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Writing the liquid velocity U in terms of the mass flux G,
Eqs. (8) and (10) can be rewritten as

(13)

(14)

Therefore, for a given mass flux and groove radius, the re-
wetting heat flux can not exceed the value described by Eq.
(10), otherwise the liquid supplied will be unable to provide
sufficient cooling to allow the surface to re wet. It is also
apparent from Eq. (10) that q'^ax is a function of the thermal
properties of both the liquid and the heated plate and also of
the mass flux, proposed but not verified by Iloeje et al.4

It is worthy to note that Eqs. (8) and (10) are for a given
mass flux. If the liquid flowing in the grooves is driven only
by capillary pressure or surface tension, as is the case in heat
pipes and capillary pumped loops, the liquid mass flux or
velocity can be found from the transport equations and de-
termined as a function of the capillary pressure difference
caused by the groove radius. In this type of situation, the
re wetting velocity will be somewhat more complicated.

The relationship between the maximum heat flux and the
mass flux is illustrated in Fig. 2 for several different liquid/
material combinations. To determine the accuracy of this an-
alytical solution, experimental data from the investigation of
Stroes et al.9 are also illustrated. Although these data were
obtained for thin liquid films on flat copper plates, the thick-
ness of the thin film and the radius of the grooves utilized in
this solution are comparable, making it acceptable for com-
parison. As illustrated, the experimentally obtained re wetting
heat flux values for R-113 and denatured alcohol films on
copper plates are in reasonably good agreement with the the-
oretical values obtained using Eq. (12). However, as the mass
flux becomes larger, the difference between the measured and
predicted values diverge significantly.

Conclusion
A physical model has been developed and a theoretical

investigation conducted to determine the rewetting charac-
teristics of thin liquid films flowing over a flat grooved plate.
An expression for the rewetting velocity as a function of the
thermal properties of the liquid and the plate, the input heat
flux to the plate, and the groove radius has been derived
analytically. The analytically predicted maximum heat flux as
a function of the mass flux has been compared with the ex-
perimental data of other investigators and shown to agree
reasonably well at low mass flux levels. The theoretical anal-
yses presented here also demonstrates the effects of variations

in the geometry and structure on rewetting, and supports the
conclusions proposed by several other investigators who have
studied the effect of wick structures on rewetting in high ca-
pacity heat pipes.

The resulting expressions for predicting the rewetting con-
ditions and limits will aid in the design of many types of heat
exchangers, and also in the design of the evaporator portion
of heat pipes designed for use on future spacecraft. Finally,
additional experimental investigations are required to eval-
uate further the validity of the theoretical analyses presented
here.
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Introduction
I OR more than two decades, electric arc jets have pro-
vided heat-transfer simulations of hypersonic flight en-
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vironments.1'6 The segmented, constricted arc-heater design
has been particularly successful for long-duration simulations
at low-to-moderate pressures required for hypersonic (non-
ballistic) reentry flight conditions.3'6 Two such arc heaters are
actively used at the NASA Ames Research Center. The 20
MW Aerodynamic Heating Facility and the 60 MW Inter-
action Heating Facility provide peak enthalpies of 30 MJ/kg
and 46 MJ/kg, respectively, for simulation of the aerothermal
heating pulse on the Space Shuttle4 and the aeroassisted or-
bital transfer vehicle (AOTV).6

The next generation of spacecraft will undoubtedly employ
aerobraking maneuvers to produce the required velocity dec-
rement for fast lunar or interplanetary return to earth. Heat-
ing simulations for these missions require enthalpies signifi-
cantly greater than can be obtained in existing facilities, on
the order of 70-90 MJ/kg or higher. This note is an initial
study of the feasibility, nominal geometry, and operating con-
ditions for design of a constricted arc heater to provide such
high enthalpy levels.

In this work, the ARCFLO (arc heater flowfield) computer
program7"9 is used to analyze the flow in the constrictor tube,
which is the most critical portion of the flowfield. The ARC-
FLO code is modified for improved accuracy in high-enthalpy,
radiation-dominated flows. The ARCFLO band-radiation
model is compared with the state-of-the-art spectral-radiation
code NEQAIR (nonequilibrium air radiation),10-11 and the
band-absorption coefficients are modified to match the overall
radiative power. Parametric studies are then performed to
determine the arc heater geometry and operating conditions
consistent with existing hardware capabilities and limitations.

Comparison of Radiation Models
In a segmented arc heater at high enthalpies, radiation

becomes the dominant heat-transfer mechanism. Flowfield
calculations must use a reliable radiation model to make cred-
ible predictions of arc heater performance. In order to assess
the accuracy of the ARCFLO radiation model, detailed com-
parisons are made between predictions of the ARCFLO and
NEQAIR radiation models for the pressure and temperature
ranges of interest in this work.

The NEQAIR code, developed by Park,10 calculates de-
tailed spectral (line-by-line) emission and absorption for air
given the equilibrium or nonequilibrium thermodynamic state
information at any point. A typical calculation uses 140,000
wavelengths between 100 and 2,000 nm. The ARCFLO code,
on the other hand, contains a two-band grey-gas model for
equilibrium air with band-absorption coefficients tabulated as
functions of temperature and pressure. ARCFLO also con-
tains subroutines that calculate the radiative flux in cylindrical
geometry. Axial variations in properties are neglected (a "tan-
gent annulus" approximation) so that the radiative flux can
be determined from the temperature and absorption-coeffi-
cient profiles across the constrictor at each axial location.

To compare predictions from the two radiation models,
pressure and temperature profiles are prescribed across the
constrictor diameter. Equilibrium species concentrations for
air are calculated using the chemistry code of Liu and Vi-
nokur.12 The NEQAIR code is run for each radial node to
obtain the spectral absorption coefficient as a function of
radial location, and the radiative flux in a cylinder is deter-
mined using modified versions of the radiation subroutines
from ARCFLO. Code modifications include correction of
wavelength and radial integration errors. The results of these
calculations are compared with ARCFLO band-radiation cal-
culations using the same pressure and temperature profiles.

For this analysis, the pressure was a constant value between
1 and 10 atm. Realistic temperature profiles vary in shape
from approximately parabolic to very flat with a thin boundary
layer near the wall. At high current density the profiles are
relatively flat. The peak centerline temperature ranges from
12,000 K to 20,000 K or higher.

Figure 1 presents typical results from the two models for a
pressure of 5 atm and a representative temperature profile
with peak temperature of 14500 K and wall temperature of
1000 K. The spectral flux (spectral power per unit area) in-
cident on the constrictor wall is plotted as a function of the
photon energy in electron volts (EV). The NEQAIR data
have been smoothed over 1/2 EV bands. The ARCFLO model
predicts total radiative wall heating of 12.8 kW/cm2, primarily
in the band below 10.5 EV (above 118 nm); whereas, the
NEQAIR model predicts total radiative heating of 7.3 kW/
cm2 in a spectral distribution with significant contributions
from ultraviolet and infrared lines, but little contribution from
3-7 EV.

The same calculations were performed for different tem-
perature profiles and pressures up to 10 atm. The results,
summarized in Fig. 2, show a range of radiative power for
each code, depending on flatness of the assigned temperature
profile. In the operating range of interest, below 10 atm,
ARCFLO overestimates the heat transfer compared with
NEQAIR. This is a very critical difference, because the ARC-
FLO results exceed at much lower pressure the existing design
limit of approximately 12 kW/cm2 for continuous arc-heater
operation.

The ARCFLO predictions can be lowered into better agree-
ment with the NEQAIR results by reducing the band-ab-
sorption coefficients. The original coefficients were multiplied
by a linear function of temperature. A good agreement with
the NEQAIR predictions was obtained when the original val-
ues were reduced by up to 40% at high temperatures. Figure
3 illustrates ARCFLO results for average total enthalpy and
total wall heating as functions of axial location for the un-
modified ARCFLO radiation model and for the new model
with reduced absorption coefficients. The maximum heating
occurs near the constrictor inlet where the centerline tem-
perature is high (above 20,000 K). The peak heating is nearly
14 kW/cm2 for the original model, but below 11 kW/cm2 using
the modified radiation model. The enthalpy is also higher in
the latter case, because the constrictor column operates more
efficiently when radiation losses are reduced. Of course, the
higher enthalpy gas has higher temperature, so the reduction
in wall heating is less than indicated by Fig. 2. The modified
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Fig. 1 Spectral flux at constrictor wall predicted by ARCFLO and
NEQAIR radiation models for assigned temperature profile; 6-cm
diam and 5-atm pressure. The NEQAIR results are smoothed over
1/2 EV bands.
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Fig. 2 Total radiative flux at constrictor wall predicted by ARCFLO
and NEQAIR radiation models for assigned pressure and temperature
profiles; 6-cm diam.
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Fig. 3 ARCFLO results for axial distribution of average enthalpy
and wall heating; 6-cm diam, 5-atm pressure, 17,000 A, and 0.25 ,
kg/s flow rate. Comparison of original ARCFLO model with reduced-
absorption-coefficient model.

two-band radiation model was used for all calculations pre-
sented in the next section.

ARCFLO Parametric Studies
The goals of this parametric study are to determine the

nominal geometry and operating conditions for a next-gen-
eration segmented arc heater with enthalpies in the range of
70-90 MJ/kg. This enthalpy range is selected to match con-
ditions for the heating pulse during aerobraking reentry from
the moon or from Mars. The flow rate is to be maximized to
enable the use of larger model sizes and to avoid rarified-flow
effects in the test chamber. However, with existing hardware
limitations, the maximum wall heat transfer rate must stay
below about 12 kW/cm2 to provide a small safety margin
against possible constrictor melt-down. In addition, the total
power consumption is limited to 300 MW and the total current
to 20,000 A.

The parametric studies have five operational parameters:
constrictor diameter; constrictor length; arc current; stagna-
tion pressure; and flow rate. However, the latter two are not
independent if the nozzle throat diameter or area ratio are
specified. The dependent variables are the results of the cal-
culations, which include arc-heater performance variables such
as voltage, average outflow enthalpy, and peak wall heating.

The calculations are performed with a modified version9 of
the ARCFLO code and the radiation model corrections de-
scribed in the previous section. The air injection is distributed
along the length of the column, because this method of in-
jection has been found to produce stable flow below 10 atm
and to reduce the possibility of voltage breakdown between
constrictor disks.

Several hundred ARCFLO calculations were made. The
dependent variables are found to be strong functions of pres-
sure, diameter, and current. For fixed values of the latter
three parameters, the peak wall heating is relatively insen-
sitive to constrictor length and flow rate, the outflow enthalpy
increases with constrictor length and flow rate, and the voltage
increases approximately linearly with constrictor length. To
maximize the enthalpy, it is advantageous to use a long con-
strictor, preferably with a length-to-diameter ratio of 30 or
more, and to operate at flow rates just below the choking
value. The most promising results were obtained for 5-cm-
and 6-cm-diam constrictors.

Figure 4 summarizes results for a 5 x 200 cm constrictor.
Plotted are the average total enthalpy at the constrictor outlet
and the range of maximum wall heat transfer for three op-
erating pressures and for varying arc current. For each pres-
sure, the flow rate is just below the choking value. The wall
heating is essentially all radiative and increases with both
pressure and current. The enthalpy increases with current but
decreases with increasing pressure, owing to the strong pres-
sure dependence of radiative losses (cf. Fig. 2). At 5 atm and
0.175 kg/s, the heat transfer limit (12 kW/cm2) is clearly ex-
ceeded at 14,000 amp, but the enthalpy is below 63 MJ/kg.
However, at 3 atm and 0.1 kg/s, the constrictor can operate
around 14,000-15,000 A and reach the low end of the desired
enthalpy range, 70-75 MJ/kg. At 2 atm and. 17,000 A, the
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Fig. 4 Average outflow enthalpy and peak heating range for 5 x
200 cm constrictor.
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Fig. 5 Average outflow enthalpy and peak heating range for 6 x
200 cm constrictor.

column can (barely) reach 90 MJ/kg, but the flow rate is only
0.05 kg/s. The total power consumption is under 70 MW for
all cases.

Results similar to the above were obtained for other con-
strictor diameters. Figure 5 summarizes results for a 6 x 200
cm constrictor. At 5 atm and 0.275 kg/s, the column must
operate below 16,000 amp, but the enthalpy is below 56 MJ/
kg. At 3 atm, 0.15 kg/s, and 19,000 A the heating is too high,
and the enthalpy is below 70 MJ/kg. However, operation at
2 atm and 0.1 kg/s is safe up to 20,000 A and produces en-
thalpies up to 90 MJ/kg in the constrictor. The total power
consumption is under 100 MW. Therefore, the 6-cm constric-
tor can reach the highest enthalpies at higher flow rates than
the 5-cm constrictor, but at the cost of increased current and
power. Constrictors with diameters larger than 6 cm require
more than 20,000 A of current to produce comparable high
enthalpies and flow rates.

Concluding Remarks
The design goals of high enthalpy and high flow rate are

contradictory. High enthalpy is best achieved by lowering the
pressure, because radiation losses decrease and the constrictor
operates most efficiently at low pressures. However, high flow
rate is achieved by increasing the pressure or diameter, and
increasing the latter raises the current and power require-
ments.

Power consumption is below 100 MW for all cases consid-
ered in this study. If 300 MW of power are available, the total
flow rate may be increased by combining the flow from mul-
tiple constrictors. However, flow quality then becomes an
issue.

Constrictor wall cooling is the most critical design limitation
for the next generation of high-enthalpy, segmented arc heat-
ers. Significant increases in arc-heater flow rate and enthalpy
are possible if the constrictor disk heat-transfer capability is
increased, possibly through disk redesign or the use of more
conductive materials.

The parametric studies indicate that arc currents of 14,000-
20,000 A are required to reach enthalpies of 70-90 MJ/kg.
However, it must be noted that the highest arc current run
to date is 6500 A in the 60 MW Interaction Heating Facility.6
The high current requirement raises a number of issues not
addressed in this work, including safety, operational proce-
dures, and electrode design, stability, and flowfield analysis.
These issues are currently being studied.
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Source Function Approach for
Radiative Heat Transfer Analysis
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Introduction

T HIS note presents a source function approach for analysis
of three-dimensional radiative heat transfer in absorbing,

emitting, and anisotropically scattering media. Two integral
equations relating the source function for the gas and leaving
intensity for surfaces are developed incorporating direct ex-
change factors between differential elements. The resulting
equations are then discretized using a numerical scheme. Nu-
merical results based on the present approach are presented
for a three-dimensional idealized furnace model, which are
in excellent agreement with the existing solutions.
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Formulation
Consider a multidimensional diffuse boundary enclosure

containing absorbing, emitting, and anisotropically scattering
media, as shown in Fig. 1. Neglecting the conductive and
convective heat transfer effects, the following integral equa-
tions can be derived for radiative heat transfer in the enclosure
(see Ref . 1 for derivations)
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where r, = r' + /(r - r')/|r - r'|, r(|r - r'|) = exp(-K,|r
- r'|) is the transmittance between location r and r', 1K is

Fig. 1 Schematic of a three-dimensional rectangular enclosure.


