendency of over- 
estimating the effect of the weaker band. To determine 
the magnitude of this effect, two analyses were 
completed, one with both bands and one with only 
the strong band; the effect of the weak band is very 
small as shown in Fig. 9 (the difference between the 
two dashed lines). At the pressures given in Fig. 9, 
the agreement between theory and experimental is 
excellent. 

F¶gure 11 presents similar information for pure 
NH,at pressures of 0.5 and 1 bar. The analytical 

FIG. 11. Effect of radiation interaction for pure NH,; boundary-layer regime. 
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predictions at these pressures are based on the square- Additionally, the heated boundary layer turning 
root absorption region. The agreement between the region encompasses a space approaching H/2 [21] 
data and the analysis is not as good as the prior cases. in the upper portion of the enclosure As the pressure 
The lack of agreement. especially at the higher decreases, this turning region could increase due to 
Grashof numbers. can be due to a number of reasons. boundary layer growth; gaseous radiation effects also 
Figure 10 shows that the analytical prediction is have a tendency to increase the boundary layer 
between the square-root and logarithmic regions. thickness. Two dimensional radiation effects could 

FIG. 12. Effect of radiation interaction for N,--NH, mixtures: boundary layer regime. P, = 2 bar 
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FIG;. 13. Effect of radiation interaction for N,-NH, mixtures: boundary layer regime. P, = 2 bar 

If one assumed a smooth transition between the also influence the experimental results. Finally, the 

limits, the use of the logarithmic or square-root analysis is approximate in the sense that it represents 

results for the intermediate region will have a tendency a boundary layer as completely in the square-root 

of overestimating the data. The analysis is based on absorption region or the logarithmic region. This 

a perfectly reflecting wall; this would also have a approximation is poor for the square-root region 

tendency of overestimating the interaction effects. since in addition to the linear behavior of the 
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absorption near the wall there is always an outer In conclusion, it appears that the exponential 
region of the boundary layer in the logarithmic wide-band model used with the assumptions invoked 
limit. It is felt that because of this approximation, in [6] correctly predicts the magnitude and trends 
the square-root limit overestimates the effect of of radiation<onvection at pressures where the band 
gaseous radiation especially for physically thick absorption in the boundary layer is primarily in the 
boundary layers. The logarithmic approximation logarithmic limit, The agreement between theory 
does not have this tendency; the prediction improves and experiment at lower pressures (total pressure 

~-VT- 
-mm--~ I 7~ --77 

NH,-N, mixtures 

H/L = 4 

FIG. 14. Effect of radiation interaction for N,-NH, mixtures; boundary layer regime, P, = 1 bar. 

with the thickening of the boundary layer. 
Figures 12-14 present similar results for N,-NH, 

mixtures at a total pressure of 1 and 2 bar. In general, 
the analysis overstimates in the influence of gaseous 
radiation. Again, a portion of this overestimation, 
especially for the 2 bar NH, mole fraction of 0.75 
case, is due to being in the intermediate region between 
the square-root and logarithmic analyses. This 
intermediate region shifts towards higher total pres- 
sures as the mole fraction decreases [6]. Overall, 
the N,-NH, results show greater discrepancies 
between analysis and experiment as the Grashof 
number increases. The agreement is excellent in 
Fig. 13 for the small mole fraction of NH,; this, of 
course, is largely due to moving closer to pure free 
convection. 

The speculation that the analysis based on square- 
root absorption limit overestimates the influence of 
gaseous radiation is somewhat supported by a com- 
parison of the results given in [6] and [19]. Although, 
there is a difference between the two free convection 
problems reported in [6] and [19], the results of 
[19], Which are not based on the assumption that 
one absorption region applies for the entire boundary 
layer, indicate that the decrease in interaction with 
decreasing pressure is much sharper than that indi- 
cated in [6]. 

in the case of mixtures) is not as good; it is felt 
that this is primarily due to approximation of requir- 
ing the boundary to be entirely within the square- 
root absorption region or to the multi-dimensional 
nature of the enclosure problem rather than to the 
failure of the exponential band model. A two- 
dimensional numerical model of the entire enclosure 
problem is presently being developed. This model 
will include a radiation term formulated in terms of 
the zone method using the exponential wide-band 
model. This approach should give an estimate the 
multi-dimensional radiation effect. 
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INTER.ACTION RRYONi’.EMFUl -(‘ONV~C’TlOh EN REGIMF DE COUCHE LIMlTF DAN5 
Iiht 17NCE.IN7‘F 

WECHSELWIRKUNG VON STRAHLUNG UND KONVEKTION IM 
GRENZSCHICHTVERHALTEN EINES GESCHLOSSENEN BEHALTERS 

Zusammenfassung---Die Wechselulrkung von WLrmestrahlung und freier Konvektion im Grenzschicht- 
verhalten eines senkrechten, geschlossenen Beh&lters wird analytisch und experimentell untersucht. Der 
iirtliche WLrmestrom an der hochreflektierenden, beheizten Wand im Behllter wird interferometrisch 
ermittelt ; die zweite Wand ist eine fast schwarze. gekiihlte Platte. Die Versuchsdaten werden verglichen 
mit einer Grenzschichtanalyse, die auf einem experimentellen Breitbandmodell aufbaut. Es werden 
Versuchsergebnisse aufgefiihrt fiir reines NH,, reines N, und Nzm NH,- -Gemische fiir Driicke bis 2 bar 

hei cinem Temperaturniveau nahe 300 K. 


