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Abstract-Schmidt and Leppert (1970) have reported experimental and analytical heat-transfer data 
for partially ionized argon flowing in a circular tube. The finite-difference model used, which was based 
on the then best available information, considerably underpredicted the total heat flux to the wall in 
the first few tube diameters. 

The present study has developed a new finite-difference program, based on the Spalding-Patankar 
GEN program, which predicts local heat transfer for a partially ionized argon plasma flowing in a 
cooled, circular tube. The equilibrium radiation model incorporated in the program has been refined 
to include the effects of the geometry of the radiating flow field. 

Experiments were conducted, using a newly developed annular radiometer, which showed the total 
radiation incident on the walls of the tube to be much higher than predicted. It is concluded that the 
discrepancy earlier reported was due to a 50 per cent underprediction of the radiative heat transfer. 

Non-equilibrium radiation appears to be the cause of this behavior. 

NOMENCLATURE 

A, area ; 
4 irradiation; 

CRS, cylindrical receptor strip; 

; 

tube diameter; 
friction factor r,/2p, ui ; 

F, view factor; 

&CRsi 1 view factor from emitting element to 

G 
h,m’ 

J? 

k, 
. I, 

m, 
Nu,, 

cylindrical receptor strip j; 
mass flux of main stream; 

enthalpy referred to zero at 0°K; 
a particular cylindrical receptor strip; 
thermal conductivity; 
mass flux; 
local Nusselt number, 

$0 

k(L-L)’ 

based on mixed-mean properties; 
normal vector; 

OFHC, oxygen-free high conductivity; 

p, point at center of emitting element; 

pR> volumetric radiated power; 

Pr, Prandtl number; 

&ad > radiative heat-transfer rate; 
. I, 
9, heat flux; 

8ad 3 radiative heat flux; 

+ 
4 ) 

Re, 
r, 

non-dimensional heat flux, r,, <k/k0 T, ; 
Reynolds number; 
radial coordinate, measured from tube 
centerline; 
tube radius; 
distance from emitting point to mid-plane of 
cylindrical receptor strip; 
temperature; 

velocity; 
axial coordinate; 
non-dimensional axial coordinate, 

(x/r, RePr); 

distance from plane of emitting point to 
upstream edge of cylindrical receptor strip; 
distance from emitting point to cylindrical 

receptor strip. 

Greek symbols 

B? 
Ar, 
Ax, 
Ax,, 
9, 
9 W? 

w, 
1319 

angle in view factor geometry; 
radial step width; 
axial step width; 
cylindrical receptor strip width; 
azimuthal coordinate; 
temperature difference (T - Tw) ; 
subtended solid angle. 
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Subscripts 

centerline; 
edge; 
at a particular elemental Auid volume. 
incident; 
at a particular cylindricai receptor strip; 
mixed mean value; 
tube entrance: 
value at wall; 
local value. 

lNTRODUCTION 

THE phenomenon of energy transfer from internally 
flowing gases at extreme temperatures is receiving 
increasing attention in engineering research. Specifi- 
cally, the design of rocket engines, gaseous-cooled 
nuclear reactors. high temperature chemical processing 
systems, and magnetohydrodynamic power generators 
requires accurate knowledge of the energy transfer 
process between a high temperature gas and its sur- 
rounding structure. In these applications, the high 
energy level of the flowing gas results in extremely 
high temperatures, on the order of 510000°K. Under 
such extreme temperature conditions, the gas becomes 
ionized and often exhibits extreme property variation 
across short distances as well as a significant degree 
of thermochemical and temperature non-equiIib~um. 
Moreover, the radiative mode of heat transfer is usually 
significant under these conditions. 

Analytical heat-transfer results for internal flows at 
plasma temperatures have been presented by Incropera 
and Leppert Cl]. Schmidt and Leppert [2] recently 
reported experimental heat transfer data, which in- 
cluded a significant radiative component, for partially 
ionized argon flowing in a water-cooled circular tube. 
They also reported predicted results for convective and 
total heat transfer for these same flows. However, the 
finite-difference scheme used considerably under- 
predicted the total heat transfer in the first few tube 
diameters. 

More recent numerical studies of internal, equiiib- 
rium plasma flows. in both field and field-free regions, 
have been presented by Incropera ef al. [3]. Also, Clark 
and Incropera [4] analytically studied the effects of 
non-equilibrium on both the convective and radiative 
heat transfer from plasmas. 

None of these studies, however. includes experi- 
mental measurements of the radiative component of 
the total heat transfer, considered separately, although 
tukens and Zncropera [S] have presented radiative 
heat-transfer data for a plasma in the presence of an 
electric field, i.e. in the arc-heating region. Measure- 
ment of the radiative component of heat transfer is 
needed to establish the validity of the equilibrium 
radiation model of a field-free plasma flow. Further- 

more, experimental radiation data are necessary to 
determine the source of the above noted discrepancy 
between analysis and experiment for the total heat 
transfer: the model of the radiation, or the model of 
the convection, or both. 

In addition to non-eq~librium effects, inadequacies 
in the wall parameters used with the finite-difference 
procedure employed by both lncropera and Leppert 
and Schmidt and Leppert may be the cause of some 
discrepancies attributable to the convective model. 
Since both of these analytical procedures are based on 
the unite-difference scheme developed by Wors$e- 
Schmidt and Leppert [6]$ an independent approach 
to the finite-difference prediction method appears 
necessary. 

In the present study the laminar flow of a plasma 
flowing in a cooled circular tube is solved using an 
adapted.version of the S~lding-Patankar GEN finite- 
difference program [7]. The equilibrium radiation 
model incorporated in this program, which assumes a 
transparent gas and thermally black walls, has been 
refined to include the effects of geometry of the radi- 
ating flow field. Numerical results are presented for 
two of the laminar flow cases presented by Schmidt 
and Leppert [2]. Measurements of total thermal radi- 
ation incident on &he tube walls at several axial 
locations are also presented. These measurements were 
made with an annular transpiration radiometer de- 
veloped in this study. 

ADAPTATION OF THE FINITE-DIFFERENCE PROGRAM 

Si~al~i~g-P~tu~ka~ GEN program 
Spalding and Patankar [s] have developed a fmite- 

difference program which is adaptable to laminar 
internal plasma flows. This program uses the von Mises 
transformation to introduce a non-dimensional stream 
function and approximates the solution with an implicit 
computational scheme. The original program has been 
modified by its authors f7] to simplify its structure 
and operation. The new version of the program, named 
GEN, incorporates a “wall function” which computes 
the wall par~eters of shear stress and heat flux 
through the use of a Couette flow assumption in the 
wall region. This wall function was modified in the 
present study so as to make it compatible with appli- 
cation to a flowing argon plasma [9], Adaptation of 
the GEN program to internal flows was also necessary. 

To qualify the GEN program for use with laminar 
flow of a plasma in a tube, an extensive series of 
test cases was run. The reference cases were chosen 
from flow situations which are well established in the 
literature, each of which has been confirmed by experi- 
mental investigation. 
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Constant properties 
Several cases of laminar constant property flows of 

air in a l-in dia tube were run for a Reynolds number 
of 500. For the hydrodynamic entry length case, the 
predicted values of (fRe,f agreed very closefy with 
the analytical results of Langhaar, as reported by 
Kays [lo]. 

Thermal entry length cases were run starting with a 
uniform temperature and a parabolic velocity profile. 
For the constant wall temperature case, the local 
Nusselt number results show agreement with analytical 
results presented by Kays [lo], except in the early 
entrance region, x+ -C O*Ol. This discrepancy could be 
the result of too few terms being included in the 
Kays’ eigenvahte solution. 

For the constant heat flux case, comparison with 
the eigenvalue solution of Siegel et al. [11] was ex- 
cellent (Fig. 1). 

Finally, both constant heat flux and constant wall 
temperature results were plotted for the combined 
entry length problem. While the constant wall tem- 
perature results were considerably below the approxi- 
mate analytical solution of Kays [lo], the constant 
heat flux results were in close agreement with the 
analytical solution of Heaton et al. [12] (Fig. 1). 

a ThecmDl entry ,en*t 
4geovoiua SO,“+!*” 
Sitqei.Sporrow and 

6 
----GEN program 

4 

o.oGQ3 OQOI 001 0.10 0.50 

X* 

FIG. 1. Comparison of GEN program solutions with Siegel, 
Sparrow and HaIlman and Heaton solutions for circular 
tube laminar entry length, constant properties air, constant 

wall heat flux. 

Variable properties 
Next, several laminar flow cases of variable prop 

erties of air for a l-in dia tube, ail for Re = 500, 
were run for both heating and cooling. Power law 
curve fits were used to represent the specific heat, 
viscosity, and thermal conductivity. Since existing ex- 
perimental friction factor and heat transfer data for 
laminar flows with strong heating and cooling have 
been in agreement with the published finite-difference 
predictions of Worsoe-Schmidt and Leppert [6], the 
validity of the GEN program was tested by comparison 
with Wors~e-Schmidt and Leppert’s results, 

The first runs were for thermal entry length only, 
for cooling (6, = 0.5) and for heating (0, = 5). For 
the cooling case, the GEN program prediction for 
(fRe,,,) was lower by 2 per cent than that of Worsde- 
Schmidt and Leppert in the X+ < O-01 region but the 
two predictions coincided for x+ > 0.01. Agreement 
was excellent for the heat-transfer results throughout 
the x+ range (Fig. 2). 

OWCB 0001 001 0 to 050 

.r+ 
FIG. 2. Comparison of GEN program solution with Worsde- 
Schmidt and Leppert numerical solution for circular tube 
laminar thermal entry length, variable properties air, con- 

stant wait temperature (cooling). 

For the strong heating case, 8, = 5, the GEN 
program prediction for (fRe,f was about 10 per cent 
below that of Wors~e-~hmidt and Leppert at x+ = 
O-001 but was in close agreement for x+ 2 0.01. Agree- 
ment for the heat-transfer results was excellent through- 
out the x” range, although the (T,/T,) prediction was 
slightly high. 

Three constant heat flux cases were also run, all for 
heating, for non-dimensional heat fluxes CJ+ of 05, 5 
and 20. For each of these cases, agreement with the 
Worsde-Schmidt and Leppert results, for both (fRe,) 
and Nu,, was excellent (Fig. 3). 

Finally, a combing entry length heating case was 
run for constant heat flux, q+ = 5. The GEN program 
results were compared for both (fRe,) and Nu, with 
those of Worsgie-Schmidt and Leppert and also with 
the numerical solution of Bankston and McEligot [13]. 
Agr~ment was very good for X’ 2 0.01, but the GEN 
program values were slightly higher in the x* < 0.01 
region (Fig. 4). 

The above quite favorable comparisons with estab- 
lished analyses and numerical solutions, over a wide 
range of heating and cooling condi~ons, appear to 
establish the validity of the GEN program model. 

Plasma results based on simple radiation model 
Next a series of the three cases of laminar flows 

of a partially ionized argon plasma presented by 
Schmidt and Leppert were run with the GEN program. 
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FIG. 3. Comparjson of GEN program solutions with 
Wors#e-~hmidt and Leppert numerical solution for circular 
tube laminar thermal entry length, variable properties air, 

constant heat flux (heating). 

FIG. 4. Comparison of GEN program solution with Worsoe- 
Schmidt and Leppert numerical solution for circular tube 
laminar combined entry length, variable properties air. con- 

stant heat flux (heating). 

These cases cover mean temperatures sufficiently high 
(> 11000°K) so that in the entrance region radiation 
is a significant mode of heat transfer to the tube walls. 
In all cases, entrance velocity and temperature profiles 
measured by Schmidt and Leppert were used to estab- 
lish starting conditions for the program. The same 
property values as used by Schmidt and Leppert were 
used: the reactive thermal conductivity of DeVoto 
[14] and the thermodynamic properties of Drellishak 
er al. [SJ for I atm, equilibrium argon. The volumetric 
radiated power vs temperature data of Morris et al. 
of AVCO [16] for a 1 atm plasma were used as the 
radiation source term in the program. Typical run 
times were a little over 4 min on an IBM 360/67 
computer. 

Included in the initial computations was a radiative 
heat flux to the wall based on a simple modei which 
assumes that all of the radiated energy leaves the 
elemental volume in the radial direction and is totally 
absorbed by thermally black walls. The final com- 
putations, described below, are based on a refined 
radiation model which takes into account the effects 
of the geometry of the radiating flow field. 

As a check on the internal consistency of the pro- 
gram, a cumulative energy balance was made at each 
step. The final results for the three cases indicated an 
energy balance closure within 4.3, 2.4 and 2.5 per cent, 
respectively. 

Figure 8 shows the results of a typical test case. It 
compares the wall heat flux predicted by the GEN 
program (convection + radiation, simple model) with 
the finite-difference program predictions of Schmidt 
and Leppert. On this same graph are the total wall 
heat fluxes measured by Schmidt and Leppert in a 
l/2 in dia tube, for the same entrance profiles used in 
both finite-difference programs. As in the other two 
laminar test cases, the GEN program predicts the 
experimental data reasonably well, except in the first 
3 or 4 tube diameters, where its predictions are more 
believable in their characteristics than are those of the 
Schmidt and Leppert program. 

Hence, the modified GEN program is seen to operate 
quite well under a variety of extreme conditions. Its 
efhciency, reduced running time, and adaptability to 
turbulent flows gives it additional advantage over 
programs in current use. 

However, although an improvement over previous 
techniques, the modified GEN program is not sufficient 
to account for the difference between analysis and 
experiment in the early entrance region of a confined 
plasma how. Since the only major lacking of the 
program, besides omission of non-equilibrium effects, 
is that the simple radiation model does not correctly 
account for the direction of the emitted radiation, a 
refined radiation model was developed. 

REFINED RADIATION MODEL 

This refined model takes into account the geometry 
of the radiating flow field, although the constraints of 
a non-absorbing gas and thermally black walls are not 
relaxed. The program sums the contribution to the 
total radiative flux at the wall, at a given axial location, 
from all significantly radiating portions of the gas both 
radially and axially (both upstream and downstream). 
Included in the energy equation is the radiation source 
strength, summed over all wavelengths, at the tem- 
perature calculated by the finite-difference program 
for each elemental volume of gas. 

Radiation is transferred from an axisymmetric finite- 
difference element i, in the shape of an isothermal ring 
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of radius ri, thickness Ari, and width Ax, to a small 
cylindrical segment of the tube wall of width Ax,. The 
radiating ring is centered a distance x from the up- 
stream edge of the cylind~~l receptor strip and emits 
at a volumetric radiative power of Pa (W/m3) evalu- 
ated at the element temperature 71. 

This ring is modeled as a circular line source at its 
center. Thus, the radiative flux incident on the receptor 
strip j is 

(1) 

where FiCRsj is the view factor from the emitting circular 
line source to an arbitrary receptor strip j. The view 
factor geometry is illustrated in Fig. 5. 

FIG. 5. View factor geometry. 

The total view factor to the whole receptor strip is 

FiCRs, = FP+dA, = s COS pi dAj 

A, -r 
(4 

where dAj = r,dtfdx. rntegrating with respect to x 
this becomes 

F 

l 

P-A,=% 

- #J+~+(~)?2(~)coso] /Jd6* (3) 
Since this expansion cannot be integrated analytically, 
a scheme was devised whereby Fp_a, could be simply 
evaluated. 

FIG. 6. View factor geometry for 
computation scheme. 

As shown in Fig. 6, the view factor FiCRsj can be 
computed by subtracting Fp-,a, from Fp+Ax. For a 
given (ri/ra) and (x,/r, = O), 

F P-r..,,= FP,,, 

> 

and 

. 

A plot of Fp_+A, vs (Ax/r,) for several values of (rl/rO) 
was generated, Fig. 7, numerically integrating equation 
(3) with (x,/r, = 0); the plot is consulted twice, the 
difference yielding FiCRSis 
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FIG. 7. Curve of view factor, F~CRSjr for various ri/r,. 

In the entrance region the tube wall is divided into 
receptor strips of equal width. Starting at the tube 
entrance the marching proceeds downstream, termin- 
ating at (x/L) = 6). At each axial station, the i emitting 
elemental rings are considered sequentially, starting at 
the tube centerline and proceeding toward the wall. 
The radiation absorbed at a given receptor strip, from 
an element i, is added to that contributed by all 
previous emitting rings. Details of the procedure are 
described by Hunn 1171. 

The general probfem of calculating radiation from 
a confined plasma flow requires specification of an 
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initial condition for the radiation, For tube flows this 
condition takes the form of a specification of the 
upstream radiation crossing the entrance plane. Since 
no measurement of this entrance plane radiation was 

made, it was modeled, based on measured temperature 
profiles at the tube entrance and assuming equilibrium 
in the arc-heating region. Radiation from the lumi- 
nescent arc-heating core, extending 1.3 dia upstream 
of the entrance plane, was modeled as coming from 

a line source at the tube centerline. The source strength 
was specified as an equivalent volumetric radiative 

power, determined by integrating over the radiating 
portion of the measured entrance temperature profile, 
assuming this profile to be invariant with axial position 
in the arc-heating region. This upstream contribution 

was also doubled to obtain a high value for use as a 
sensitivity check. 

Results ofrejned radiation model 
Figure 8 shows typical refined model results for the 

Laminar Test Condition 4 of Schmidt and Leppert. 
Both nominal and high values for the radiation at the 
entrance plane are shown, compared with the total 

heat flux measured by Schmidt and Leppert. Note 
that even if the high entrance plane radiation estimate 
is more correct, its effects are confined to essentially 
the first two tube diameters where the total heat flux 
predictions are still well below the measured values. 
One concludes that even though the most liberal 
refined radiation model, assuming equilibrium both 
upstream and downstream of the tube entrance, pre- 
dicts more realistic behavior in the first two tube 

FIG. 8. Heat flux at tube wall predicted using differ- 
ent radiation models compared with convective heat 
flux and with Schmidt and Leppert analysis-plasma 

flow, Laminar Test Condition 4. 

diameters, the predicted total heat flux is still sub- 
stantially lower than the measured values. 

The question of whether the refined, equilibrium 

radiation model correctly predicts the radiative tlux 
at the tube wall also remains. In order to answer this 
question a measurement of only the radiative com- 
ponent of the heat flux was made. 

ARC-JET RADIATION MEASUREMENTS 

Since, in a plasma, radiation reaches the wall to- 

gether with mass-associated energy transfers, via con- 
vection and ambipolar diffusion, it is necessary to 

separate the mass-associated from the non-mass- 
associated energy transfers to examine the radiant 
portion alone. Previously available radiometer designs 

protect the sensor from convective effects by using 
windows or purged cavities but suffer the disadvan- 
tages of loss of field of view and fouling of the window. 

Recent research at Stanford University, however, has 
resulted in the successful development of a trans- 
piration radiometer which uncouples the mass-associ- 
ated energy transfer from the radiation by blowing gas 
through a porous sensor surface. The theory of this 
novel radiometer, its operating modes, and the per- 

formance of a prototype model designed for local 
measurements at the wall of a rectangular cross-section 
channel or large diameter duct is described by Moffat 

et (11. [ 181. 
In high intensity plasma applications, such as in the 

present study, however, the incident radiative flux level 

is quite high and the measurement is required at the 
wall of a circular tube of small diameter. In such situ- 
ations an annular radiometer, operating in an “edge- 
cooled” mode, is better suited. The design calibration 

and testing of such an annular, edge-cooled, trans- 
piration radiometer in an argon plasma flow has been 
presented by Hunn and Moffat [19]. Only an outline 

of its operation and construction will be given here. 

Annular transpiration radiometer 
The annular radiometer was designed as an integral 

part of a segmented, water-cooled tube of l/2 in dia 
and was interchangeable with any of the calorimeter 
segments which formed the remainder of the tube. This 
tube was attached directly downstream of the arc- 
plasma generator. Fabrication requirements dictated a 
minimum sensor element axial length of 1/4in. Argon 
was chosen for the transpiration gas since argon is 
used as the plasma medium. 

Figure 9 shows the features of the radiometer oper- 
ation. Transpiration gas flows radially through the 
porous sensor disk whose edges are water cooled. This 
flow is adjusted to the minimum value required for 
the main stream boundary layer to be blown off the tube 
wall, insuring that only radiation reaches the sensor 
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Tronsprration 

Water-cooled 

FIG. 9. Features of transpiration radiometer 
operation. 

surface. A signal, proportional to the average radiative 
flux incident on the sensor, is generated between 
thermocouples mounted at its center and edges (in the 
axial direction). Through a calibration curve of ATug vs 
Bi, this signai indicates the incident radiative flux at 
the sensor surface and hence the tube wall. 

, 

j-in 

T Y Viin ad. C “$” 
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Cooling 
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tubii,TV , 
flow chonlnb 

FIG. 10. Cross-section of assembled transpiration 
radiometer. 

Figure 10 shows a cross-sectional view of the salient 
features of the radiometer. It is made of two 6-m dia 
plates machined from 1/2in thick disks of OFWC 
copper. These plates are radially slotted on one side 
to form channels for the transpiration flow, and are 
milled on the other side to form cooling water channels. 
Each water channel is enclosed by a copper cover 
plate; the cooling water inlet ports are connected to 
the building water supply by polyflo tubing. A l/2-in 
dia hole, which forms the tube through which the 
plasma ffows, is drilled through each plate at its center 
and the two plates are bolted together enclosing the 
porous sensor ring. A manifold ring fits into a recess 
in both the top and bottom plates during assembly, 
forming a circular plenum which serves to distribute 
the tr~spiration gas ~rc~ferentially before it enters 
the radial slots. 

The sintered bronze sensor element of 1/2in id. 
and O.lOin wall thickness is positioned concentrically, 
becoming part of the wall of the tube in which the 
plasma flows. Four thermocouples, for measurement 
of Tg. are mounted at the inside face of the sensor 
ring through equally spaced holes at the midspan. At 
two of the midspan thermocouple positions, at both 
the upstream and downstream edges. are mounted 
thermocouples measuring T,. The inside surface of the 
sensor element is sprayed with “Black Velvet” paint 
(Trademark, 3M Co.) of 0.95 emissivity. 

Calibration was by a source “lamp” made of a 
spectrographic grade graphite rod, sealed in a quartz 
tube, and heated by a high d.c. current. A Gardon- 
type calorimeter, directly traceable to a National 
Bureau of Standards black body standard, was used 
as the primary calibration standard. 

Preliminary testing in the arc-jet indicated the 
achievement of a blowoff condition at a blowing 
fraction S/G, of 0.07-0.09, in excellent agreement 
with the critical blowing fraction observed for blowoff 
of an isolated spot for flow in a large duct [lS]. 

Experimntal resztlts 

Final data were taken for three laminar test con- 
ditions, two of which, Laminar Test Conditions 1 
and 4 [2], are presented here. The inlet centerline 
temperatures for these cases exceeded 12800 and 
13 300X, respectively. Test Condition 1 is at a 
Reynolds number, based on entrance mixed mean tem- 
peratures, of 147 while that for Test Condition 4 is 188. 
Thus, both are in the laminar regime, as established 
by Incropera [20]. Radiative heat flux at the wall was 
recorded at 10, 5.5, 4 and 2.5dia from the tube 
entrance, while simultaneous measurements of the 
total heat flux were made, using the calorimeter seg- 
ments over the remainder of the tube. The results are 
shown in Figs. 11 and 12 where the measured radi- 
ation is indicated by the solid arrows. Also plotted 
are the measured total heat fluxes and those predicted 
by the equilibrium GEN program incorporating the 
refined radiation model described above. 

The measured radiative flux, when added to the 
convective component predicted by the finite-difference 
program, yields the measured total heat flux, within 
the experimental uncertainty (rf 10 per cent) of the 
measured heat fluxes [17]. This suggests that the pre- 
dicted convection is correct and that the equilibrium 
analytical model underpredicts, by approximately 50 
per cent, the incident radiation. 

The observed behavior may be partially accounted 
for by the fact that the calorimetric enthalpy probe 
temperature profile measurements at the entrance plane 
do not take into account non-equilib~um effects. The 
entrance plane temperature non-equilibrium noted in 
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FIG. 1 I. Measured total radiation and measured 
total heat flux compared with GEN program 
predictions-plasma flow, Laminar Test Condi- 

tion 1. 

FIG. 12. Measured total radiation and measured 
total heat flux compared with GEN program 
predictions-plasma Bow, Laminar Test Condi- 

tion 4. 

the measurements of Incropera [21] causes an under- 
prediction of the emitted radiation, calculated to be 
approximately 25 per cent [17], but does not fully 
explain the noted behavior. The remainder of the dis- 
crepancy is evidently due to other non-equilibrium 
effects not accounted for in the present analytical 
model or in the calculation of the radiation upstream 
of the entrance plane. 

It is possible that the equilibrium model fails to 
properly account for the diffusion of ionization energy 
through the use of a reactive thermal conductivity, as 
suggested by Lukens and Incropera f5]. If this is the 
case, a possible explanation of the results shown here, 
in view of the apparently correct prediction of the 
convection, is that the combined effects of wall-induced 
non-equilibrium, described by Bahadori and Soo [22], 
and the use of a reactive thermal conductivity, do not 
significantly alter the convection. However, consider- 
able uncertainty exists concerning the effect of wall- 
induced non-equilibrium on convection, as is em- 
phasized by Incropera et al. [S]; thus no definitive 
conclusion on this matter can be drawn here. 

In contrast, non-eq~libri~ appears to strongly 
affect the radiation. Non-equilibrium radiation, due to 
temperature and therm~hemical non-equilibrium in 
the arc-heating region, most likely accounts for the 
major portion of the high radiative heat fluxes 
measured. 

CONCLUSIONS 

The data obtained in this study show that the dis- 
crepancy between the measured and predicted total 
heat flux in the entrance region of a cooled tube con- 
taining a flowing plasma, which was reported by 
Schmidt and Leppert [2], is due to an underprediction 
of the total thermal radiation incident on the tube 
walls. Measurements of the radiation yield values 
nearly double the predicted values. 

The refined radiation model developed here, which 
includes the effects of the geometry of the radiating 
flow field, still does not satisfacto~ly predict the 
measured radiation to the tube walls. This indicates 
that a significant degree of non-equilibrium exists in 
the upstream arc-heating region, and/or in the entrance 
region of plasma flows in cooled tubes, and that this 
non-equilibrium strongly affects the radiation emitted 
by the gas. A non-equilibrium model, which includes 
a rigorous and accurate representation of the radiation 
emitted from the arc-heating region, is required. 

Furthermore, an accurate prediction of the convec- 
tive heat-transfer behavior of partially ionized plasma 
flows in tubes is given by the modified Spalding- 
Patankar GEN program which employs a conventional 
finite-difference treatment of the boundary-layer equa- 
tions. This program successfully treats the simul- 
taneously developing temperature and velocity profiles 
and does not exhibit the anomalies occurring in the 
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early entrance region with the modified Wors$e- 
Schmidt program [2]. 

Finally, the design of an edge-cooled transpiration 
radiometer has been proven feasible. This novel radi- 
ometer has been extensively qualified, calibrated, and 
successfully used for sustained periods in an extremely 
high temperature environment. It introduces a new 
class of instrument for radiation measurement in severe 
convective environments. 
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RAYONNEMENT THERMIQUE D’UN PLASMA EN ECOULEMENT DANS UN TUBE 

R&urn&-Schmidt et Leppert (1970) ont trait& exp&imentalement et thkoriquement du rayonnement 
ihermique de I’argon partiellement ionisC en Ccoulement dans un tube. Le modltle aux diffbrences finies, 
bask sur la meilleure information alors disponible, n’a pu estimer correctement le flux total thermique 
g la paroi, dans les premiers diamttres du tube. La prksente &ude dtveloppe un nouveau programme 
aux diffkrences finies, bast sur le programme GEN de Spalding-Patankar, lequel calcule le transfert 
thermique local pour un plasma d’argon partiellement ionist en Bcoulement dans un tube circulaire et 
refroidi. Le modele d’tquilibre du rayonnement utilisC a CtC amClior6 pour introduire les effets de la 
geomttrie du champ de radiation de I’tcoulement. 
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Des expiriences ont &C menCes & l'aide d’un nouveau radiombtre annulaire qui montre que le 
rayonnement total incident est, sur la paroi du tube, plus important que prtvu. On conclut que le 
d&accord anterieur Ctait dti a une sous-estimation du transfert thermique de l’ordre de 50 pour cent. 

L’absence d’equilibre du rayonnement semble en &tre la cause. 

STRAHLUNGSWARMEAUSTAUSCH BE1 PLASMA-ROHRSTROMUNGEN 

Zusammenfassung-Schmidt und Leppert haben 1970 liber experimentelle und analytische Warmeiiber- 
gangsdaten fur in einem Kreisrohr stromendes, partiell ionisiertes Argon berichtet. Das damals auf 
neuesten Informationen basierende Finite-Differenzen-Mode11 ergab in der Anlaufstrecke erheblich zu 
kleine Werte fur die Gesamtwkmestromdichte an die Wand. 

Im Rahmen der vorliegenden Arbeit wurde ein n&es Finite-Differenzen-Model1 zur Ermittlung lokaler 
Wkmetibergangsdaten fur in einem gektihlten Kreisrohr stromendes, partiell ionisiertes Argon entwickelt, 
das vom Spalding-Patankar-GEN-Programm ausgeht. Das dabei verwendete Gleichgewichtsstrahlungs- 
Model1 wurde verfeinert, damit geometrische Einfltisse auf das strahlende Stromungsmodell mit beriick- 
sichtigt werden konnten. Mit einem neu entwickelten Ring-StrahlungsmeBgerat wurden Messungen 
durchgefiihrt, die bewiesen, daB die auf die Rohrwtide entfallende Gesamtwtimestrahlung erheblich 
tiber den berechneten Werten liegt. Die friiher beobachteten Abweichungen erkllren sich durch einen 
in der Rechnung sich urn 5Oo/o zu klein ergebenden Strahlungswarmeaustausch. Die Ursache fur dieses 

Verhalten ist auf Nichgleichgewichtsstrahlung zurtickzufuhren. 

nY=IMCTblii IIEPEHOC TEIUIA OT I-IOTOKA fIJIA3MbI B TPYEE 

hUlOTBUHR-B 1970 I-. UMAATOM I( ~el-mepTOM 6bma Otly6JWiKOBaHbI 3KCEpRMeHTa,lbHbIe H 

TeO~T~YeCK~e~aHHble~O~epeHOCyTe~~aOT'IaCTH'IHOHOHU3CIpOBaHHOrO~OTOKaaprOHaBKpyr~OZi 

Tpy6e. kfCIIOJIb3OBaHHaR IIpH 3TOM KOHWHO-pa3HOCTHU MO~eJtb,OCHOE%aHHaR Ha CaMblX Ha~e~HblX 

kiM&OlLViXCfl B TO BpeMR LtaHHblX, RaBaJIa 3aHkGKeHHO'Z 3HaYeHHe BeJIHYHHbl CyMMapHOrO TeIIJIOBOrO 

tIOTOKaHay'IaCTKeTpy6b1,paBHOM HeCKOJ'tbKHM Kanu6paM OT BXOna. 

B 3~01% pa6oTe Ha OCHOB~ MeTOna CnOnnHHra-naTaHKapa pa3pa60TaHa HOBaR nporpaMMa, 

%iC~OJIb3ytotUaHKOHe'iHO-pa3HOCTHbleCXeMbl,KOTOpa5i Il03BOJl~eTpaCCY~TbIBaTbJIOKa~bHbl~~epeHOC 

TCIIJIZI OT IIOTOKa SaCTEiYHO HOHA3HPOBBHHOti aprOHOBOfi IUIa3MbI B OXJlZKLtaeMOk KpyrJtOfi rpy6e. 
B HOBOP IIpOrpaMMe PaBHOBCCHaR MOneJIb H3Jty'ieHHR YYRTblBaeT 3@f&.KTbl KOH@iT)'plUHH IIOTOKB. 

~KCIlepLiMeHTbI,IIpOBOAHMbIeCkiCtlOJIb30BaHkieM KOJIbUeBblX panrtOMeTpOBHOBOk KOHCTPYKUAB, 

IIOKa3aJIH, YTO BWIA'ICIHa CYMMaPHOrO JlyYtiCTOrO IIOTOKB, lTa&WOlltWO Ha CTeHKA Tpy6b1, 6onbwe 

pac9eTHoro. CaenaH Bbmon, 'i~o BbweyKasaHHoe pacxomneHse o6n3aHo 3aHmicewiio nywic-roro 

IlCpCHOCa Ha 50%. nPHWHOii 3TOTO,FIO-BWU4MOMY,RBnReTCR HepaBHOBeCHOe H3JtyWHW. 


