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The existing ARCFLO computer code for numerically simulating the � ow in the constrictor of a constricted-arc
wind tunnel is upgraded by replacing the two-band gray-gas radiation model with the Planck–Rosseland–Gray
model developed recently. The code is now applicable to both air and carbon dioxide � ows. For the air� ows
thermochemical nonequilibrium is accounted for approximately in determining the thermodynamicvariables. For
the carbon dioxide � ows condensation of solid carbon on the wall is accounted for. Turbulence parameters are
adjusted to accommodate the change in the radiation model. For air� ows the present modi� cation reproduces the
existing experimental data well. For carbon dioxide � ows the present code predicts operating characteristics that
are similar to those for air� ows and a thin carbon deposit layer on the wall.

Nomenclature
at = coef� cient of the mixing length
B¸ = blackbody (Planck) function at given wavelength ¸,

W/(cm2-sr-¹m)
D = constrictor diameter, cm
D = binary diffusion coef� cient, cm2/s
Dn = exponential integral function of order n
dl = carbon layer thickness, cm
Ei = ionization potential of species i , erg
Hav = mass-averaged enthalpy, MJ/kg
I = current, A
I¸ = radiation intensity at given wavelength ¸,

W/(cm2-sr-¹m)
Ks = equivalent sand grain roughness height, m
k = Boltzmann constant, 1.3806£ 10¡23 J/K,

or thermal conductivity,W/(m-K)
L = constrictor length, cm
Pm = mass-� ow rate, kg/s
m i = mass of species i , kg
Ni = number density of species i , cm¡3

p = pressure, atm
qr = radiative heat � ux, W/cm2

qC
r = radiative heat � ux directed away from a given

point r , W/cm2

q¡
r = radiative heat � ux directed toward a given

point r , W/cm2

qw = total heat � ux at wall, W/cm2

R = constrictor radius, cm
Ru = universal gas constant, J/(kg-mol-K)
r = radial distance, cm
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T = heavy particle temperature, K
Te = electron temperature, K
v = velocity, cm/s
Z = axial distance, m
® = angle
®eq = ionization fraction at equilibrium
®w = ionization fraction at wall
° = angle
µ = angle
·¸ = absorption coef� cient at given wavelength

including stimulated emission, cm¡1

¸ = wavelength, ¹m
º = kinematic viscosity, m2/s, or frequency, s¡1

½ = density, kg/m3

¿ = shear stress, N/m2

Subscripts

e = electron
eff = effective wall value
eq = equilibrium point
G = Gray-gas mean
P = Planck mean
R = Rosseland mean
w = wall

Introduction

D EVELOPING reliable heatshields for spacecrafts is a prereq-
uisite to the success of a space mission. The heatshield of a

space vehicle is exposed to a high-enthalpyenvironment during an
atmosphericentry. One of the facilities that can produce such an en-
vironment is the segmentedconstrictortype arc-heatedwind tunnel.
This type of arcjet wind tunnel has been developed since the late
1950s in the United States.1 In Japan, with increasing attention to
space activities, such a facility was � rst installed in the early 1990s
(see, e.g., Ref. 2).

The constricted-arc-type wind tunnel consists of four main com-
ponents. They are as follows: the upstream electrode chamber,
the constrictor tube, the downstream electrode chamber, and the
convergent-divergent nozzle. A computer code named ARCFLO
has been developed to calculate the � ow in the constrictor tube.3;4

The code is used as a tool in the designof such a facility. In this code
the so-called parabolized Navier–Stokes-type equations are solved.
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Several assumptions are made in this code in modeling physical
phenomena.

Of these assumptions the one concerning radiation is the most
crucial because energy transfer occurs mostly by radiation. The
existing ARCFLO code employs a simpli� ed two-band Gray-gas
model.4 The two Gray-gas parameters are selected in such a way
that the overall operating characteristicsof the tunnel, that is, those
regarding electrical voltage and current and wall heating rate, are
correctly reproduced. With the existing ARCFLO code only a few
seconds of computing time is needed for calculating one operating
condition using this radiation model. Good agreement is seen be-
tween the ARCFLO calculation and experimental data.2;4 Such a
good agreement is a result of appropriate choice of the two absorp-
tion coef� cients. Such a choice is arrived at through a long series
of trials and errors involving experiments. In the typical operating
condition of such a wind tunnel, however, the optical depth varies
over such a wide range that Gray-gas descriptionis theoreticallyim-
possible. Therefore, the Gray-gas parameters so chosen have little
rational basis.

The thermodynamic state of the � ow in the constrictor is not
calculated accurately by the ARCFLO code because of the empir-
ical approach made in the radiation model. The uncertainty in the
thermodynamic state leads to an uncertainty in the � ow properties
in the test section and ultimately to an uncertainty in the perfor-
mance of the heatshieldmaterials tested in the tunnel. A better radi-
ation model is needed in order to calculate the � ow propertiesmore
accurately.

In the existing ARCFLO code radiative transfer is calculated
only in the radial direction. The existing two-band model is ad-
justed to reproduce the experimentallyobservedradial heat-transfer
rates. In the future, one may attempt to calculate radiative transfer
in the axial direction to determine the properties of the gas � ow,
for instance, at the throat of the nozzle. Because there are no ex-
perimental data for the axial radiative transfer phenomenon, such
calculation must be made using a radiation model based on the
� rst principles. The existing two-band model is inadequate for this
purpose.

The ARCFLO code is presently capable of analyzing only air.
This is because experimental data exist only for air. When a space
vehicle enters into the atmosphere of Mars and Venus, the shock
layer over a reentry vehicle contains carbonaceous species. To test
the heatshields to be used in such atmospheres, an arc-heated wind
tunnel must be operated with a working gas containingcarbon.The
two absorptioncoef� cients in the existing ARCFLO code for a car-
bonaceousgas then needto be empiricallydetermined.It is desirable
to avoid such a trial-and-errorprocess.For that purpose an ab initio
radiation model is preferred.

For an accurate radiation calculation line-by-line calculation is
most desirable. However, computing time for such a calculation is
prohibitivelylarge. A theoreticalmodel named Planck–Rosseland–

Gray (PRG) model has recently been developed for the purpose
of simplifying radiative transport calculations.5 The PRG model
calculates radiative heat � uxes using three mean absorption coef� -
cients, which are the Planck, Rosseland, and Gray-gas means. This
model, based on the fundamental principles of radiative transfer,
can closely reproduce the radiative heat-� ux values obtained by
a detailed line-by-line calculation for a one-dimensional radiating
� eld.5;6 If the two-band model in ARCFLO code can be replaced
by the PRG model, an accurate prediction of arc-heater perfor-
mance will become possiblewithout carryingout the trial-and-error
procedure.

The purpose of the present study is to upgrade the ARCFLO
code by incorporating the PRG model. The upgraded ARCFLO
code is � rst tested against the existing experimental data for air.
The test necessitated changing the turbulence model employed in
the code. In the existing ARCFLO code the turbulence parame-
ters are so chosen as to be compatible with the two-band radiation
model used.When a rational radiationmodel is used, the turbulence
model must be changed accordingly. Second, the upgraded AR-
CFLO code is applied for a carbon-dioxide (CO2 ) � ow for which
experimental data do not exist. The turbulence parameters that re-

produce the experimental data for air are used for the carbonaceous
gas.

To adapt the ARCFLO code to a carbonaceous working gas,
three problems must be overcome. The � rst is the radiation model.
In the Martian and Venusian atmospheres, mainly atomic carbon
(C), atomic oxygen (O), and carbon-monoxide (CO) contribute to
radiation.7 The accuracy of the PRG model has alreadybeen shown
for such a case.5 The second problemconcerns the transportproper-
ties. In the ARCFLO code they are calculatedusing Yos’ formulati-
on.4 Similar collision integrals are generated for the carbonaceous
speciesin the presentwork. The thirdproblemconcernswall bound-
ary conditions.Whencarbonaceoustestgas is used in theconstricted
arc, atomic carbon condenses on the wall. Therefore, the effective
wall temperature is that of this carbon layer surface. This problem
is addressed in the present work.

Method of Calculation
Radiative Heat Flux

The mathematicaldescriptionof radiative transport in cylindrical
coordinatesis well known (see, e.g., Refs. 4 and 8). Therefore, only
its essence is presented here. The governing equation for radiative
transfer is given by

dI¸

ds
D ·¸.B¸ ¡ I¸/ (1)

where I¸ is the intensity of radiation traveling along a ray s, ·¸ is an
absorptioncoef� cient, B¸ is the Planck function.For the cylindrical
geometry shown in Fig. 1, the radiative heat � ux at a given r is
determined by

q¸.r/ D
Z

I¸.r/ cos µ dÄ (2)

IntegratingEq. (1) and substituting it into Eq. (2), the radiative heat
� ux is written in the following form4;8:

q¸.r/ D qC
¸ .r/ C q¡

¸ .r/ (3)

where qC
¸ .r/ is the radiative heat � ux directed away from the point

r and q¡
¸ .r/ is the radiative heat � ux directed toward the point r .

They are given by the following equations:

Fig. 1 Cylindrical geometry.
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In the PRG model an absorptioncoef� cient at a given wavelength
point at a givencell in a � ow� eld is classi� ed into one of the Planck,
Rosseland, and Gray-gas means. The classi� cation is achieved by
using a selection criterion.9;10 In the present study the classi� cation
is conducted as follows: for the optically thin criterion

·¸1r < 1¿P (6)

For the optically thick criterion

·¸1r < 1¿R (7)

where 1¿P and 1¿R denote selection criteria.5 For the in-between
casestheabsorptioncoef� cient is classi� ed into theGray-gasmeans.
Then, threemean absorptioncoef� cients are obtainedin each group,
and the radiative heat � uxes are computed in each group. Each of
the radiativeheat � uxes for the presentcylindricalgeometry is given
respectively as
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where the values denoted by the subscripts P , R, and G refer to the
Planck,Rosseland,and Gray-gaspart of thePRG model.The deriva-
tion of Planck and Rosseland approximation is shown in Ref. 11.

To construct the mean absorptioncoef� cients in the PRG model,
the multiband calculation is carried out. The mean absorption co-
ef� cients are determined to replicate the radiative heat-� ux values
of the multiband calculation. In determining the mean absorption
coef� cients, an iteration scheme is used to evaluate an appropriate
value of ¿P (Ref. 6). In the present study the value of 1¿R is � xed
to a given value. The iteration is repeated up to 20 times. For the
upstreamregion of the constrictor, in which radiation is very strong,
this iteration scheme works well. However, the iteration shows a
de� ciency in the downstream region. This results in a small differ-
ence of the radiative heat-� ux value between the PRG model and
the multiband model as is shown later.

In the ARCFLO code Eqs. (4) and (5) are solved using a recur-
sive relation.4 The multiband calculation is carried out using the
modi� ed version of this subroutine. The modi� cation is made in
spectral integration.The equations for the Gray-gas approximation
of the PRG model, Eqs. (15) and (16), are solved with this subrou-
tine. The equations for the Planck and Rosseland approximation,
from Eqs. (11–14), are discretized by using the radial mesh system
employed in the ARCFLO. The total radiative heat � ux in the PRG
model is given by

qPRG D qC
PRG ¡ q¡

PRG (17)

where

qC
PRG D qC

P C qC
R C qC

G (18)

q¡
PRG D q¡

P C q¡
R C q¡

G (19)

The numerical procedure in ARCFLO is a space-marching � nite
difference scheme for mass, momentum, and energy conservation
equations. To incorporate the PRG model into the ARCFLO code,
the following procedure is taken. First, the radiative heat � uxes of
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each radial point at the most upstream axial station are calculated
with the multiband model. At this time the criteria for the PRG
model are constructed to replicate the radiative heat-� ux values of
the multibandmodel by an iterationscheme. The parametric criteria
in the PRG model need to be reconstructed if the � ow properties at
a downstream axial station change substantially. If temperature at a
radial point at a given axial station changes 5% compared with the
upstream axial station, the criteria are updated.

Calculation of Electron Temperature for Air

The radiative properties for air are relatively well known. There-
fore, for air, accuratedescriptionof the thermodynamicstate is war-
ranted. In contrast, for CO2, for which radiation properties are less
accurately known, a less accurate description is allowed.

The radiation properties are determined mostly by electron tem-
perature, which in general is different from heavy particle temper-
ature. For air, electron temperature is determined accounting for
thermal nonequilibrium. When thermal conduction in electron gas
is negligible, electron temperature satis� es the relationship10;12

3mek Ne.T ¡ Te/
X

i D ion

ºi

m i
¡

X

i D ion

E i

³
@ Ni

@t

´
D 0 (20)

The � rst term represents the rate of energy transfer to electron gas
from the heavy particle gas through the elastic collisions. The sec-
ond term represents the rate of energy removal through electron-
impact ionization reaction. The collision frequency º is given by
the Spitzer’s formula.13 By knowing the species concentrations,
Eq. (20) can be solved for Te . Equation (20) is valid not only in
the core region where � ow is nearly inviscid, but also at and near
the wall where the insulation effect12 (@Te=@r D 0) precludes the
conduction effect.

In the core region, where the � ow is mostly inviscid, the species
concentration is determined by using the equilibrium relationship
evaluated at p and T (Refs. 14 and 15). Near the wall, viscous dif-
fusion is dominant, and therefore the equilibrium procedure cannot
be used. In this region electron density and temperature are deter-
mined as follows: � rst, the outer edge of the core, expressedwith a
subscript eq, is determined to be the position where Te determined
from Eq. (20) is equal to (to within 3%) T . In the region from this
point to the wall, which is dominated by viscous diffusion, electron
density is describedby a parabola,which is a solutionto a simpli� ed
diffusion equation. The wall value of electron density is calculated
from the conservation relationship at the wall:

j.½v/w j ®w D 2.½DC/w

­­­­

³
@®

@r

´

w

­­­­ (21)

where DC denotes binary diffusion coef� cient for ionized species.
The numeric 2 accounts for the ambipolar diffusion effect.12 Equa-
tion (21) can be written as

vw®w D 2
®eq

1r
DC (22)

where 1r denotes the distance from the equilibrium point to the
wall. Therefore,

®w

®eq
D 2DC

vw1r
(23)

The wall velocity vw is about 100 cm/s (Ref. 16). The diffusion
coef� cient DC becomes the order of 1 cm2/s at the wall temperature
of 1000 K (Ref. 17). 1r is taken to be about 1 cm. This leads to

®w=®eq
»D 0:01 (24)

By feeding the electrondensity value obtained from Eq. (24) into
Eq. (20), the electron temperature at the wall is obtained.Typically,
Te at the wall is 6000 K. Such a high value of Te results from the
weak coupling between T and Te at low degree of ionization and
the fact that electron temperature is insulated from the wall.12

Formulation for Carbonaceous Gases

As mentionedin the Introduction,operationof an arc-heatedwind
tunnel with CO2 is considered in the present work. When the wind
tunnel is operated with CO2, however, there will be a buildup of
carbon deposit layer on the wall, as is discussed later. The surface
of the carbon layer will be hotter than the wall. Because of the rel-
atively low accuracy of the radiation properties for carbonaceous
gas species, as is mentioned earlier, thermal nonequilibrium phe-
nomenon is not accounted for CO2.

CO2 in the constrictorwill dissociate and ionize, resulting in the
followingspecies:C, O, C2, O2, CO, CO2, C3, CC, OC ,OC

2 ,COC , and
e¡. Thermochemical equilibrium is assumed, and the equilibrium
thermodynamic properties of the preceding species are calculated
using the free energy minimization technique.14 To calculate trans-
port properties,collision integrals are needed.Some of the collision
integrals for the species consideredin this study are given in Ref. 18
for collision pairs involving C, O, CO, O2 , or CO2 . The collision
integrals among C3, CC , and COC are assumed to be those among
CO2 , C, and CO. These properties are fed into a table.

As a part of the PRG model, a multiband radiation model is � rst
constructed for CO2 in a way similar to that for air. The species C,
O, C2 , CO, and O2 are included in the model. The PRG model is
then constructed from the multiband model.

As mentioned before, the layer of the solid carbon deposited on
the wall is calculatedfor the CO2 � ow. The thicknessof carbon layer
is evaluated from the gas surface equilibrium relation: because car-
bon vaporizes in the form mostly of C3 , the carbon layer will grow
to the thicknesswhere its surface temperature producesequilibrium
between the C3 in the gas phase and its surface.The number density
of C3 at the � ow interior point adjacent to the wall is � rst calculated
using the equilibrium code. Next, an effective wall temperature is
assumed. The equilibrium number density of the C3 at this effec-
tive wall temperature is evaluated using the JANAF tables.19 If the
differencebetween the number density of C3 in the � ow and that of
the equilibrium C3 is suf� ciently small, the effective wall tempera-
ture is obtained.Using this effective wall temperature, carbon layer
thickness is calculated through the relation

qw D keff.Teff ¡ Tw=dl/ (25)

where keff is calculated by the form given in Ref. 20 using Teff and
qw denotes the total wall heat � ux. The effective wall temperature
is used as the wall temperature in the radiation calculation.

Turbulence Model

Turbulence model employed in the ARCFLO code is a so-called
zero-equation model. The eddy viscosity is calculated by using
Prandtl’s mixing length hypothesis. The mixing length is de� ned
differently in the inner near-wall region where a wall model is valid
and in the outer core region where the mixing length is proportional
to the tube radius. It is expressed respectively as4

li D 0:4y

µ
1 ¡ exp

³
¡y

p
¿w Ru=½w

26ºw

´¶
(26)

lo D at R (27)

where subscripts i and o denote an inner and an outer point, re-
spectively, and y is the distance from the wall. The constrictorwall
roughnessis alsomodeled in theARCFLO code.The wall roughness
is evaluated by replacing y by y C Ks .

Calculation has shown that the original turbulence model leads
to results different from the experimental data given in Ref. 4. This
is because the new radiation model has emission and absorption
characteristicsdifferent from the original radiation model: the new
model emits in the core region and absorbs in the wall region more
strongly than the original model. For this reason, in order to main-
tain the same degree of agreement with the experimental data, the
convective component of heat transfer in the new code must be
changed. This is done by changing the parameters used in the tur-
bulence model, that is, the two parametersat and Ks are changed to
reproduce the experimental data for air� ow.
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Table 1 Experimental data

Case D, cm L/D Pm, kg/s I , A p, atm

1 6.00 19.9 0.217 4087 6.65
2 6.00 19.9 0.176 4623 5.04
3 6.00 39.4 0.091 1070 3.87
4 6.00 39.4 0.136 2888 8.41
5 2.54 16.0 0.025 610 3.28
6 2.54 28.0 0.025 607 4.70
7 2.54 28.0 0.027 606 4.88
8 2.54 40.0 0.026 597 3.08

Table 2 Operational conditions for carbonaceous
gas calculations

Case D, cm L/D Pm, kg/s I , A p, atm

9 6.00 20.0 0.03 1000 5.00
10 6.00 20.0 0.03 2000 5.00
11 6.00 40.0 0.03 1000 5.00
12 6.00 40.0 0.03 2000 5.00

Flow Conditions
For a dissociated or ionized test gas � ow an arcjet wind tunnel

must be operated at a constrictor pressure below about 10 atm.21

Therefore, this condition is targeted in testing the new ARCFLO
code with the modi� cation in the radiation model. The experimen-
tal test conditions are given in Table 1. Of these, the cases from
1 to 4 are selected from the results obtained in the NASA Ames
arcjet wind tunnel described in Ref. 4. The cases from 5 to 8 are
the experimental data recently obtained at Kobe Steel in Japan.2

The cases 5 and 6 have already reported in Ref. 2. For these cases
copper electrode is used for both upstream anode and downstream
cathode.Experimentaldetailsare givenalso in Ref. 2. Table 2 shows
the hypothetical operational conditions with CO2 . The conditions
other than mass � ow are taken from the NASA Ames ResearchCen-
ter arcjet conditions for air. The mass-� ow rate is taken to be rela-
tively low to avoida possiblenumerical instabilityin thecalculation.
All ARCFLO calculations are carried out by using 25 radial mesh
points.

Results and Discussion
Figures 2a and 2b show the comparisonsof the radiativeheat-� ux

distributionsof qC
r , q¡

r , and qr between the multibandmodel and the
present model at two axial locations for case 1. The distributionsof
heavy particle temperature and electron temperature are also shown
in these � gures. It is seen that the present model reproduces the ra-
diative heat-� ux values of the multiband model quite well. Because
electron energy is lost by the electron-impact ionization of atoms,
electron temperature is lower than heavy particle temperature near
the arc core. In contrast, electron energy is gained when the recom-
bination reaction occurs (see the section entitled “Calculation of
Electron Temperature for Air”), and therefore electron temperature
is higher than heavy particle temperature near the wall. Electron
temperature at the wall is about 6000 K (R D 0:03 m) in each case.
Although not shown, the radiativeheat-� ux values calculatedby the
two-band model are lower in the core region and higher in the wall
region than those by the PRG model. This difference is caused by
the fact that the PRG model accounts for the stronger emission in
the core and the stronger absorption in the wall than the two-band
model, as stated earlier.

To obtain the solution at the constrictor exit, the PRG model
is updated approximately 30 times. To know whether or not this
updating cycle is adequate, calculations were carried out with the
multiband model and with the PRG model. The distributions of
mass-averagedenthalpyand wall heat � ux are shown in Fig. 3. One
can see that the mass-averagedenthalpy is not affectedby the choice
of radiation model. The difference in the mass-averagedenthalpy at
theconstrictorexitbetween themultibandmodeland thePRG model
is only about 1%. The agreement of the radiative heat-� ux values
between the two models is good except in the downstream region.

a) Z = 0:1 m

b) Z = 0:9 m

Fig. 2 Comparison of radiative heat-� ux distributions between multi-
bandmodel and present model and temperature distributions for case 1.

Fig. 3 Comparison of mass-averaged enthalpy and wall heat � ux be-
tween multiband model and present model, case 4.

The discontinuities in the calculated wall heat-� ux values by the
PRG model occurbecause the PRG parametersare discontinuousat
thesepoints.As the � gure shows, there is a small differencebetween
the two models in the downstream region.

Comparison of the computing times for case 4 with the PRG
model, that with the multiband model, and that with the two-band
model of ARCFLO is given in Table 3. When the PRG model is
used, the required CPU time is 50 times that of the two-band model,
whereas the computation with the multiband model requires 500
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Table 3 Comparison of CPU time for
PRG model, multiband model, and
original two-band radiation model

Radiation model CPU time (SX-4), s

PRG 327
Multiband 3147
Two-band 7

Table 4 Comparison of mass-averaged or total enthalpy and voltage
drops between experiments and ARCFLO calculations for two-band
and PRG models (parenthesis show the error between the calculated

and measured values)

ARCFLO

Measured Two-band PRG

1V , Hav , 1V , Hav, 1V , Hav,
Case V MJ/kg V MJ/kg V MJ/kg

1 2727 20.5 2122 23.0 2391 22.6
(¡22.2%) (12.2%) (¡12.1%) (10.2%)

2 2253 23.5 1925 26.5 2147 26.1
(¡14.5%) (12.8%) (¡5.0%) (11.1%)

3 3265 16.7 3013 16.8 3211 17.6
(¡8.0%) (0.6%) (¡1.7%) (5.4%)

4 4333 26.1 3405 23.7 3763 24.6
(¡21.4%) (9.2%) (¡13.2%) (5.7%)

5 784 10.0 676 12.0 666 12.3
(¡13.8%) (20.0%) (¡15.1%) (23.0%)

6 1169 16.2 1106 15.8 1072 16.0
(¡5.4%) (¡2.5%) (¡8.3%) (¡1.2%)

7 1139 16.6 1155 15.5 1124 15.7
(1.4%) (¡6.6%) (¡1.3%) (¡5.4%)

8 1515 18.7 1470 18.1 1409 17.4
(¡3.0%) (¡3.2%) (¡7.0%) (¡7.0%)

Table 5 Turbulence parameters

Two-band PRG

Case at Ks at Ks

1 0.075 0.0001 0.050 0.0006
2 0.075 0.0001 0.050 0.0006
3 0.075 0.0001 0.050 0.0006
4 0.075 0.0001 0.050 0.0006
5 0.075 0.0002 0.060 0.00025
6 0.075 0.0002 0.060 0.00025
7 0.075 0.0002 0.060 0.00025
8 0.075 0.0002 0.060 0.00025

times the CPU time of the two-band model for this case. Although
the small difference was seen in the downstream region, the com-
puting time can be greatly reduced by using the PRG model.

The results of mass-averaged enthalpy and voltage drops calcu-
latedbothby thePRG modeland by the two-bandmodel are summa-
rized and comparedwith the experiments in Table 4. The turbulence
parametersused in those calculationsare given in Table 5. It is found
that when the PRG model is used agreement becomes better if the
wall turbulence is made stronger and the turbulenceat the center of
the tube is made weaker than in the existing ARCFLO code.

Mass-averagedenthalpy and voltagedrop are compared between
the two-band model and the PRG model for case 4 in Fig. 4. Calcu-
latedwall heat � uxesare shown in Fig. 5. InFig. 4 themass-averaged
enthalpycalculatedby the presentmethod is close to the experimen-
tal value,but the voltagedrop is not. This discrepancyis attributable
to the neglectingof the voltagedrop in the electroderegion. In Fig. 5
the convective heat-� ux values calculated with the PRG model are
much higher than those given with the two-band model because
of the stronger wall turbulence in the former. On the other hand,
radiative heat-� ux values calculated by the PRG model are much
lower than those by the two-band model. This is because absorption

Fig. 4 Comparison of mass-averaged enthalpy and voltage drops be-
tween two-band model and present model for case 4.

Fig. 5 Comparison of wall heat-� ux distributions between two-band
model and present model for case 4.

phenomenonis not fully accountedfor in the two-band model. Total
heat-� ux values calculated by the PRG model are lower for small
lift/drag (L/D) ratios than those calculatedwith the two band model
and higher for large L/D ratios. Other cases are similar to the results
presented here, though not shown.

To examine the dependence of the solution on grid, calculations
are carried out for case 4. The grid re� nement has been attempted
in two directions, that is, the radial directionand the axial direction.
For the radial direction the calculations are made using 13, 50, and
75 radialmesh points, in additionto the 25-meshalreadymentioned.
For the axial direction the pitch ratio (the ratio of x values between
neighboringgrid points in the axial direction) was changedbetween
1.05 and 1.005. The results for mass-averaged enthalpy and wall
heat � ux are shown in Figs. 4 and 5, respectively, for 13-, 25-, and
50-mesh points with the pitch ratio of 1.05. Although not shown,
the results for 75-mesh points are similar to those for 50-mesh. One
sees here that solutions are affected by the � neness of the grid. One
can see the oscillatory behavior for 50-mesh points in the � gures.
When pitch ratio is decreased to 1.005, the oscillationwas also seen
and became more severe for the radially � ner mesh. In the original
ARCFLO code a 25-mesh in the radial direction and the pitch ratio
of 1.05 are recommended.With the recommendedmesh the present
solution is free from the oscillation.

The oscillatorybehavior is surmised to be caused by the interfer-
ence of wall roughness with mesh: the wall roughness value used
becomes too large for the calculationwith a � ne mesh to be realistic.
Stability may be improved by changing turbulent parameters. Such
improvement for the � ne grid system is beyond the scope of the
present work. To explore the source of the oscillation, calculation
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Table 6 Calculated voltage drop and
mass-averaged enthalpy for CO2

CO2 � ow Air� ow

1V , QHav , 1V , QHav ,
Case V MJ/kg V MJ/kg

9 1153 15.9 1069 17.8
10 1069 24.3 1089 26.3
11 2136 17.8 2219 20.1
12 2015 25.8 1975 28.0

Fig. 6 Comparison of enthalpy distributions at the constrictor exit
between two-band model and present model for case 4.

Fig. 7 Comparison of mass � ux distributions at the constrictor exit
between two-band model and present model for case 4.

was made with the original ARCFLO code for the same condition.
The oscillatory behavior was seen in the original ARCFLO code.
This observation implies that this grid problem is inherent with the
ARCFLO code. The grid-dependenceproblem can be overcome if
the ARCFLO code is converted into a computational � uid dynam-
ics (CFD) code, such as ARCFLO2 (Ref. 16), because the well-
established CFD principles will govern the grid-dependenceof the
solution. Such a conversion remains to be made in the future.

The radialenthalpyandmass-� uxdistributionsaregivenin Figs. 6
and 7, respectively. Although the values of enthalpy near the wall
by the PRG model are lower than those by the two-band model, the
qualitative features between two results are the same. However the
mass-� ux distributionby the present method is quite different from
that by the original method.

The calculated results for the mass-averaged enthalpy and the
voltage drop from case 9 to 12 are summarized in Table 6. The pro-

Fig. 8 Initial pro� les of enthalpy and temperature for air and CO2
� ow.

Fig. 9 Comparison of mass-averaged enthalpy and voltage drops for
air and CO2 � ow for case 12.

� les of temperature at the entrance to the constrictor for CO2 � ows
are taken to be the same as those for air� ows. The enthalpy distri-
butions are calculated from the temperature and a given pressure.
Enthalpy and temperature are presented in Fig. 8. A case of air� ow
is also calculated for the purpose of comparison. Because the en-
thalpyof formationof CO2 is different from that of air by de� nition,
the mass-averagedenthalpy shown in Table 6 has been corrected to
bring it to the same reference point, that is, the zero point of en-
thalpy for CO2 is set to be 0 K. The difference of the voltage drop
and the mass-averaged enthalpy between CO2 � ow and air� ow is
small, although the mass-averagedenthalpyof CO2 is (slightly) less
than that of air. This means that the heating ef� ciency of CO2 � ow
is nearly equal to that of air for the condition of the same electrical
power input.

The mass-averaged enthalpy and voltage drop for both CO2 and
air� ow are shown in Fig. 9, and wall heat � ux is shown in Fig. 10.
The mass-averaged enthalpies are corrected values. It is seen in
Fig. 10 that CO2 and air behave similarly. In Fig. 10 the total heat
� ux for CO2 gas is slightlyhigher than that for air at the downstream
of the constrictor.However, it is not likely to exceed the operational
limit designed for air. The � uctuation of the convective heat � ux
may be caused by the turbulence parameters used, as was pointed
out for the case of air.

Figure 11 shows the calculated results of the carbon layer width
and the effective wall temperature.The carbon layer width is � nite
and not negligible. Although it is thin, the layer supports a tem-
perature difference of more than 1000 K to produce the surface
temperature in excess of 2000 K. This rise in effective wall temper-
ature is suf� ciently high enough to affect the radiation calculation
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Fig. 10 Comparison of wall heat � ux for air and CO2 � ow for case 12.

Fig. 11 Carbon layerdepth and effective wall temperature for case 12.

near the wall. However, the absolute thickness is suf� ciently small
not to affect the cross-sectionalarea of the constrictor.

Concluding Remarks
The PRG model is successfully incorporated into the existing

ARCFLO code for air and carbon dioxide � ows. Turbulence is
made stronger in the wall region in order to compensate for the
decrease in the radiative transfer rate resulting from the change in
the radiation model. For air cases the modi� cation reproduces the
experimental data at least as well as the original ARCFLO code.
The grid-re� nement study shows that the solutions are affected by
the � nenessof the grid.The cause of this problemcannot be veri� ed
in the present calculation.Such stability and convergenceproblems
should be addressed in a future study in which the parabolic nature
of the ARCFLO code is converted into the hyperbolic nature by
using CFD method. Such a study is being carried out by the present
authors. For the carbon dioxide case, for the same electrical power
input as for air, the calculated mass-averaged enthalpy is almost
the same as for air. Solid carbon layer is predicted to be developed
for this case to a thickness of a few tenths of one millimeter, which
raises the effectivewall temperaturesubstantiallybut does not affect
the � ow otherwise.
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