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Navier–Stokes Computation of Flows in Arc Heaters
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The existing computer code ARCFLO, which calculates the � ow through the constricted-arc heater, is modi� ed
and expanded by the use of the modern computational � uid dynamics technique. The entire � ow� eld within an
arc-heated wind tunnel, that is, from the upstream electrode chamber to the nozzle exit, is described by the Navier–

Stokes equations, but the joule heating and radiative transfer phenomena are described as in the ARCFLO code.
The modeling of turbulence in the constrictor region is different from that in ARCFLO. The code developed in the
present work, tentatively designated as Arc� o2, requires only the mass � ow rate and electrical current as inputs
and describes the � ow conditions from the upstream electrode region to the nozzle throat. The code reproduces
the measured operating characteristics of several wind tunnels closer than the ARCFLO code.

Nomenclature
cp = speci� c heat at constant pressure, J/(kg ¢ K)
Dc = diameter of constrictor, m
Dt = diameter of nozzle throat, m
E = voltage gradient, V/m
E = inviscid � ux vector in streamwise direction
Ev = black body emission, W ¢ s/(m2 ¢ sr)
Ev = viscous � ux vector in streamwise direction
et = total energy, m2/s2

F = inviscid � ux vector in radial direction
Fv = viscous � ux vector in radial direction
G = radiant � ux in angular direction
H = total enthalpy, m2/s2

H = axisymmetric inviscid source vector
Hv = axisymmetric viscous source vector
h = enthalpy, J/kg
h̄ = mass-averaged enthalpy, J/kg
h̄ 1 = asymptotic mass-averaged enthalpy in an in� nite

constrictor, J/kg
I = current, A
I = joule heating source vector
Iv = speci� c radiative intensity, W ¢ s/(m2 ¢ sr)
j = current density, A/m2

k = thermal conductivity, J/(m ¢ s ¢ K)
L = length of constrictor, m
l = mixing length, m
Çm = mass � ow rate, kg/s
Pr = Prandtl number
pc = pressure at the end of the constrictor, atm
Q = conservativevariable vector
qc = conductive heat � ux, W/m2

qR = radiative heat � ux, W/m2

qv = radiative heat � ux per unit frequency, W ¢ s/m2

R = radius of constrictor, m
t = time, s
u = axial velocity, m/s
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V = voltage, V
v = radial velocity, m/s
x = streamwise coordinate, m
y = radial coordinate, m
a = angle in the cross-sectionalplane from the radial

direction to the projected line of sight
˜c = speci� c heat ratio
e = eddy viscosity, m2/s2

g = arc heater ef� ciency
h = angle between the ray and the outward normal

to the cylindrical surface
l = coef� cient of viscosity, kg/(m ¢ s2)
q = density, kg/m3

r = electrical conductivity,mho/m
s = optical thickness
s i, j = viscous stress
X = solid angle, sr

Subscripts

add = additional dissipation mechanism
energy = turbulence mixing in energy equation
L = endpoint of constrictor
n = nth radiative frequency band
tub = turbulence
w = wall
v = radiation frequency
0 = starting point of constrictor

Superscript

T = transposition

Introduction

A RC-HEATED wind tunnels are widely used to produce the
high-temperature heating environments of reentry � ights in

a ground-based laboratory. Of the several existing types, the type
heated by a segmented constrictor is most widely used. The cost of
manufacturing such a device or operating it in an untested environ-
ment can be lowered if the operatingcharacteristicscan be predicted
theoretically.Watson and Pegot1 were the � rst to develop a code to
calculate the � ow in such a device. That code used an optically thin
model to describeradiation,had a crude turbulencemodel, andcould
not describe the � ow behavioraccurately in a realistic environment.

Nicolet et al.2,3 improved the code by introducing a radiation
model that accounts for self-absorption and by modifying the tur-
bulence model. The resulting code, ARCFLO, was able to predict
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the operating characteristics of realistic devices with a fair accu-
racy, provided the conditions in the entrance of the constrictor are
given. The entrance condition is needed because ARCFLO, as did
theoriginalcodedevelopedbyWatsonandPegot,1 solvesa parabolic
system of governing equations, and solutions are obtained through
spatial marching. The ARCFLO code was made openly available
by publishing the source code and input data.2

The � ow in the arc heater is subsonic until it passes the noz-
zle throat. The upstream pressure is affected by the mass � ow rate
through the throat. Therefore, when the throat diameter is changed,
the upstream pressure changes. In the use of the ARCFLO code,
there is no way of knowing the upstream pressure without experi-
mentation.ARCFLO code solves the � ow phenomenononly within
theconstrictorand isobliviousof thephenomenaoccurringin theup-
stream and downstream electrode chambers, settling chamber, and
the converging section of the nozzle. As a result, the code cannot
predictthevoltagecharacteristicscorrectlyandcannotrenderworth-
while information about the � ow at the entrance of the nozzle. Not
knowing the conditionsat the entrance of the nozzle leads to a great
hardship in calculatingthe � ow conditionsin the nozzle test section.

In this study, as a way to cure these problems, the modern com-
putational � uid dynamics technique is applied to the problem. The
entire � ow region starting from the upstream electrode chamber
to the nozzle exit is solved using a Navier–Stokes description via
a time-marching technique. The problem is, thus, made hyperbolic
in time. By doing so, the need to know the upstream � ow conditions
a priori is eliminated. The � ow rate and electrical current are the
only required inputs.

It is the intention of the present work to retain as many of the
elements in the ARCFLO code as possible, except for the intended
conversion from the parabolic to hyperbolic treatment. However,
it was found that some elements in the ARCFLO intended to be
retained are affected by the conversion. Discretization had to be
changed from that in ARCFLO to describe the rapid changes in
properties near the wall accurately. The turbulence model had to
be changed drastically to be compatible with the existence of the
radially inward � ow from the constrictorwall, which was neglected
in ARCFLO. Specifying the upstream boundary condition in the
form of distributed mass � ow rate leads intrinsically to numerical
instability. Fortuitously this dif� culty did not occur because of the
strong damping incorporated in the present work.

Chemical equilibrium is assumed in the present work. Thus, the
present code, tentatively named Arc� o2, is intended to be used to
describe the � ow from the upstream electrode to the nozzle throat,
which is likely to be nearly in equilibrium.In the regiondownstream
of the throat, the expansion probably causes appreciable thermo-
chemical nonequilibrium, and, therefore, the present solutions are
most likely unreliable.

When this code is appliedto calculatethe experimentalconditions
given in Ref. 2, it yields values that agree closer to the experimental
data than ARCFLO, as will be shown.

Governing Equations
Figure 1 shows the segmented constrictor type arc heater. It con-

sists of an anode chamber, a constrictor,a cathodechamber that acts
also as the settling chamber, and a nozzle. An arc spans between
the electrodes. The gas in the core, that is, in the path of the arc,
is heated directly by the arc by joule heating. Most of the test gas

Fig. 1 Schematic of a segmented constrictor type arc-heated wind tunnel.

is injected through the constrictor wall with a swirl and is heated
by the radiation from the core and by turbulent mixing. Radiation
emitted by the core reaches the constrictor wall. The heat absorbed
by the constrictor wall is removed by the cooling water circulating
through the constrictor disks.

To analyze the � ow in this device, the gas is assumed to be in a
chemicalequilibriumstate.The governingequationsare theaxisym-
metric Navier–Stokes equations. In a vector form, they are written
as follows:
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The equation of state is

p = ( ˜c ¡ 1) q e = ( ˜c ¡ 1) q [et ¡ 1
2
(u2 + v2)] (2)

The thermodynamic properties, including the speci� c heat ratio ˜c ,
and the transport properties are calculated by the curve � t formulas
given in Refs. 4 and 5.

Radiant Flux Calculation

The radiative transport model in the present code is the same as
that in ARCFLO code.2 As is in ARCFLO, the test gas is assumed to
be optically gray. The assumptions used in calculating the radiative
heat � uxes are2 1) the medium is nonscattering, 2) the constrictor
wall is black, 3) the constrictorwall is at a constant temperature, 4)
the radiative properties do not vary axially, and 5) the exponential
kernel approximation is valid. The radiant � ux for frequency v is
given as

qv (y) = *
X

Iv cos h d X (3)
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With assumption 5, the analytic integration over h is possible, and
the radiant � ux can be written as

qv (y) = q +
v (y) ¡ q ¡

v (y) (4)

where

q §
v (y) = *

p /2

0

cosa G § (y, a ) d a (5)

and the angular directional � ux G § (y, a ) is

G+ (y, a ) = Ev (R) exp[ ¡ {s (s1) + s (s2)}]

+ * s (s1 )

0

Ev (t ) exp[ ¡ {t + s (s2)}] dt

+ *
s (s2 )

0

Ev (t ) exp[ ¡ {¡ t + s (s2)}] dt (6)

G ¡ (y, a ) = Ev (R) exp[ ¡ {s (s1) ¡ s (s2)}]

+ *
s (s1 )

s (s2 )

Ev (t ) exp[ ¡ {t ¡ s (s2)}] dt (7)

s1 = Ï R2 ¡ y2 sin2 a , s2 = y cos a

The total radiant � ux at radius y is calculated as

qR (y) = * 1

0

qv (y) dv (8)

By the application of the concept of a multiband model, the total
radiant � ux is written as

qR (y) = ^
n

qn (y) (9)

The two-band model used in the ARCFLO code is adopted in the
present work.

A more comprehensive radiation model was used by Sakai et al.
to describe radiative transfer in an arc heater.6 In the model, several
thousand bands were considered. Compared with that comprehen-
sive model, the present model tends to underestimate the radiative
� ux in the hotter central region and to overestimate it in the colder
region near the wall because absorption by individual lines in the
vacuum-ultravioletwavelength region is underestimated.

Joule Heating Calculations

By the assumption that the voltage gradient is independent of
radius, Ohm’s law for a cylindrical column is

j (x, y) = r (x, y)E (x) (10)
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=
* R
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(11)

where

I = * R

0

2p y j (x , y) dy = const

from Kirchhoff’s law of conservationof current.Then joule heating
is given as

j (x , y) ¢ E(x) =
I 2 r (x , y)

[* R

0
2 p y r (x , y) dy]

2
(12)

where the electrical conductivity r is taken from Ref. 2.

Fig. 2 Schematic of electrical current distribution along axis.

Figure 2 shows schematically the current distribution in the axial
direction assumed in the present work. As shown in Fig. 2, cur-
rent is assumed to increase linearly in the anode chamber, to have
a constant value in a constrictor, and to decrease linearly in a cath-
ode region. The linear variation in the electrode chambers implies
uniform current density over the electrode surface.

Turbulence Modeling

In this study, the Cebeci–Smith algebraic turbulence model is
used as the basis.7 By this model, the shear stress and the heat � ux
are written as

s i j = ( l + q e )
@u i

@x j

(13)
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where the eddy viscosity is given by
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The mixing lengths l and lenergy are de� ned as follows:

l = Ï f ac £ 0.41 £ y £ [1 ¡ exp( ¡
y

p
q s w

26 ¢ l ) ]
y0 · y < yc

l = c £ R, yc · y < R (17)

where

f ac = 0.5 £ [0.6 + 50 £ max(10 ¡ 6 ,
pc ¡ 20

65 ¡ 20)
0.6 ]

c = 0.3 £ (12/ pc)
0.3

lenergy = Ï f acenergy £ 0.41 £ y £ [1 ¡ exp( ¡
y

p
q s w

26 ¢ l ) ]
y0 · y < yc

lenergy = cenergy £ R, yc · y < R (18)
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where

f acenergy = 0.15 £ [0.75 + 5 £ max(10 ¡ 6 ,
pc ¡ 20

65 ¡ 20)
0.6 ]

cenergy = 0.15 £ [1 + 0.5
( pc ¡ 15)
(64 ¡ 15) ]

and y0 is a parameter representing the small disturbance from the
wall and is obtained from the continuity of l.

Calculation has shown that the original Cebeci–Smith model
yields results very different from the experimental data given in
Ref. 2. The model predicts a much smaller rate of energy transfer
from the core to the surrounding gas volume and, as a result, lower
mean enthalpy. This is believed to be because the � ow environment
in the constrictedarc is very different from that of the Cebeci–Smith
model. In the constrictor, the � ow tends to be strongly turbulent be-
cause of the swirling injection of the test gas from the wall. To
account for this phenomenon, a mechanism must be postulated that
increases energy transfer greatly. Here, an additional viscosity is
postulated and added to increase the rate of energy transfer. It was
found that, if the additional viscosity is added to the viscous stress,
the dissipationnear the constrictorwall becomes so large that mass-
averaged enthalpy and voltage are calculated inaccurately. Thus,
this term is added only to the heat � ux in the energy equation.Equa-
tion (14) now becomes

Çqi = ¡ ( k

cp

+
ktub

cp, tub

+
l add

Pradd ) @h

@xi

(19)

where the Prandtl number for the additional dissipation, Pradd, is
taken to be unity. The additional viscosity is given as

l add = l max £ xdis £ ydis (20)

where

l max = 9.524 £ 10 ¡ 3 £ idis £ ( L / Dc

36.75) £ ( Çm

0.116)
0.75

£ ( 0.215
Dt )

0.8

£ Dc

xdis = [ (x ¡ x0)
(xL ¡ x0) ]

1.5

, ydis = [ (Dc ¡ y)
Dc ]

1.5

(21)

The value of idis is de� ned as follows:

idis = {1 ¡ exp[ ¡ ( I /c)b]} £ (I / 500)0.5 (22)

where b = 6 ¡ 3 [( pc ¡ 13) / (50 ¡ 13)] and c =420 ¡ 80 [( pc ¡ 13) /
(50 ¡ 13)].

There are two additional reasons why the additional eddy vis-
cosity is needed. First, as mentioned in the section “Radiant Flux
Calculation,” the present radiant model does not describe the phe-
nomenon accurately. In the ARCFLO code, this error is seemingly
compensatedfor by a judiciouschoice of the turbulencemodel. The
ARCFLO code does not account for the radial in� ow of the test
gas because it assumes an instant distributed source. In the present
Arc� o2 code, which accounts for the radial in� ow, the turbulence
model used in the ARCFLO code is no longer useful because the
radiative transfer phenomenon has a different effect.

The assumption of chemical equilibrium also reduces the radia-
tive heat transfer rate near theconstrictorwall. Because radial in� ow
is not accounted for in ARCFLO, the � ow near the wall is calcu-
lated in ARCFLO to be hotter than it really is. Thus, ARCFLO
needs only a low-energy transfer rate to yield a result that agrees
with the experiment. Because the Navier–Stokes method accounts
for the radial in� ow, the equilibrium temperature in the region near
the wall tends to be lower than in ARCFLO. In reality, the electron

Fig. 3 Radial variation of three components of viscosity for a typical
� ow environment (x = 0.9335 m for case 7).

temperaturenear the wall will be high becauseof the low concentra-
tion of ions that equalizes electron temperature to the heavy particle
temperature and because of the re� ection of the electrons by the
charged sheath.8 The high electron temperature will lead to higher
radiationabsorptionand, hence, larger energy transfer.Because this
phenomenon is neglected in the present work, the energy transfer
to the gas in the vicinity of the wall becomes unrealistically small.
Only by arti� cially increasing the eddy viscosity is this dif� culty
overcome.

Figure 3 shows the radial variation of the three components of
the viscosity for a typical � ow environment. It is apparent that the
additional viscosity is dominant over the laminar or the turbulent
viscosity of the Cebeci–Smith model. The additional viscosity has
a very large value in the core that forces a fast energy transfer from
the arc to the surrounding gas.

Boundary Conditions

Asmentionedearlier, in an archeater the testgas is injectedmostly
from the small holes on the constrictor wall. This phenomenon is
modeled in the present work by a uniformly distributedsource. The
wall is assumed to be at a constantgiven temperature.The injection
velocity is given by

Vinjection = Çm / q w ¢ 2 p R ¢ L (23)

The out� ow condition is speci� ed at a point past the sonic throat.
To ensure the � ow to be supersonic, the calculation is carried out to
a substantially high supersonic location, usually to the nozzle exit.
The supersonic out� ow boundary condition is implemented by the
extrapolation from the inner computationaldomain.

Time Integration

The problem is formulated explicitly in time. By the use of the
approximate factorization–alternate direction implicit (AF–ADI)
method, the inviscid term is handled implicitly. The axisymmetric
source, joule heating, and radiant � ux terms are calculated explic-
itly. Time stepping is made at a constant time step (3.0 £ 10 ¡ 6 s).
Because test gas is injected from the wall, the in� ow boundary con-
dition speci� es the mass � ow rate per unit surface area of the con-
strictor wall. Ordinarily, this boundary condition tends to produce
numerical instability. Such instability does not occur in the present
method because of the strong turbulence and additional viscosity.
Approximately 20,000 » 30,000 time steps were found to be nec-
essary to reduce the root-mean-square error to 10 ¡ 4 . As the mass
� ow rate through the wall becomes larger, more time is needed for
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Fig. 4 Typical grid.

Fig. 5 Distribution of properties along the axis for the sample case.

convergence.With a 67 £ 40 grid, the computing time required for
convergencewas 23,400 s on a 500-MHz DEC Alpha machine.

Results
Here, a typical sample solution is shown in detail. The dimen-

sions of the constrictor are 0.0254-m diameter, 0.9335-m constric-
tor length, 0.029-kg/s mass � ow rate, 1003-A electrical current,
0.00846-m nozzle throat diameter, and 1.648 nozzle area ratio. In
Fig. 4, the grid system used is shown magni� ed by � ve in the radial
direction. The grid dimensions are 67 in the axial direction and 40
in the radial direction. Of the 67 mesh points in the axial direction,
9 points are assigned for the upstream anode chamber, 30 points
for the constrictor,9 points for the cathodechamber (settling cham-
ber), 10 points for the convergingsection of the nozzle, and 9 points
for the diverging section. The grid spacing in the radial direction is
0.0871 cm at the axis and 0.00189 cm at the wall.

In Fig. 5, the � ow propertiesat the centerlineare shown along the
axis. In Fig. 5, the constrictor spans between L =0 and 93.35 cm.
The nozzle throat is at L = 105 cm. As expected, Mach number
increases linearly within the constrictor. The Mach number at the
nozzle exit is 1.825. Temperature decreases from 13,200 K at the
upstream end to 9350 K at the exit of constrictor. Within the set-
tlingchamber,temperatureis initially9350K.Temperaturebecomes
8200 K at the nozzle throat.Pressure is nearly the same from the up-
stream end to the entrance of the nozzle, L =101 cm. In the nozzle,
it falls rapidly, as expected.

Figures 6a–6d show spatial distribution of � ow properties. One
sees that mass � ux increases linearly in the axial direction. Joule
heating is con� ned mostly to the core. The additionalviscosity, that
is, the viscosity added to the Cebeci–Smith model to bring about
agreement with experiment, increases along the constrictor. The
radial temperature distribution at x = L / 4, L / 2, and L are shown
in Fig. 7. Temperature decreases gradually in the radial direction
at small radius and decreases rapidly near the wall. As x increases,
the centerline temperature decreases, but the wall region becomes

hotter. That is, the temperature distribution becomes � atter as x
increases.

Figure 8 shows the radial distribution of axial velocity at three
differentx locations.As expected,theaxialvelocityvariessmoothly
in the radialdirection.Figure 9 shows the radialdistributionof radial
velocity at the same x locations.As seen here, radial velocity has a
� nite negative value at the wall because of the wall injection and is
accelerated inwardly initially because density decreases toward the
axis because of the increased temperature. As the � ow approaches
the axis, velocitygraduallyapproacheszero to satisfy the symmetry
condition.

In Fig. 10, the radiative heat � uxes in the radially outward di-
rection are shown in the constrictor at three different x locations.
Figure 10 shows that radiative heat � ux is greater at small x loca-
tions. The peak value in the radial variation is especially high at
small x locations. Figure 11 shows the joule heating distribution at
three different x locations. As x increases, joule heating decreases
in the core region but increases near the wall.

Comparison with Experimental Data2

To validate the present Arc� o2 code against experimental data,
calculations have been carried out for the following two sets of
experimental data given in Ref. 2. The calculated voltage, mass-
averaged enthalpy, pressure in the constrictor, and the heater ef� -
ciency, that is, the ratio of the heat remaining in the � ow to the
electricalenergy supplied,are then comparedwith the experimental
data. Mass-average enthalpy and ef� ciency are de� ned as follows.

Mass-averagedenthalpy (J/kg):

h̄(x) =
* R

0
2 p y ¢ h(x , y)u(x , y) dy

* R

0
2 p y ¢ u(x , y) dy

(24)

Ef� ciency (%):

g =
power absorbed by � ow

power input
= 100 £ (1 ¡

qR ¡ qc

I ¢ Vtotal ) (25)

Reference 2 provides the geometry of the arc constrictor and
nozzle throat diameter but does not provide the geometry of the
electrode chambers. The dimensions of the electrode chambers of
the arc heater at Arnold Engineering Development Center are as-
sumed to be proportional to those shown in Fig. 1. The dimensions
of the electrode chambers for the arc heater in Sandia Laboratory
are assumed to be the same as those for the Arnold Engineering
Development Center device. The turbulence model in Arc� o2 code
describedearlier, with the same set of parameters, is used uniformly
to all cases. The parameter set related with the turbulent model in
ARCFLO code is used as given in Ref. 2.

As seen in Tables 1 and 2, the present Arc� o2 code yields values
that agree fairly closely with the experimental data. In the case of
high pressures, errors are commonly about 3%, and for low pres-
sures, errors are about 6%.

In Figs. 12 and 13, the radial variation of velocity and tempera-
ture is shown for the Sandia Laboratory case. At low currents, the
gas is accelerated only in the core region: The velocity in the re-
gion near the wall remains small. As current becomes larger, the
axial velocity near the wall increases. Beyond certain current val-
ues, the velocity and temperature distributions remain unchanged.
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Fig. 6 Spatial distribution of properties for the sample case.

Fig. 7 Radial distribution of temperature in the constrictor at three
different x locations for the sample case.

In Fig. 14, the measured and calculated mass-averaged enthalpies
are compared. The present results generally shows good agreement
with the experimental data.

Comparisons of Arc� o2 Code with ARCFLO Code

The Arc� o2 code is compared with ARCFLO code for cases 2
and 11 given in Tables 1 and 2. Case 2 represents a high-pressure
operating condition, whereas case 11 is for a high-enthalpy condi-
tion. Table 3 shows the comparison of the mass-averaged enthalpy
at the downstream end of the constrictor between the two codes.
As seen in Table 3, the present code yields values that are closer in
agreement with the experimental data than ARCFLO code.

Fig. 8 Axial velocity distribution in the constrictor at three different
x locations for the sample case.

By examinationof all solutions, it was found that mass-averaged
enthalpy is determined primarily by the ratio of axial distance x to
the constrictor diameter Dc and is relatively independent of con-
strictor diameter, pressure,mass � ow rate, or electrical current.The
expression

h̄(x) = h̄ 1 £ {1 ¡ exp[ ¡ (x / Dc) / 9.75]}2 (26)

is proposed to represent the mass-averagedenthalpyvalues given in
Ref. 2. InFig. 15, this valueis shown as curve1 and is comparedwith
the results of Arc� o2 calculations. As seen here, the approximate
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Fig. 9 Radial velocity distribution in the constrictor at three different
x locations for the sample case.

Fig. 10 Radiative � uxes in the radially outward direction in the con-
strictor at three different x locations for the sample case.

expression agrees with the computed results for x /Dc values above
15.

Table 4 compares the overallvoltagescalculatedby the two meth-
ods with the experimentaldata. Here again,one sees that the present
Arc� o2 code agreesbetterwith the experimentaldata than the ARC-
FLO code. Figures 16 and 17 compare the mass-averaged enthalpy
and voltage distribution for case 11. The experimental values and
the values calculated by ARCFLO are indicated also. As seen here,
ARCFLO overestimates the voltage and underestimates the mass-
averaged enthalpy. For both, the present Arc� o2 code shows better
agreement with the experimental data than ARCFLO.

Table 5 shows the comparison of the heater ef� ciency calculated
by the Arc� o2 and ARCFLO codes with the experimental data.
As seen in Table 5, ARCFLO predicts greater energy loss than the
measured values. The present Arc� o2 code yields ef� ciency values
that are closer in agreement with the experimental data.

Table 1 Comparison of the results of Arc� o2 calculation for Arnold
Engineering Development Center data: Dc = 0.0237 m, Dt = 0.00546 m,

and L = 0.4699 m

Constrictor Mass-averaged Constrictor Arc-heater
Method voltage, V enthalpy, J/kg pressure, atm ef� ciency, %

Case 1, I = 591 A, Çm = 0.0249 kg/s

Exp. 2120 1.626 £ 107 26.2 32.4
Arc� o2 2028 1.648 £ 107 26.4 31.7
Error, % 4.34 1.37 0.76 2.16

Case 2, I = 575 A, Çm = 0.0526 kg/s

Exp. 3300 1.387 £ 107 53.7 38.5
Arc� o2 3226 1.361 £ 107 52.8 37.2
Error, % 2.24 1.90 1.68 3.38

Case 3, I = 475 A, Çm = 0.0544 kg/s

Exp. 3300 1.239 £ 107 53.2 43.0
Arc� o2 3226 1.253 £ 107 53.5 39.6
Error, % 2.24 1.15 0.56 7.91

Case 4, I = 370 A, Çm = 0.0549 kg/s

Exp. 3360 1.067 £ 107 51.0 47.1
Arc� o2 3280 1.049 £ 107 50.6 45.0
Error, % 2.38 1.66 0.78 4.46

Case 5, I = 682 A, Çm = 0.0617 kg/s

Exp. 3544 1.369 £ 107 64.0 34.9
Arc� o2 3576 1.423 £ 107 63.7 36.5
Error, % 0.90 3.98 0.46 4.58

Case 6, I = 561 A, Çm = 0.0871 kg/s

Exp. 4465 1.226 £ 107 84.4 42.6
Arc� o2 4536 1.198 £ 107 82.8 41.2
Error, % 1.59 2.28 2.37 3.29

Fig. 11 Joule heating distribution in the constrictor at three different
x locations for the sample case.

In Fig. 18, the distributions of temperature and radiative heat
� ux are compared between the Arc� o2 and ARCFLO codes for
case 11. As seen in Fig. 18, ARCFLO seems to overestimate radia-
tive heat transfer compared to the Arc� o2 code. This explains why
the ARCFLO code underpredictsef� ciency in Table 5.

Discussion
As was intended, the present Arc� o2 code converts the original

ARCFLO code into a computational � uid dynamics (CFD) code.
As a CFD code, the steady-state solution is obtained as the time-
asymptotic solution to a time-dependentproblem. As a result, only
the mass � ow rate and the electricalcurrentare neededas inputs,and
no other a priori assumption is needed. The mass injection from the
gaps between the adjacent constrictordisks that was not accounted
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Table 2 Comparison of the results of Arc� o2 calculation for Sandia
Laboratory data: Dc = 0.0254 m, Dt = 0.00846 m, and L = 0.9335 m

Constrictor Mass-averaged Constrictor Arc-heater
Method voltage, V enthalpy, J/kg pressure, atm ef� ciency, %

Case 7, I = 352 A, Çm = 0.0290 kg/s

Exp. 2376 1.370 £ 107 11.5 47.7
Arc� o2 2270 1.387 £ 107 12.1 50.0
Error, % 4.46 1.27 5.22 4.82

Case 8, I = 413 A, Çm = 0.0295 kg/s

Exp. 2503 1.905 £ 107 12.4 54.3
Arc� o2 2581 1.798 £ 107 13.5 50.3
Error, % 3.12 5.64 8.87 7.37

Case 9, I = 551 A, Çm = 0.0295 kg/s

Exp. 2457 2.161 £ 107 13.3 47.6
Arc� o2 2608 2.168 £ 107 14.4 45.5
Error, % 6.15 0.33 8.27 4.41

Case 10, I = 778 A, Çm = 0.0295 kg/s

Exp. 2417 2.891 £ 107 13.8 45.3
Arc� o2 2613 2.686 £ 107 14.6 42.3
Error, % 8.11 7.10 5.80 6.62

Case 11, I = 1003 A, Çm = 0.0290 kg/s

Exp. 2309 3.019 £ 107 14.5 37.8
Arc� o2 2498 3.018 £ 107 14.5 37.0
Error, % 8.19 0.02 0.00 2.12

Table 3 Comparison of the results of Arc� o2 calculation with
ARCFLO calculation given in Ref. 2 on mass-averaged enthalpy

Case ARCFLO Arc� o2 Experiment

2 1.115 £ 107 1.361 £ 107 1.387 £ 107

11 2.491 £ 107 3.018 £ 107 3.019 £ 107

Table 4 Comparison of the voltages among Arc� o2,
ARCFLO, and experimental data

Case ARCFLO, V Arc� o2, V Experiment, V

2 2521 3226 3300
11 2542 2498 2309

Fig. 12 Radial distributions of axial velocity at the downstream end of
the constrictor for Sandia Laboratory data.

Table 5 Comparison of the ef� ciency values among
Arc� o2, ARCFLO, and experimental data

Case ARCFLO, % Arc� o2, % Experiment, %

2 32 37.2 38.5
11 26 37.0 37.8

Fig. 13 Radial distributions of temperature at the downstream end of
the constrictor for Sandia Laboratory data.

Fig. 14 Comparison of mass-averaged enthalpies between the Arc� o2
calculations and the Sandia Laboratory data.

for in the original ARCFLO is modeled as a source uniformly dis-
tributed over the side wall. The consideration of the side-wall in-
jection led to the need for a heat transfer description different from
that in ARCFLO. The side-wall injection tends to block the con-
vective heat transfer to the wall. To bring about the same extent of
convective heat transfer rates to the wall as in ARCFLO, existence
of a strong turbulence had to be assumed. As mentioned earlier,
because of the swirl motion, strong turbulence is likely to develop.
This turbulence was not accounted for in momentum transfer, be-
cause an increased eddy viscosity leads to disagreement with ex-
perimental data. This dilemma originates from 1) the inaccuracy in
the two-band descriptionof radiative transfer and 2) the assumption
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Fig. 15 Curve-� t of mass-averaged enthalpy for case 11.

Fig. 16 Comparison of mass-averaged enthalpy distributions calcu-
lated by Arc� o2 and ARCFLO codes with the experimental data for
case 11.

Fig. 17 Comparisonof voltagedistributionscalculated by Arc� o2 and
ARCFLO codes with the experimental data for case 11.

Fig. 18 Comparison of the temperature and radiant � ux distributions
at the end of the constrictor between Arc� o2 and ARCFLO codes for
case 11.

of thermal equilibrium and arises only because the side-wall injec-
tion is accounted for. A two-band radiation model used here (and
in ARCFLO) is not accurate, as can be seen by comparing with
the Planck–Rosseland–Grey gas model.6 The assumption of ther-
mochemical equilibrium has the following consequences.As men-
tioned earlier, electron temperature is generally high in the vicinity
of the wall, producinga thermal nonequilibriumsituation. Because
radiative properties are a function mostly of electron temperature,
neglecting this phenomenon leads to erroneous energy transfer. In
the present code, these shortcomings are offset by introducing the
additionalviscosity.In the future,an effort shouldbe made to imple-
ment a more accurateradiationmodel and to accountfor the thermal
nonequilibriumphenomenon near the wall.

Conclusions
A Navier–Stokes code,Arc� o2, is developedto compute the � ow

in a constricted arc-heated wind tunnel. The code needs only the
� ow rate and electrical current as inputs, and describes the � ow� eld
from the upstream electrode region to beyond the nozzle throat.
It adopts the same radiation model as in the ARCFLO code, but
has a special turbulence model. The code � nds a time-asymptotic
solution through implicit time marching. The code yields mass-
averaged enthalpy and electrical voltage values that agree better
with the existing experimental data than the existing ARCFLO
code.
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