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ABSTRACT

The Giant Planet Facility is an electricwarc~jeat
facility capable of simulating the heating eaviron-
ment for entry into the atmosphere of Jupiter. The
facility produces a testing regime hitherto unavail-
able in arc~jet plasma facilities. It is ratred at
100 MW and operates with a hydrogen~helium gas mix—
ture to produce a stagnation-flow region with simul-
taneous high radiative and convective heating. The
significance of this flow regime is that it permits
the measurement of the ablation performance of
materials under conditions of massive beundary-layer
bilowing, thus making it possible to assess the coup~
ling that exists between radiative and convective
heating. Such basic measurements are vital to the
design of the heat shield for a probe entering the
atmosphere of Jupiter. Entry into Jupiter's atmo-
sphere occurs at a relative speed of 48 km/sec, and
the resulting severe heating envircmment is domin-
ated by gas-cap radiation from the shock-heated
flow. Preliminary tests have heen made in the Glant
Planet Facility to establish the degree of simula-
tion that can be cobtained and to verify facilirty
design techniques. Total heat~transfer rates of 26
kW/cmi~1including a radiative component of § wW/ cm?—
have been measured on blunt test bodies 4 cm in
diameter. These high heating rates attained in the
facility closely mateh the rates predicted over most
¢f the heat shield. The extremely high radiative
heating at the stagnation point of the heat shieid
will be within a factor of 2 to 4 of projected
facility capabilities. This paper summarizes the
design concepts for specifying the arc heater and
nozzle system, the hardware development, the calo-
rimetry design for facility calibration and testing,
and the operational performance limits of the facil-
ity.

INTRODUCTICHN

During the hypersonic entry into Jupiter's atmo-—
sphere, a planetary probe will be subjected to a
thermal enviromment far more severe than that
encountered by any previous entry vehicle. The
design of the heat shield and the shield's response
to such severe heating are critical technical prob-
lems. Up to the present time, entry speeds Into
Earth and planetary atmospheres have been below 12
km/sec {e.g., Apolle at 11 km/sec and Pioneer Venus
probes at 12 km/sec). For such entries, the aero-
dynamic heating has been essentially a convective
process. A planetary probe that enters Jupiter's
atmosphere will have an initial velocity of 48 km/
sec. For such an entry speed, the gas entering the
shock-wave layer undergoes such large temperature
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and pressure increases that it becomes a powsrfal
source of radiative heating; thus, radiation becomes
the dominant mechanism for heat transfer to the
body. Early analyses (1,2} predicted a "radiation
barrier" that would prohibic utilization of entry
prcbes at hypersonic speeds in the meteor range
(30-70 km/sec) without the development of special
techniques. Such special methods for the design of
thermal protection systems for this application were
suggested by Allen, Seiff, and Winovich (3) in which
blunted cones were showa to be optimum shapes. More
recently, detailed analyses have extended their con~
cept by refining the heat~transfer and ablation
theories (4,6). Even for so-called optimum heat-
shield designs, trajectory analyses indicate that
total stagnaticn heating rates of the order of 60
kKW/em? will occur (7,8). These heating rates are so
high that the heat shield, even with high-performance
graphitic materials, will constitute a major portion
of the entry mass {e.g., 50%). Consequently, the
parformance of the heat shield assumes z critiecal

role in determining the success of the mission.

Major shortcomings exist in the technology, for
heat~shield design for this application: (1) no
experimental data exist regarding the absorption
effects of the ablation vapors in coupled convective
and radiative heating environments with massive
boundary~layer blowing; and {2) the analvtical
models of the ablative performance of carbonaceous
materials under conditions of very high radiation
are uncertain. This lack of information and the
uncertainty in material response im the coupled
heating enviromment established the need for anm
experimental facility to simulate the Jupiter heat-
ing case.

The Giant Planet Facility was designed specifically
to simulate the heating eavircment for a Jovian
planetary probe., The design precept is based on
simulating the expected entry enviromment to the
fullest extent possible by an arc—jet facility in
which an optimum test body shape specification
ensures that maximum radiative heating rates will be
attained. Accordingly, this paper reviews the simu-
lation requirements established by the entry trajec—
tory and a specific probe design. The development
of the Giant Planet Facility for simulating the
thermal requirements is described with special em-
phasis on the arc~heater design features necessary
to obtain the high energy flow. Special calorimetry
techniques are presented which had to be devised
since the facility that evolved represents about an
order of magnitude increase in heating capability
over previcus simulation facilities. The perfor-
mance level of the facility, established by special
instrumentation and by the calorimetry techniques,



is compared. Additienslly, results from computer
studies which model the arc~heater cperation are
compared with calibration measurements that estab-
iish the high performance level sttained in this new

facility.

SYMBOLS
a surface abserption coefficient
alxly spactral surface abgorption coefficient
A cross-gection area
B{3,T) Planck function, Equation (17b}
BR blockage ratio
specific heat
C speed of light
Cp drag coefficient
Cy Stanton number
d test body diameter
D nozzle diameter
2 thermocouple voltage
E voltage potential
E voltage gradient
F ratio of total to convective heating
G ratio of enthalpy potential to total value
h enthalpy
H Planck constant
I current
i current density
& Boltzmann copstant
L length
m mass
o mass flow rate
M Mach number
n gas interaction comstant, Bquation {4-B)
N, Avogadro number
&r Reynolds number
P pressure
? power
Pr Prandt]l number
heat-transfer rate
radius
R radius of curvature
Rg gas constant
5 digtance along surface
t thickness
T temperatureé
Vv velocity
z altitude
o entry angle
¥ isentropic coefficient

shock standoff distance

n efficiency

© mass absorption ccefficient

X wavelength

u vigscosity

£ colligion diameter

[ density

G Stefan-Boltzmann constant

T time

${h,) implicit efficiency functioa, Fig. 16

Subsc¢ripts and Superscripts

a ambient

abs absorbed

o] test hody

o convective

e entry

m melt point

N hemispherical nose

o centerline

oc open ¢ircuit
radiative

R rated

total state

tl total state ahead of normal shock
t2 total state behind normal shock
TC thermocouple

W wall

i ahead of normal shock

2 behind normal shock

* nozzle threoat value

- mass—average value
SIMULATION REQUIREMENTS

The entry conditions for a planetrary probe designed
to study the atmosphere of Jupiter were determined
by mission analysis studies (9). The missioen
sequences are shown in Figure 1. The planetary
probe, contained within the heat shield, enters the
atmosphere at an altitude of 450 ka at an entry
angle of -7.50° and at an inertial velocity of 60
km/sec. Because of the high rotational speed of
Jupiter {12 im/sec), the relative entry angle will
be -9.35° and the relative velocity will be 48 km/
se¢. Preliminary studies also indicate that a
sphericalliy blunted, 45° half-angle conical shape
should be adopted for the entry configuration. The
entry configuration will have a ballistic coeffi-
cient (m/CpA) of 173 kg/m2 to account for an instru-
mented probe and the conical heat shield. The entry
trajectory for such a planetary probe is shown in
Figure 2. The atmospheric model specified for Jupi-
ter and the ballistic parameters of the probé will
influence the trajectory smalysig. For the nominal
atmospheric model (10,11) and the assumed ballistic
coefficient, the entry probe decelerates rapidly
after reaching an altitude of about 200 km. As the
probe decelerates, the heat shield undergoes condi-
tions of maximum convection heating, radiation heat-
ing, and impact pressure within narrow altitude



timits of 125-130 km. These conditions have an
important bearing on the rvequirements for simulat-
ing the entry in a test facility.

Arc-Jet Simulation

The important parameters for arc-jet simulation can
be obtained once the trajectory has been established.
These parameters, the total enthalpy and the impact
pressura, are shown superimposed on the entry tra-
jectory shown in Figure I, The tutal enthalpy is
determined from the hpyersonic approximation of the
energy equation; that is,

w T2
ht—J/Z (l}

The impact pressure is obtained directly from the
trajectory analysis as well. The upper atmosphere
of Jupiter {(45-430 km) can be taken as an isothermal
layer for which an exponential density-altitude
relation prevails (12). By combining this relatien
with the hypersonic approximation of the momentum
equation, the impact pressure on the entry vehicle
can be expressed in parametric form with the algi-
tude and the velocity:

z = 31 In(¥¥/p.3) (2)
The arc-jet parameters, enthalpy and impact pres-
sure, which occur near the peak heating zone on the
tratectory, establish the simulation conditions for
the arc-~jet flow. As noted previcusly, the heating
maxima occur nearly simultaneously; consequently the
enthalpy level can be selected near the value cor—
responding to peak radiative heating. The impact
pressure given by the parametric relation remains
essentially constant at 5 atm throughout the heating
period. For the assumed entry case, then, the arc~
jet simulated flow conditions are taken from Figure
2 as: (1) enthalpy = 600 Mi/kg: and (2} impact
pressure = 5 atm. For a hydrogen-helium gas mixture,
these simulation reguirements correspond to a stag—
nation temperature of 13,000 K. In addition to
providing a simulated arc-jet flow, the facility
must be capable of providing for the closest possi-
ble simulation of the expected levels of heat frans-
fer to the entrvy probe. These heat-transfer rates
are determined from the trajectery analysis and from
the specific probe geometry that has been adopted.

Entry Stagnation-FPoint Heating

The aerodynamic and probe packaging constraints con-
sidered in the mission amalysis studies have deter-
mined the spherical nose bluntness ratic to be 30%
and the base diameter of the cone to be 1.245 m.
This fixes the hemispherical ncse radius as 0.31 m.
Accordingly, stagnation-peint heat-transfer rates
are computed from theories for flow fields about
hemispheres. The radiative heating from the shock-
wave layer includes nonadiabatic and absorption
effects predicted for the stagmation flow (13-15}.
The convective heating to the surface has been com-
puted from the gradients obtainped from a detailed
solution of the high-temperature laminar boundary-
layer flow. It should be recognized that the calcu-
lated rates can change significantly as the atmo~
spheric model changes and as refinements are intro-
duced into the complex heat-transfer theotries. The
stagnation-point heat-transfer rates for the entry
probe have been computed for the specified trajec-
tory and are shown in Figure 3. The heating at the
nose is dominated by the radiative compeonent, which
has a peak value of 59 kW/em? and cccurs over a

pulse time ¢f 12 sec. The convective heating has a
peak value of 18 kW/em? and a pulse time of 2! sec.
Impact pressure increases only slightly during the
heating pulses and is between 3 and & atm at peak
conditions. The calculated heating rates represent
celd-wall values and do not include effects of boun-
dary layer blowing due to ahlation of the heat
shield waterial. Convective hearing will he blocked
virtually cempletely by the ablation process; how-
ever, the corresponding process for the vadiative
component is not well understood. No experimental
measurements are available from simuelated heating
tests to verify the computational methods for pre—
dicting material respomse to such coupled convective
and radiative flows.

The problem of atraining the severs simulated heat—
ing rates corresponding te a Jupiter probe entry is
illustrated by the technology requirements for abla-
tion testing facilities shown in Figure &. For a
specified spacecraft mission, the entry heating
requirements are shown in terms of the convective
and radiative heat-transfer rates encountered. The
development and testing of the thermal protection
system for egach application has required that simu-
lation~facility development keep pace with rhe tech-
nelogy demand. For many applications, the sero~-
dynamic heating is almost entirely a convective
heating process. High-pressure are—jet facilities
have been developed that simulate convective heating
rates on large test bodies {(e.g., bodies 4 ecm in
diameter) up to levels of 1-10 ww/em? (16). As the
entry velocity of the spacecraft increases, the rad-
iative component increases as well. The high-speed
entry that cccurs for missions o Venus, for exam—
ple, results in radiative heating comparable to the
convective heating. Radiant heat sources used in
combination with arc~heated nozzle flows were devel-
oped to meet this application. The simulation of
abgorption effects in the boundary layer can be
achieved at moderate rvadiation levels by employing
spectral filtering to approximate the gas-cap radiaw-
tion. Laser radiation can attain high heat-transfer
rates; however, important absorption effects can nog
be evaluated. The simulation requirements for the
Jupiter probe entry present the most stringent
demand for a simulation facility. The reguirement
for simultanecus high convective and radiative heat-
transfer rates with good spectral simulation led to
the development of the high-temperature, high-power,
constricted-arc-jet Giant Planet Facility.

FACILITY DESCRIPTION

The test facility is shown schematically in Figure
5. It consists of a f~cm constricted-arc heater
coupled directly to a low-Mach-number, supersonic
nozzle (M = 1.67). The nozzle discharges as a free
jet inte a walkwin test chamber that is 2.6 mon a
side. fThe test models are mounted on four quick-
acting sting supports. As many as four models can
be inserted into the test stream for any set opera-
ting condition, Precise insertion time and exposure
duration are controlled by a programmable timer that
is an ancilliary part of an automatic gas~flow con-
trol system. The test chamber exhausts into a 3-
stage steam ejector system during the starting mode
and is vented to atmosphere during the high-pressure
running mode., During the starting sequence at low
pressures, pure argon £lows through the system to
initiate the arc discharge (argon has the lowest
value of spark-hbreakdown voltage of any gas). After
the discharge is established, the system operates on
pure nitrogen during the second-stage pumping mode



in which the steam ejector system 1s isclated and
the system pressure is increased to the point where
the test chamber can be vented to the stmosphere
while maintaining supersonic nozzle flow. The pump~
ing mode is accomplished automa;icaliy by a program~
mable digital flow-confrol system. Finally, for
operating at the test condition with the arc current
set to the runndng value, the hydrogen-helium gasz
mixture is introduced into the arc haater. The flow
rate 18 set at & predetermined value that maintains
the pressure in the arc heater at the level estab-
lished by the nitrogen flow. This is accomplished
within ahout 2 sec by the quick-acting, digital
valve.

Power Supply

Direct current for the arc heater is provided by a
power supply consigring of six rectifler modules,
Fach module consists of & three-phase, full~wave,
phase~contrelied, silicen-controlled rectifier. The
rectifier module contains three parallel strings of
silicon~controlled rectifiers arranged to supply a
rated current of 2700 A at 4675 V. A schematic view
of the power supply is shown in Figure 6a and the
voltage~current characteristic is shown in Figure 6b.
Each rectifier module is capable of operating over a
renge from 550 to 4675 V inte an arc load. All mod-
uiles are isolated from ground by insulation rated
for 33,000 V. The six rectifier modules can be conw~
nected in any compatible series-parallel arrangement
by means of remctely operated set-up switchgear.

The power supply ocutput configurations are given in
Figure 6c. Yor a duty cycle of 30 min on and 30 min
off, the power supply has a rating of 76 MW based on
the rated current and veoltage. The short—term rat-
ing of the power supply is about doubled. For exam-—
ple, for a duty cycle of 15 sec on and 30 min off,
with all modules in series, the power supply is
rated at 148 MW. The increased rating for short
duty cycles can provide the requisite high power for
arc-heated simulation facilities. The short-term
operation at the higher power levels is consistent
with the 10— to 20-sec heating pulses associated
with very high speed entry.

Cooling Systenm

Cooling water for the arc heater is suppliied by 10
high~pressure water pumps. The total flow rate is
500 kg/sec at a supply pressure of 45 atm. The
cooling system can absorb the entire output from the
power supply (148 MW) with a bulk temperature rise
of about 70°C. With a supply pressure of 45 atm,
the boiling point is elevated to about 250°C. This
high-pressure operation allows critical components
{i.e., the arc-heater walls} to transfer heat at
very high rates without the occurrence of boiling of
the bulk flow. In addition to the internal cooling,
low-pressure water is supplied for spraying directly
into the high-temperature gas stream as it leaves
the test chamber. This spray-cooling substantially
reduces the heating load to the dewnstream piping
system.

Operating Sequence with Hydregen

The use of hydrogen as a component of the test gas
requires speciazl precautions to ensure safe system
operation. Because the facility uses an electric
arc for heating, an ignition source is alwavs pre-
sent; therefore, the facility is operated such that
alr is not permitted to come in contact with the
working gas in the arc heater, test chamber, or the

exnaust system. The arc hester is enclosed within

a large duct, and a fan, rated at 12,000 liters/sec
(25,000 fe¥/min), draws air over the faecility and
exhausts it outside the building. This air flow,
when mized with the maximum hyvdrogen leak possible
for the facility, results in & mixture considerably
below the detonpation 1limit (18%, by volume, Ref. 17).
Although the mawimum hydrogen leak rate will give a
mixture near the combustion limit of 4%, the induced
fiow velocity in the duct will exceed the flame
front velocity and the combustible mixture will be
swept cutside the building.

In the test chambey, nitregen dg added to the
hydrogen-heliug test gas during the run to dilute it
such that the mixture will not burn when it is ex-
hausted to the atmosphere. After each run, nitrogen
is used to purge the svstem of hydrogen. When the
test conditions are such that the nczzle exit pres-—
sure is below 1 atm, the test gas is discharged into
the vacuum system. The hydrogen-helium test gas is
diluted with nitrogen (and steam} so that the mix~
ture will neither detonate nor burm when it finally
comes in contact with air. When hydrogen is mixed
with water vapor, as it is in the condenser of the
steam ejector system, the combustion limlt increases;
thus, an addirional safety margin is provided for
flows into the vacuum system (18},

ARC HEATER DESIGN

The b-<cm constricted-arc heater is the principal com—
ponent of the Giant Planet Facility. This arc heater
is a result of a design philosophy that evolved at
Ames Research (enter over a number of years. A sche—
matic view of the heater is shown in Figure 7. The
arc-heater design is based on the steady-flow,
constyicted-are theory developed by Stine and Watson
{19,203} and verified experimentally by Shepard,
Ketner, and Vorreiter {21). The basic principle
undariying this type of arc heater is the operation
at very high levels of current density which raises
the arc temperature to very high levels, This is
accomplished by constricting the arc discharge which
causes the voltage gradient to increase along with
the temperature. In order to avoid an arc attach-
ment to the confining wall under such high voltage-
gradient operation, the constrictor tube must be
formed of thin discs such that the arc-column volt-
age drop along the disc ig considerably less than
the voitage breakdown level of the discs. This
accounts for the characteristic stacked-disc con-
struction of the constricted-arc heater. For the
Giant Planet Facility arc heater, the constrictor
tube consists of stacked, water-cocled discs pack~
aged in modular form. Each module contains 24
electrically iscliated const:_ic'tor discs; the discs
are 1 cm thick with inside daimeters of 6 cm. A
clear plastic material is used as the potting agent
for the modules; 1t permits visual inspection of the
discs for indications of inadequate cooling. Eigh-
teen modules, mounted end-to-end, form the constric—
tor tube. Their total length is 4.32 m, The assem-
bly is sealed for high pressures, possesses good
dielgctric properties, and is easily handled for
assembly.

Power and Size Determination

" In the design of the arc heater, the power rating

and the physical size must be considered together
since these quantities are closely interrelated.
These sizing determinations can be made by applying
the facility specifications to the governing arc-



heater scaling lavs. An approximate analvsis is
adeguate hecause the facility specifications are not
absolutely rigid gquantities and the size and power
recuirements can be relaxed somewhat fo ensure that
various components operate within physical design
cenatraints. As noted previcusly, the arc heater is
coupled directly to the nozzle to minimize losses,
and the sonlec flow velation governs the arc-heater

low. Mereover, preliminary considevations indi-
cated that the facility will operate with a low
superasonic Mach number and, to first order, the noz-
zle exzpansion process can be neglected in the gen-—
aral sizing conslderations., With this simplifying
aggumption, the size of the arc heater is given in
cerms of the required simulation parameters by the
eqguilibrium sonic flow relatden {(22}:

- j""'—
f/A%p, = 0.016/vh, (3)
[

The power rating of the arc heater is obtained from
the First law relation:

Bm{hy ~hy) = nf (47

These equations are combined to yield the power den—
sity requirement of the flow in terms of the simula-
tion parameters only:

AB/A% = 0.016 pova, (5)

For sizing calculations of arc-jet facilities that
employ the sonic flow relation, the mass-average
value of the enthalpy must be used to account for
the inherent gradients that exdist within the con-
strictor tube, The mass—average value of the
enthalpy ¢an be taken as half of the centerline
value. Then, the power density requirvement for the
facility becomes:

nP/A% = 0.016 x 5¥600/2 = 1.38 MW/cm?

The physical size of the constrictor is selected to
satisfy basic facility desigun constraints. TFirst,
the diameter chosen must be compatible with a test-
body size requirement since the comstrictor serves
as the throat of the aerodynamic nozzle and thus
determines the size of the test section. Second,
rhe constrictor diameter must be compatible with the
power supply rating in order to obtain the power
density requirement found above. Finally, the
design that results from these sizing considerationg
must operate at steady-~state conditions with an ade~
quate cooling margin for veliability.

The constrictor diameter can be expressed in terms
of the test-body size vequirement by:
D* = d4/vV(A/A%) (BR) (6a)
Parametric studies (presented below) show that an
optimum value of the area ratic exists. For the
specified requirements of the present facility, the
optimum value is 1.36——corresponding to a low tran-
sonic Mach number flow for the nozzle. Experience
in arc-jet operations shows that nozzle blockage
ratics up te 3/8 can be emploved for stagnation—flow
studies. The design criterion, based on test body
size ag determined by these two ratios, then becomes
DA~ Y2 d (6)
For obtaining ablation data at reascmable scale in
the facility, a requirement for aa approximate test-
body dismeter of 4 to 5 cm was adopted. From the

model blockage criterien found sbove, it follows
that the ceonstrictor diameter should be in the range
of 5.6 te 7 om; a comstrictor diameter of & cm was
seiected.

The power level of the facility, as determined from
the power density requirement for simulation, is
specified once the constrictor diameter has been
selected, Thus, for a é-cm constrictor dismeter,
the input power requirement for the facillzy {from
Egquation {3}) isa:

P o= 1,38(=/4362/0.4 = 100 MW

The arc-heater conversion efficiency has been taken
as 40% based on prototype development tests and on
theoretical computer studies of the design (23).
This power level requires that the power supply
oparate under the short-term rating specification.
The length of the comstrictor tube was selected on
the basis of attaining the requisite power dissipa~
rion of 100 MW and on matching the arc-heater load
to the veltage-current characteristics of the power
supply (Figure 6)}. This occurs for a constrictor
length of 4.32 m.

Accordingly, the b-cm constricted-arc heater is
rated for operation at 100 MW and 5 atm with a cur-
rent of 7800 A. The flow rate at thisg condition is
0.13 kg/sec of a 507 hydrogen—50% helium gas mixture
{by molar volume). The working gaz is injected uni-
formly along the constrictor wvia a labyrinth gap
between constrictor dises. The 100-MW rating and
6~cm size derived above have been determined by flow
simulation and size requirements for the facility.
These specifications can only prevail providing that
the cooling capacity of the constrictor discs wiil
tolerate the imposed heating. Consequently, the
design of the constrictor disc element represents
the singie most ilmportant item in establishing the
facility rating and simulation capabilities.

Constrictor Disc Design

A schematie of the b-cm constrictor disc is shown in
Figure 8, The discs are made of copper and are
water-cooled. The unique design feature of the con-
strictor element 1is the cusp-shaped water passage.
By virtue of this shaped water passage, the constric—
tor cooling capacity is increased to the degree that
its design is compatible with the power rating
required for achieving flow and heating simulation
conditions. The cusp induces a density gradient
within the cooling passage (24). This gradient
causses the nucleate boiling bubbles, which ccecur on
the interior surface at high heating rates, to rise
from the surface. Without such cusps, & conven-
ctional smooth, convex surface has a gradient
directed in the opposite directlons and the nucleate
boiling bubbles formed are stable at the hot-wall
surface. When this occurs, the wall cooling capac-
ity decreases drastically to the point where pre-
wmatuve {catastrophic) bura-out cccurs. Analysis
shows that a l2-cusp passage represents an optimum
design for obtaining the meximum heat-transfer rate
capability of the comstrictor discs. This is veri-
fied by the heat—transfer rate tests of the con-
strictor dises shown in Figure 9. A heabt source
consisting of an arc discharge directed through the
disc elements was applied to the conventional and
cusp—shaped designs. The applied heating is proper-
ticnal to the arc current density; the resulting
heat-transfer rate to the disc was measured by mon-
itoring flow rate and temperature rise of the



cooling water. The designs were subjected to heat-
ing to the fatlure point. The il-cusp, Z-mm-wall-
thickness design exhibits over a twofold increase in
heat-transfer rate capability relative to the con-
ventional stooth-wall design, A 3-pmewall-thickness
design alse shows an improved performance. These
failure~point tests show thar the cusp-shaped cool-
ing passage design can survive with heating rates as
high as 14 kW/cm™, within 10X of the theorelical
1imit. The comstrictor disc is rated for cooling to
12 ¥W/em? which allows a safety margin to account
for manufacturing tolerances, water—-side scale
deposits, and local flow anomalies.

In asddition to high cooling capacity, the other
important feature of the constrictor design iz a
high vesistance to voltage breakdown. The constric-
tor disc thickness and the separating gap must be
specified such that the spark breakdown voltage for
adiacent discs exceeds the arg~column gradient with
a sufficient safety margin. These characteristics
for a l-cm~thick constrictor element with a gap of
0.71 mm are shown in Figure 10. The constrictor
breakdown voltage is predicted by the Paschen theory
{25) for a wall temperature of 4000 K, which corres~
ponds to the recombination temperature of molecular
hydrogen. The arc-columm gradient fer the hydrogen-
helium gas mixture has been measured over a range of
operating conditions; the data exhibit a linear
relation with pressure. The measured values agree
well with data obtained in 2 sherter, prototype 6-cm
arc heater. Also, the measurements substantiate the
theoretlcal prediction of the gradient for the gas
mixture. These measurements indicate a design
gsafety margin of a factor of 5 for voltage breakdown
at rated pressure (5 atm). The arc has operated up
to 4.9 atm without voltage breakdown of the constric-—
tor.

In determining the power rating of the are heater,
the imposed heat-transfer rate to the walls must be
compatible with the cooling capacity of the constrie-
tor discs. It can be readily shown that for a given
arc heater the heat-transfer rate for maximum cur-—
rent is uniquely determined by the arc~column gradi-
ent. Thus,

4y = EIC1~n)/aD (7
Conservative design procedure suggests that the con-—
strictor walls should dissipate the entire electri~
cal input (i.e., n = Q). This criterion is consis-—
tent with the general observation that the effi-
ciency of constricted-arc heaters decreases as oper—
ational design limits are approached. For the 6-cm
constricted~arc heater with the present specifica-
tion (5 atm and 7800 A), the design value of the
wall heat-transfer rate becomes:

fg,p = 30%7.8(1-0)/7x6 = 12 LW/ cw

This value, compatible with the demonstrated cooling
capacity of the constrictor disc design, has been
adopted as the design value for the wall heating
limit.

The cooling capacity of the constrictors, therefore,
is the determiming factor im establishing the facil-
ity power rating. Morecver, the value of the wall
heating found above (Equation (7)) indicates that
the constrictor walls are reguired to cperate near
theoretical cocling limits to attain the high power
level needed to produce the simulated entry heating
environment.

Anode

To accommodate the high curreat with low contamina-—
ricn levels, the snode assewmbly is designed with 10
parallel—-comnected electrodes, Each electrode is
capable of operation up te 1000 A. A sketch of the
electrode design is presented in Figure 11; details
of the design are given in Ref. 26. The anode units
are water~cooied copper vings. The arc termination
peint is driven around the interior surface by a
magnetic field generated by & coil located within
the electrode (cross-section view, Figure 11). This
coil is in serdies with the anode element; the 1000-A
maximum current level is based on a 6~kW heat dissi-
pation limit of the magnetic-drive coil. C{ontamina-
tion of the copper is negligibkle, due to the high
spin rate of the arc foot.

Cathode

The cathode arrangement is conmsiderably different
from that of any other system, For very high
enthalpy levels, the arc should terminate in the
supersonic nozzle as close to the test section as
possible., To reduce radiative and convective losses,
this consideration ruled out a conventional cathode
location in & plenum ahead of the nezzle. Two cath-
ode arrangements designed to minimize flow losses
have been used. In the first design, alternate
disecs, which form the expanding nozzle, were
employed as cathodes. Each active disc was conaec—
ted in series with a ballast resistor that was
tailored to distribute current uniformly between the
15 cathode elements. Thig configuration proved
unreliable at power levels above 30 MW because volt-
age breskdown occurred across the gaps of adjacent
nozzle/cathode alements. At high curveat levels
(over 4500 A), it was observed that the breakdown
occurred at regions of minimum magnetic field that
were created by the interacting magretic fields
associated with the power leads. Attempts to alter
the arc-magnetic field interaction by changes in
symmetry of the power leads alleviated the condition
only slightly and this configuration was discarded.

In the second configuration, which is also a radical
departure from conventional practice, the high temp-
erature properties of the effluent gas are utilized.
The high temperature, recirculating gas flow is very
conductive. Consequently, electrodes located in the
vicinity of the nozzle exlt readily conduct current
from the arc-jet stream. The high conductivity and
the low pressure that exist in the test section
ensures that the joule heating will not produce
severe, nonuniform local enthalpy gradients. From
these considerations, the second cathode configura-
tion shown in Figure 12 evolved. Four graphite
cathodes are arranged in a symmetrical pattern 10 cm
from the nozzle exit. Each cathode is 4 em in diam-
eter and 16.5 cm long. The cathode tips are beveled
at the Mach angle (31°) in the direction of nozzle
flow to aveld interference effects when the nozzle
fiow departs from the ideally expanded free~jet con-
dition which occurs during the low-pressure starting
sequence. The cathode tips are located 15 cm from
the centerline of the nozzle and, at full pressure
operation, they are well outside the test stream.
Although the graphite electrodes weat, carbon-
particle contamination of the test stream is mini-
mal. Spectroscopic measurements have been made at
the stagnation point of test bodies that verify low
contamination levels. Equal current distribution is
ensured by placing a ballast resistance of 0.1 olm
in series with each cathode element. This



configuration has operated rellably up to power
levels of 80 M.

NOZZLE/TEST BODY DESIGN

Since radiation is the dominant heating mechaniswm
for the heat shield, it is important to attain maxi-
mun values of stagnation temperature, pressure, and
shock standoff distance in the test facilicy. This
requires an optimization of the nozzle and test body
design. The arc~heater sizing and design features
will provide gimulated flow conditions at the 100-My
power level. The actual levels of radiative and
convective heating attained in the facility, then,
depend on the selection of the aerodynamic nozzle
and the test model geometry.

Hozzle Selection

Parametyic studies were made to obtain an optimum
nozzle and test~body combination. FPrior studies
(27,28} showed that in order to obtain high radia-
tion heating in arc~jet flows, a blunt body shape is
necessary to provide a large radiating volume within
the gas cap. Preliminary tests of such blunt shapes
further showed that the body size could represent a
tunnel blockage ratio as high as 50% at mederate
supersonic Mach numbers {e.g., ¥ = 3}. The exis-
tence of longitudinal gradients introduced by large
blockage-ratio models has a negligible effect on the
large radial gradients of blunt-body flows within
the gas cap and good stagnation flows result. At
low gupersonic Mach numbers, the blockage ratio must
be scaled down to avoeid nozzlie choking phenomena

(29).

The results of such a parametric study are shown in
Figure 13. Calculated values of the radiative heat-
transfer rate to a flat-faced test body are shown as
a function of test-section Mach number. The results
are for an optically thin radiating shock layer
raepresented by the relarvion:

4, = 2ad(pr)oT* (8

The formulatiom of the mass-ahsorption coefficient
(px) is obtained from the detailed stagnation-flow
computer solutions of Ref. 30. Shock standoff dis-
tance, §, and the mass-absorption coeffficient were
caleulated as a function of Mach number for the
specified total state of 550 MI/kg and 5 atm. A
surface absorptance of unity has been assumed.
Details of the arnalysis ave presented in Appendix A.

The analysis shows that radiative heating to a test
body in the arg¢-jet stream decreases as the Mach
number of the facility increases. The decrease in
the heat-transfer rate is caused by the reduction

in stagnation pressure assoclated with the normal
shock pressure recovery that occurs with increasing
Mach number. Maximum radiative heating is predicted
for a Mach number of 1.60. This maximum occurs be-
cause the allowable wind~tunnel blockage factor
decreases as Mach number approaches 1. A siight
compromise can be made by selecting a slightly
higher value for the Mach number to allow for an in-
crease in the physical size of the test boedy. The
arbitrary selection of a much higher Mach number,
however, could reduce the level of radiative heating
to very low levels.

A similar analysis has been made for the comvective
heat transfer to the test body; the results are
shown in Figure 14. The scaling law used for the

convective heating to the test body is adapted from
the laminar, stagnation-point theory for hemispheres
(31,32}

§o = 0.00475 /5 5 Ry b (1= G) (9a)

For application to blunt, fiat—faced bodies, an ef-
fective nose radius must be used to account for the
lower velocity gradient. Tests in avc-jet flows
have shown that the effective hemispherical nose
radius for a flat-faced body is (33):

By = 3.78 1, (3}
The convective heat transgfer rate at the stagnation
point of the hlunt body has been calculated as 2
funetdion of Mach number for the specified total
state of an enthalpy level of 500 MJI/kg and a pres-
sure of 5 atm. Convective heating &lsc decrezases as
the Mach number increases, In contrast to the radi-
ative component, the convective heat-transfer rate
continues to increase as the Mach number approaches
unity. Near the optimum Mach number found from the
radiative analysis (M = 1.6}, the convective heating
to the test body will be about 13 kW/cm® which
represents a good simulation to the predicted entyy
value praesented above.

From these considerations of the heating capabili-
ties of the arc-jet system, the Mach number selected
for the Giant Planmet Facility was 1.67, The nozzle
was specified to be a simple conical shape with a
haif-angle of 0.94° and an exit diameter of 7 cm.
The expansion is so slight that contouring of the
walls is not warranted to obtain an essentially
uniform, parallel nozule exit fiow. The pressure
ratio between the total (or arc heater) pressure and
the nozzle exit pressure for an ideal free jetr is
4.4} from isentropic nozzle flow relations (v =
1.23). Accordingly, for an ideal free-jet nozzle
flow into the atmospheric-vented test chamber, the
tetal {arc) pressure must be 4.41 atm~—-zlightly less
than the S5-atm-rated operating condition for flow
simulation. Operation of the nozzle at pressures
much lower than this value will cause the flow to
separate within the nozzle and to emerge at a lower
Mach number. Operation at higher pressures than the
ideal pressure level causes the nozzle flow to he
underexpanded, and flow interactions emanating from
the free—-jet boundary can introduce flow nonuniform—
ities in the test stream. For this reason, the test
body is positioned within the uniform flow region of
the second test rhombus for both underexpanded and
overexpanded free-jet flows.

Cptimum Test-Body Design

Flow blockage criteria specify the test-body size.
The blockage ratio criterion adopted for free-jet
flows is

BR = (d/M? = 0.176VM2 -1, I <M < 3 (10)
Thus, for a design Mach number of 1.67, and select-
ing a conservative value for the blockage ratio of
about 0.25, the diameter of the test body will be
between 3 and 4 cm {for a free-jet dlameter of
7 cm). This size satisfies the physical size
requirement for ablation testing, and it ensures
that no serious problems will ccecur in starting
and maintaining supersonic free-jet flow.

The geometry of the test body is summarized in Fig-
ure 15. The basic shape ¢f the test body is a



blunt ellipscid with an aspect ratio of abour 4.25.
This shape was chosen for two reasons: (1) the
shock standoff distance is greatest for blunt bod-
ies, especially for low supersonic speeds, and radi-
ative heating 1s eshanced; and {2) the biunt ellip-
soidal shape 1s representative of the steady-state
ghape of an ablated body in arc-jet flows (34).

For such blunt ellipsocids {(aspect ratio < 0.3}, the
flow in the stagnation region is iafluenced strongly
by the edge shape—especially at low supersonic
speeds {33}, This effect causes the shock standoff
distance for the blunt a2llipscid shape to be reduced
gsomewhat relative to a flat-faced body; however, it
rermains virtually constant during ablation tests,
Consequently, ablation data from the facility should
require no shape~change corrections. The test-body
geometry shown in Figure 15 has been adopted for the
facility calorimeters, pressure preobes, and ablation
test models. For machiniang purposes, the ellipscid
is approximated by speclifying the corner radius teo
be r,/ry = 0.2; and the front-face surface is
speci%ied to have a constant radius of curvature
that is 10 times the body radius. The slight curva-
ture of the front surface ensures that the stagna-
tion point remains fized near the centerline. By
contrast, for absolutely flat~faced bodies, a slight
angular wmisaligrnment causes the stagnation point to
shift to the edge of the test body, and the radiative
heating near the central test core can be reduced
about 25-30Z.

FACILITY PERFORMANCE

The discussion of the performance of the Giant Plan-
et Facility 1s separated into two main topics:

(1) the arc-heater performance and, (2) the heatw
transfer rate capabilities attained using special
calorimeters developed for the optimum test-body
shape previcusly described. The performance of the
arc heater establishes limite for the heating simu-
lation capabilities of the facility. For simulation
heating and ablation tests at conditions relevant to
the Jupiter probe entry, the facility performance,
in terms of attaining high heat~transfer rates (par-
ticularly, high radiative heating rates), is impor—
tant. Both performance characteristics for the
Giant Planet Facility ave Llimited by state-ofwthe-
art bounds imposed.

Arc~Heater Performance

The performance of the are heater is governed by the
energy conversion efficiency. In turn, that effi-
ciency is determined by the heat-transfer losses in
the constrictor tube. Both radiative and convective
losges exist, and the arc performance characteris-
tics are influenced by the dominance of either con-
vective or radiative heating as the operating power
level changes. The efficiency of the arc heater isg
defined by
n = ocutput/imput = 1 - losses/input (1)
The loss mechanisms are convective heating on the
inside surface of the comstrictor bore, and radia-
tive heat transfer from the confined arc column.
With some manilpulation, Equation {11) can be written
in & simpie form that is useful for explaining the
performance of constricted arc heaters (26):
(1Za)

n = 1/[144(L/D)Cy F}

F accounts for radiation losses:

{12b)

whare the factor

¥ Lk /4,

The magnitude of the arc~heater efficiency is deter-
mined solely by the three dimensionless parameters:
the aspect ratio of the comstrictor tube, the Stan~
ton number which governs the convective heating, and
the arc~column radiatien factor. The aspect ratio
of the arc heater is 72 and is fixed by the need for
a constrictor lenmgth of 4.32 m and the constrictor
diametar of & cm derived from the power density
requirement for flow simulation. The aspect ratio
is & comstant for specified constrictor geomerry.
Therefora, the variation in efficilency over the
operating range of the facility is contrelled by the
Stanton number and the radiation facter. These
quantities can be readily calculated for the rcon~
stricted arc uzsing convective heating formulations
for fully developed turbulent pipe flow (36) and
employing the radiative heating calculation for
high-temperature hydrogen-heliuvm mixtures. The rad-
iation from the arc column is calculated on the
basis that the effective radiating velume is a cylin-
der with a diameter that is half the value of the
constrictor. The validity of this simple radiating
arc~column model has been demonstrated for con—
stricted arcs operating with air, The transport
properties for the hydrogen~helium gas mixture have
been calculated using mizture rules (37) applied to
pure hydrogen and helium. The eguation of state was
obtained from the computer subroutine of Ref. Z3.
Details of the calculation are given in Appendix B.

The predicted performance of the 6~cm constricted-
arc heater is shown in Figure 16. The efficiency
has been calculated for a pressure level of 4 atm.
At enthalpy levels below 150 MI/kg (mass-average
value}, the efficiency remains velatively constant
at a nominal value of 0.45., At low enthalpy levels,
the performance is determined virtually by convec-
tive losses only. Efficiency decreases only slight-
ly with enthalpy level since the flow in the con-
strictor tube is turbulent (N, > 2000) and the Stam~-
ton number is inversely proportional to the fifth
root of the Reynolds number; consequently, the ef-
ficiency remains virtually constant over a wide
operating range.

For operatiom above 150 MJ/kg, the caleculated radia-
tion loss from the arc column beccomes significant.
As enthalpy increases above 150 Mi/kg, the predicted
arc efficiency decreases rapidly. Moderate changes
in the pressure level have a minor effect on the
prediction since compensating effects occur.

Experimental values of the arc-heater efficiency
have been obtained by measuring the losses to the
coocling water and the electrical power input. The
mass-average value of the enthalpy is also experi-
mentally determined by measuring the hydrogen-
helium gas mixture flow rate. These values are com~
pared in Figure 16 with the theoretical prediction.
The data are for operation at 4 atm, the pressure at
which many developmental and facility calibration
runs have been made. Good gualitative agreement is
obtained hetween measured and calculated values of
arc heater efficiency. In general, the data exhibit
the predicted trend in which efficlency decreases as
enthalpy increases. However, a few data points in
excess of 200 MJ/kg are counter to the trend. The
ratio of the centerline temperature to the tempera-
ture corresponding to the mass-average eathalpy was
determined spectrographicalily to be 1.35. This
ratio determines the enthalpy level at which the
efficiency decreases for the case of the theoretical
radiating arc-column model.

the sonic flow relation for the hydrogen-helium gas
mixture is shown in Figure 17. The mass flux den-



sity normalized by the total pressure is plotted as
a function of the enthalpy level, For low tempera-
tures, up to the dissociation level cof hydrogen
(4000 K}, the isentroplec coefficlent of the gas mix~-
ture. remains constant {v = 1.30). As dissoceiation
ceccurs, the effective disentropic coefficient changes.
If chemical equilibrium prevails, the effective
igsentropic coefficient will be 1.23; if the process
iz chemically frozen, the value will appreach the
classical value of 5/3. The measurements of flow
rate, arc pressure, electrical power, and efficiency
permit arc-heater performance to be determined in
terms of the soniec flow formulation. Tor the range
of ogperation, agreement between theory and experi-
ment indicates that the arc-heater process is in
equilibrium. Over the limited test range, the re-
sults follow the inverse square-root law that is
predicted. The data scatter by about 210% about the
equilibrium flow result (i.e., an isentropic coeffi-
cient of 1.23).

Further insight into the performance characteristics
of the arc heater is given by the pressure distribu—
tion along the arc heater {(Figure 18}, The pressure
distribution exhibits an approximately linear de-
crease along the constrictor tube length. By
adjusting a wall roughness parameter to £ix the
sonic-point location, predictioms from the arc-flow
theory {ARCFLO, Ref. 23) agree gualitatively with
the experimental results. HNear the sonic throat,
however, the measured pressure gradient exceeds the
computed value by a considerable margin. Imn the
aerodynamic nozzle, which is coupled directly te the
arc heater, the measured pressure distribution
agrees with the predicted expansion process for
igsentropic flow with an effective isentropic coeffi~
cient of 1.23. This value for the effective isen—
tropic coefficient is consistent with the chserva-
tion made previously that the arc~heater process is
in equilibrium and that the isentropic cocefficient
can be taken as 1.23. Since there is no plenum
chamber ahead of the threoat of the nozzle, a virtual
stagnation~point lecation along the comstrictor was
found by selecting a constrictor disc where the wall
static pressure corresponded to the stagnation
pressure computed from the sonic nozzle throat
pressure. An effective isentropic coefficient of
1.23 was assumed, and the virtual stagnation point
was located at the 3.44-m station. This pressure

is defined as the virtual total pressure in all per-
formance measurements. The ARCFLO theory was used
to substantiate this location. By applying the
momentum equation to the results of the nonadiabatic-
flow computer solution a reasonable agreement was
obtained in which the virtual stagnation-point loca-
tion was located at the 3.58-m station, just 14 cm
downstream.

Once the ARCFLO computer selution was adjusted to
obtain the approximate pressure gradient and soniec
location, the complete solution could be compared
with experimental results. As noted earlier, the
voltage gradient was pradicted to good accuracy.
Consequently, the power level was matched, and the
performance predicted by computer solution could be
compared with the measured values. This comparison
is shown in Figure 19, in which the wall heat-
transfer rate distribution is plctted. Over most
of the comstrictor, the measured heat-transfer
rates agree with the computed valoes within 12%.
The measured heating distribution exhibits the
oppusite trend to the computer sclution near the
upstream congtricter tube entrance region. This is
a critical region of the arc heater in that these

iocally high heat-transfer rates establish the
facility operational limits. The wall heat-transfer
rate can also be found from the arc-heater effi-—
ciency calculated from Bguation (12} {or taken from
Figure 16} for the specified power input. This
method predicts a constant value of the heat-
transfer rate. TFor the test condition of Figure 19,
a value of 3.95 kW/em® is cbtained; it alse agrees
reasonably well with the measurements.

The efficiency and heat losses have been well estab-—
lished by the calibration tests summarized previ-
cusly. In addition, the measurements of the loss
mechanisms agree well with theoretical predictions
and with eguilibrium sonic flow, The facility per-
formance limits bamed on these losses, then, can he
predicted with reasenable certainty.

Facility Performance Envelope

The operating limits of the facility are determined
by the arc performance characteristics, cooling
limitation, and restraints imposed by inherent
material limits. The performance envelope is
defined by combining the sonic {low relation (Equa-
tion (3}), the First law relation {Eguation (4)),
and the arc-heater efficiency (Equation {12) or
Figure 16). The performance is given in terms of
centerline enthalpy which is taken as twice the
mass-average value. Spectroscoplc measurements
indicate that this is the case at the 60-MW power
level. The computer simulation of the arc heater
shows that this ratio holds over wide power ranges.
The result is given in implicit form since the effi-
ciency is not given in closed form. Thus,

he g = 7812[1/(a%)2]p% 02 (1/p)
e, = 2 by (13)
no= ¢k

For a constant power level, the enthalpy-pressure
characteristic for the facility is specified. Re-
sults are shown in Figure 20, For any constant
power operation, the enthalpy increases as the oper-
ating pressure is lowered. TFor low enthalpy levels,
the enthalpy varies inversely with the square of
the presgsvre since the efficiency remains essen—
tially constant. However, for high enthalpy levels
{above 400 MI/kg) where efficiency decreases, the
enthalpy level will increase only slightly for low-
pressure operation at constant power levels.

The specified upper power rating of the facility is
100 MW. That limit is dictated by the level of con~
strictor wall heating encountered and the cooling
capacity of the constrictor discs. One can show
that constrictor wall heating is given in terms of
the facility performance parameters as
&, = 2V2 (/DY [ =n)/nl pyhy o {14}
By specifying the comstrictor wall heating limit as
12 ¥W/cm?, the locus of Equation (14) defines the
upper facility limit; the limit is shown in Figure
20. Interestingly, the limit coincides with the
constant l00-MW power limit for all pressures below
4 atm. The design pressure limit of the arc heater
ig 10 atm, Between 4 and 10 atm, the facilircy
power level can be in excess of 110 MW without
exceeding the predicted cooling limit of 12 Ki/om?,
but heating to the test body falls off in this
range because the arc temperature 1s low. The low-
ar iimits of the performance envelope are taken as



an enthalpy of 100 MJ/kg and a pressure of 1 atm.
Datra obtained during preliminary calibration tests
at power inputs of 20-253 MW and 55-65 MW are in good
agreement with the calculated performance levels.

For éomparison, two entry trajectories are superim-
posed over the facility operating envelope. These
trajectories defipe an entry corridor for the mis~
sion. The nominal entry at -9.75° is the design
value for the planetary probe and the skip-limit
entry at about -3.50° defines a minimum condition.
The high heating pulse for the entries occurs on
either side of the maximum pressure point; it is
identified by the shaded area. Maximum heating
occurs near 600 MI/kg for all trajectories. It is
apparent that the upper facility power rating of 100
MW imposes a physical limit that prevents a complete
matching of the power density of an actual entry by
a factor of about 2. As discussed previously, the
generation of high heat-transfer rates for entry
simulation requires operation near maximum limits of
the performance envelope with optimum-shaped test
bodies. The measurement of performance in terms of
the attainable heat~transfer rates at these maximum
facility levels requires special calorimetry methods.

Calorimeter Development

The absorbed total heat-transfer rates for the Giant
Planet Facility are so high that steady-state, water—
cooled calorimeters canmot be used to make the heat-
ing measurements. The transient asymptotic calorim-
eter which is rapidly swept through the stream (38)
was not adaptable because the electromagnetic noise
associated with the high-power arc resulted in unac~
ceptable signal-~to-noise ratios. Consequently, the
thin~skin, transient calorimeter design shown in
Figure 21 was adopted. The physical shape is iden~
tical to that of the optimum test-body design.
Tungsten, formed by the sintered metallurgy process,
is used for the calorimeters; the calorimeters are
expendable. The tungsten density is about 80% of
the pure-metal value. The section thickness was
selected from a transient heating analysis to obtain
the .maximum linear response time for a back-surface
temperature measurement {(39). The thermocouple for
back~side temperature measurement is not attached to
the tungsten cap but is mounted in a spring-loaded
assembly that forces it against the cap to ensure
good thermal contact during any motion of the cap
due to thermal stress induced at the high heating
rates. To reduce conduction logsses, the thermo-
couple is 0.127 mm in diameter and the thermocouple
junction was mounted on a ceramic spherical sector
with a very low value of thermal diffusivity. In
order to reduce the variation in contact potential
between the surfaces, each thermocouple assembly was
lap~fitted with the mating tungsten cap. After a
short nonlinear transient, the calorimetry equation
for the thin section is given by the linear solution:

G = pct(dT/dx) (15)
where the density and specific heat of tungsten are
taken as constant over the incremental temperature
rise. The temperature gradient is obtained directly,
using a high~speed recorder, from the linear voltage
output of the thermocouple.

A calibration check was performed on each calorim-
eter usging a radiant source that produced & heating
rate of about 1 kW/em?, The source was calibrated
using a commercial Gardon-type water-cooled calorim—
eter. Typically, the calibration at this level
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agreed within 15% with the thin-skin calorimetry
equation using measured property values for tungsten
(40). An error analvysis shows that uncertainties in
material properties at the elevated temperatures
associated with the high heating rates are about 15%.
Consequently, the calibration at the l-kW/cm? level
merely reflects this uncertainty, and data are re-
ported with no applied corrections. A light plastic
sabot was used to protect the calerimeter during the
time required to insert the calorimeter into the
stream centerline. High-speed motion pictures show
that aerodynamic forces remove the sabot in about 8
msec, which ensures a step-function heating pulse
that is implicit in the derivation of the calorim-
eter equation.

In addition to heat-transfer rate, the impact pres-
sure on a test body was also measured to character-
ize the nozzle flow and to aide in the correlation
and interpretation of the calorimeter data. Impact
pressure ratio as a function of the stagnation pres-
sure is shown in Figure 22, The virtual stagnation
pressure as measured at the 3.44-m station along the
constrictor tube was used as the normalizing pres-—
sure for this ratio. ¥or cold flows with the nozzle
flowing as a balanced free jet, measured impact
ratic equals the theoretical normal shock recovery
ratic of 0.84. For the nonadiabatic flow of the
hydrogen-helium mixture, the measured impact pres-
sure ratio is about 0.63 over a range of stagnation
pressures from 3.5 to 4.6 atm. The low pressure
recovery ratios found for hot flow are unexplalned.
These resulting low values of impact pressure reduce
the convective and radiative heat-transfer rates to
the test body.

Heat~Transfer Rate Measurements

The heat~transfer rate to the calorimeter is the sum
of the convective and absorbed radiative heating:

dabs = e T 24y (16)
The absorption coefficient of the surface, a, is a
spectral weighted mean value. For radiation from

the hydrogen-helium gas mixture, the absorptive coef-
ficient can be taken as the Planck mean value:

o5

J a(x) B(A,T)dx
o
|

2n B C2/35 (HE/RAT 1)

(17a)

a =

B(X,T)dx

where

B(A,T) (17b)

For radiation from a 14000 K source, and for a
smooth tungsten surface, the Planck mean absorption
coefficient is 0.78.

Absorbed heat-transfer rates for the 4-cm-diameter
test body are shown in Figure 23 as a function of
power input. All calorimeter measurements are for
pressures between 3.5 and 4.6 atm., At a power level
of 59 MW, the mean value of the absorbed calorimeter
heat-transfer rates is 15 kW/cm®. Also, at 59 MW,

a direct measurement of the radiative heating was
made using a blackened calorimeter (a = 1.0) with a
thin (1 mm) ablating teflon cap which blocked vir-
tually all of the convective hearing. A radiative
heating rate of 6.0 kW/cm® was measured by this
technique. Assuming the Planck mean absorptivity



of .78 for the tungsten surface, the convectiva
component can be found to be {15.0 - 0.78 x 6.0
10.3 kii/em?.

Using the scaling laws for radiative and convective
heat transfer given by Equations (8} and (9}, the
heat-transfer rates to the 4-cm-diameter test body
can be extrapolated to the rated power level of the
facility. The scaling proporticnalities in simpli-
fied form that are valid for extrapelation from the
60-MW to the 100~MW power level ara:

. 0.882 _5.825

qr * pt ht,e (18a)
A o

9. = P by g (18b)

The performance characteristics from the facility
envelope (Figure 21) were used to extrapolate the
heating capabilities. The results are shown on Fig-
ure 23. Extrapolation to the 100-MW power level
indicates that coavective heating will increase to
about 16.5 ¥W/cm®. Radiative heating increases at
a more rapid rate at high power levels, and at the
facility power rating of 100 MW, radiative heating
to the 4—cm—diameter test bedy is extrapolated to
17.5 kW/em®. The total heating for a black surface
{a = 1.0) would approach 34 kW/em® at the 100-MW
rating. With a surface absorptivity of 0.78, the
absorbed heating for the tungsten calovimeter will
be 30 kW/cm® at the 100-MW power level, The dashed
line for the tungsten calorimeter (a 0.78) sgrees
reasonably well with the trend found for the heat-
transfer rate measurements.

The most recent thecoretical calculations of the heat
transfer rate distribution over the heat shield in~
corporate an eddy diffusivicy model of the gas and a
more hydrogen-rich atmosphere for Jupiter. The
resulting heat transfer rates that are predicted for
the heat shield are shown in Figure 24. The stagna-~
tion-point values are somewhat lower than earliier
calculations presented above. The predicted heat
transfer rates decrease rapidly from the stagnation-—
point values for both radiative and ceavective heat-
ing. Over the conical frustum area of the heat
shield, both heat transfer rates approach constant
values that are nominally 10 kW/cm®. The facility
capabilities are shown by the bar graphs at the
right of the figure. The predicted convective heat-
ing is well matched by the facility capability for
power levels between 60 and 100 MW. The predicted
radiative heating at the stagnation point is about

a factor of two above the facllity capability. How-
ever, over the conical frustum of the heat shield,
the radiative heating expected will be well matched
by the facility capability. It should be noted that
the conical frustum represents over 907 of the heat
shield surface area.

SUMMARY

A summary of the specifications of the Giant Planet
Facility 1s given in the table appearing in Figure
25. The arc heater was designed for the 100-MW
power level so as to attain geod entry heating sim-
ulation of a probe entering the atmosphere of Jupi~
ter. 'The constricted-arc heater that was developed
represents the most advanced state—of-the-art design
in terms of the power density developed in the are-
jet flow. Such high power densities are required
to obtain a test stream with significant radiative
heating to the test body. The nozzle was designed
for a Mach number of 1.67 so as to yield optimum

radiative heating to a 4-cm diameter test body. The
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performance of the arc hezter has been verified ro
the 75-MW power level. The facility power rating of
1800 MW is based on the advanced design of the conw
strictor discs which have & petential cocling capa-
bility of 12 kW/cm® with a reasonable safety margin.
Measurements of voltage, wall heat loss, and are-
heater efficiency obtained during initial develop-
ment and performance tests agree well with calcu~
lated values based on theoretical modeling of the
arc~heated flow. The good agreement ohserved allows
for extrapolation to the 180-MW rating with reason-~
able certainty. The maximum enthalpy levels that
should be attained at full power, are in excess of
400 MJI/kg and represent a reasonable simulation of
the entry heating condition., The measured heatw
transfer rates to an optimum 4-cm-diameter blunt
test body match the expected rates to a fair degree.
Ia particular, convective heating rates of from 1l
to 18 kW/cm~ generated in the facility closely
approximate the expected full-scale values for a
heat shield for a planetary probe iato Jupiter's
atmosphere, The predicted radiative heating rate of
16 kW/em? generated in the facility at the 100-MW
power level is about ome third of expected full-
scale values. However, the simultaneous generation
of convective and radiative heat~transfer rates of
these magnitudes will allow experimental studies to
determine the ablation performance of such coupled
convective and radiative flows. BSuch tests will
provide heat-shield design data for use in assessing
material performance and will make it posgible to
verify computer codes developed specifically to
extrapolate material ablation performance to the
severs ranges beyond the present facility limits.
The degree of simulaticon of the eniry conditiens is
iimited by inherent constraints of the arc-heater
design and performance. The high performance level
achieved requires only a modest extrapclation te
expected full-scale conditions.
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APPENDIX A
VARIATION OF RADIATIVE HEATING WITH MACH NUMBER

The radiative heat-transfer rate to the blunt body
is given by the optically-thin expression:

4, = 2alp)do TV (1-A)
For this formulation, the flow conditions are relat-
ed to the state of the gas that exists just behind
the normal shock. The effactive mass-absorption
coefficient for a radiating hydrogen—helium plasma
is obtainmed from the detailed gas-cap calculations
given in Ref. 30. An empirical fit to the results
is given by:

0.8825~0.é51TS.625,cmm1 (2-4)

{pe) = 1.208%107%p
This empirical fit to the detalled calculations
applies for shock~layer thicknesses from I to 3 cm
and for temperatures from 14000 to 17000 XK. The
conditicns correspond to the state just behind the
normal shock. By combining Bquations {(1-A) and
{2-A), one obtains the heat transfer to the test
body in terms of the local facility conditions in
the gas—cap region:

0.349 0,882 _5.625
P T

4 = 1.369x107%%a ¢ L KH/em®  (3-A)

The surface absorptivity is taken as the Planck
mean value:
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(1) /35 (eBO/KAT L 1y

a = (4m)
/a5 (B0 gy

For a tungsten surface, the spactral absorpuivity of
the material is given in Ref, 43. For the range of
interest, the Planck~mean absorptivity can be evalu-~
ated for a temperature of 14000 K and taken a2z con-

stant. Then, for tungsten in a hydrogen-helium
plasma, a = (0.78; for a graphite surface, a = 1.0,
Consequently, when the flow conditions are specified,

the radiative heating is only a functicn of the
shock standoff distance & and the Mach number of
the stream which determines the state hehind the
normal shock.

The Mach number for the facility is selected such
rhat the highest radiative flux is obtained from the
gas—cap region of g test body. This design concept
defines an optimum test~body size that is the larg~
est biunt body that will maintain supersonic flow.
The optimum test body, therefore, is defined in
terms of a maximum allowable blockage ratio for the
supersonic free~jet stream., Studies show that the
lockage ratio for maintaining supersonic flow var-
ies with the Mach number; larger blockage ratios can
be employed for higher Mach numbers. For supersonic
free jets, the maximum blockage ratio criterion for
a blunt test body shape 1s given by:
BR = 0.176/M2 - 1 {5-4)
For Mach numbers greater than 3, the blockage ratio
must be taken as 0.5, It follews, therefore, that
the test body size--as well as the local stagnation
flow conditions—is uniguely determined by the Mach
number selected for the facility. When the test-
body size is established by the blockage criterion
given above, the shock standoff distance must be
calculated in oxder to find the radiative fiux.
Shock standoff distance for the blunt body shape is
obtained from the analysis for blunt ellipsoids of
Ref. 33. A correlation of the solution for an
ellipscid with a bluntness ratio of §,25--which
closely approximates the test body shape—gives the
shock standoff distance as:
8/vy = 0.583/vp,/py ~ 1 {6-A)
The parametric study has been performed for an
assumed total state corresponding to facility opera-
tions near the rated limit (180 MW). TFor this
study, the stagnation state for the arc heater was
chosen as a total pressure of 5 atm and a stagnation
enthalpy of 500 MI/kg. The procedure for the para-
metyic study is as fellows: (1) select a value for
the free-stream Mach number; (2) calculate the area
ratio and find the exit dismeter of the neozzle
(assuming a threat diameter of 6 cm); (3) determine
the gas-cap conditions gz/py, pz. and Tp  for nor-
mal shock Flow: {4) use the blockage criterion given
by Equation (5-A) to determine the test-body size;
(53 calculate the shock standoff distance for the
blunt shape using Equation (6-A); and (6) caleulate
the radiative heat-transfer rate to the test body
using Equation (3-A). For the calculations, the
properties for the nozzle flow have been obtained
from isentropic flow relations and normal shock
equations for a perfect gas. An effective isentro-
pic coefficient of 1.23 has been assumed.



APPENDIX B
HEAT L0OSS FORMULATIONS FOR THE CONSTRICTED ARC

The efficiency of the conmstricted-arc heater is
determined by the geometry and the magnitudes of the
convective and radiative losses from the arce column.
These logses are expressed in nondimensional form in
the equation defining the conversion efficiency of
the heater:

no= 1/{1+4@/D)gy Fl (1-B)
where the radiation component is given in terms of
the factor:

Fowol o+ d,./4,
The convective losses are determined by the Stanton
number. At low enthalpy levels, the arc¢-column rad-
iation is negligible and convection losses, only,
determine the arc—heater e¢fficiency. As the enthal~
py level increases, the arc-column temperature in-
craases and the radiative losses from the arc core
become important. At very high temperatures (i.e.,
15,000 K), the radiation from the arc core becomes
the dominant loss mechanism. The variaticn in the
efficlency changes, then, as the relative importance
of the radiative less increases. The convective
and radiarive losses can be treated separately as
suggested by the form of the efficiency relation.

Convective Loss

The Stanton number for flow within tubes is obtained
from the turbulent pipe-flow velation as (36):
Cy = 0.0276/ (N,)0-2 (2-B)
where a Prandtl number of 0.74 has been assumed.
The Reynolds number for the constrictor tube flow is
found by using the equilibrium sonic flow relation.
This relation applies strictly for the sonic region
a2t the end of the constricter; however, to first
order, the result can be applied to the entire con-
strictor length. 'This application is supported by
the observation that the heating remains virtually
constant all along the constrictor tube (e.g., Fig-
ure 17). The mass flux in the constrictor tube,
then, is given by:

oV lS.Bpt/fig, g/sec—cm? (3-8)
The viscosity for the hydrogen~helium gas mixture is
chtained by using the scaling relation for the hard-
sphere theory (37). That is,

b= (571677 mrgt) T 0 (4-B)
The factor n accounts for gas interaction effects;
for the hydrogen~helium mixture, the value n = 12
has been assumed (37). 'The collision cross section
for the migture is taken as the roct-mean-square
value of each component. By applying this relation
to the viscosity data for either pure hydrogen or
pure helium, the viscosity of the mixture is
obtained as u, = 1.4 x 3107H poise (T, = 273 K).
The variation of viscesity with temperature is
cbtained from the same relation as
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wo= 3.5 xlﬁ'*{f!iOGG}O"Q,

= soise {5~3)
The Reynolds number for the constrictor tube can be
expressed in terme of the facility operating param—
eters by combining Equations (3~B) and (5-B} and
taking the constrictoy diameter as & cm. The result
is:

0

N {6-B)

.= 2.87 x10‘5pt/#§;(ffieso)0'j

Note that for the range of interest for the Giant
Planet Facilirty (pp = 3 atm and h, & 600 MJ/kg) the
Reynolds number is of the order cf 107, or greater,
Accordingly, for flow within tubes, the Revnolds num-
ber is in the range for rurbulent flow (N, > 2000};
and the use of Equation {2-B) is justified. By

using the relations given above, the convective
heat-transfer rate to the constrictor wall is
expressed in terms of the operating conditions as:

o = 15.3 0 pphy, KW/cm® (7-B)
Constrictor wall heating is tabulated below for the

operating range of interest.
Radiative Leoss

The radiative loss from the arc heater is obtained
by adopting a simple radiation model in which the
arc filament is represented by a constant-tempera-
ture cere with an effective diameter equal to half
the diameter of the coastricter. This model is
suggested by results from the ARCFLO computer pro-—
gram for the constricted are which gave stream
profiles. The uniform core temperature is taken as
the centerline value. For the operating range of
interest for the Giant Plapet Facility, the ratio of
the centerline temperature to the temperature cor-
responding to the mass-average (measured) enthalpy
is taken as

T, /Ty = 1.43

This value, predicted from the ARCFLO computer sclu-—
tions, is in good agreement with spectroscopic mea—
surements made at the test section which gave a
value of 1.35, Radiant heating to the wall is

found from the one-dimensional, constant temperature
solution for am optically-thin slab given above
(Equation (3-A)). The appropriate value for the
thickness is D/4, the centerline temperature ratio
is 1.43, and the surface absorptivity of the wall is
taken as unity. For this radiating filament model
of the arc, the heating to the walls becomes:

0.549pt0.882§t5.625’ *i/ cm?

(8B}

dp = 478510773 D

The radiation facter F 1is obtained from Fquations
{i-B), (7-B), and (8-B). FNote that the radiation
factor is & weak function of pressure, and calcu—
lated results for the nominal coperating pressure of
5 atm are valid over wide pressure limits.

The table below gives the results from a heat loss
and efficiency analysis for the 6-cm constrictol
with 2 hydrogen-helium gas mixture. The equation
of state for this calculation was obtained from the
ARCFLO computer program for hydrogen—-helium gas.



Effect of Arc-Column Radiation on the Conversion Efficiency; pp = 5 atm

360

R, MI/kg 100 150 200 250 350 400 500
Tt’ °K 4000 4700 7400 16200 11%0G 13000 14600 15000
. 36480 27480 18960 14450 12210 10820 8750 8425
CH 0,00338 0.00357 0.00384 G.00406 0.00820 0.00433 0.00440 0.00452
éc w? KW/ em? 2.58 3.34 4,15 4,91 3.56 6.17 6.73 7.73
3
dp o WW/en® 0,10 0.24 3.14 14,18 45.44 74,84 113.53 166.98
¥ 1.038 1.073 1.755 3.887 9.166 13.133 17.865 22.596
n(ér = 0) 0.476 0.462 0.443 0.430 0.422 0,416 0.410 0.404
n{exact) 0,466 0.444 0.312 0.134 0.074 0.051 0.038 45,030
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Figure 1 - Planetary Mission to Investigate the
Atmosphere of Jupiter with an Unmanned Space

Probe.
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Figure 2 - Jupiter Entry Trajectory for a Planetary

Probe.



ENTRY CONDITIONS: )
ENTRY VELOCITY = 4B kem/sec {RELATIVE)

ENTRY ANGLE = -8,36 deg (RELATIVE}
GAS: 85% Hy + 15% He (BY VOLUME}
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Figure 3 - Stagnation—Point Heat-Transfer Rates and
Pressure for the Entry Probe.
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CONSTRICTOR DIAMETER ... ., 8 em
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RATED CURRENT _ . ...... 8000 A
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RATEDPOWER . ... ...... 100 MW
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NOZZLE M
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Figure 4 - Technology Requirements for Simulation of
Entry Heating for Various Missions.
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Figure 5 ~ Giant Planet Facility—Schematic View.

i6



o

JHH@HH @ HH® HH ® HH

-HH @ -
o

1 T T
®
T

- @ -

H

&y
Nt

a - Rectifier Module Switching Arrangement.

8000 £ =5500 v
30-min RATING
> 4000 —
W 15-sec
9]
<
e
-
&
> 2600+
/ SPOOL
GAS INJECTION  / 4
A RING [INSULATOR)™
) { ; ; ; N ™
0 2000 4000 6000 8000 10000 -~ DISC FILLER
CURRENT, A
b -~ Voltage~Current Characteristic of a Single BACK-UP RING
Rectifier Module. UNSULATOR} "~
CROSS-SECTION VIEW
e
POWER SUPPLY DUTY CYCLE
CONFIGURATION 30 min ON 5 min ON 15 seg ON
NO. NG,
i N Eoc En o Pa; Er R Pa | £g s Pa
SERIES PARALLEL ' i v A MW v A M A" A MW
33 1 33090 { 28050 2700 16 | 27600 6400 138 {19800 7500 148
3 2 16500 § 14026 5400 76 | 10800 1280 138 | 9900 15000 148 . ) . . .
2 3 11000 | 9380 Bi00 76 | 780D 16200 126 | 7800 16200 126 Figure 8 - Water-Cocled Constrictor Disc Design.
1 & 5500 | 4675 18200 7§ | 4675 16200 76 | 4675 16200 76

¢ - Power Supply Rating for Various Configurations
and Duty Cycles.

Figure 6 - Direct-Current Power Supply for Electric CONSTRICTOR TYPE
Arc Heaters.
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Figure 7 — The 6-cm Comstricted-Arc Heater for Oper-
ation with Hydrogen~Helium Gas Mixtures.
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Figure 10 - Voltage Developed cver the l-cm Thick
Constrictor Disc in the é~cm Constricted-Arc
Heater of the Giant Planet Facility.

RATING:
MAXIMUM CURRENT .. ... 1000 A
MINIMUM CURRENT ......... 250 A
ISOLATION (ARC OFF} ... ... 2000 ohm
LIFETIME (... ... oooene 7500 A-hr

COOLING
WATER

e

ELECTRODE INTERNAL
COIL CONNECTION

ELECTRODE TERMINAL , +

» - - -

GAS FLOW / ARC COLUMN TERMINATION

 MAGNETIC FIELD LINES
N

4 INTERNAL FIELD COIL
{42% TURNS}

ARC MOTION 1 %

SECTION VIEW INSULATOR

1

__—— ELECTRODE TERMINAL , +
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Figure 16 -~ Efficiency of the 6-cm Constrictor Arc
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Figure 17 - Sonic Flow Measurements for the 6-cm
Diameter Constricted-Arc Heater of the Giant
Planet Facility.
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z PHYSICAL SPECIFICATIONS
w20 ARC HEATER
< WORKING FLUID 80% H> AND 0% He, BY VGLUME
@ CONSTRICTOR DIAMETER 6.0 cm
& CONSTRICTOR LENGTH 4329 cm
B UPSTREAM ELECTRODE LENGTH 457 o
2 OVERALL ARG LENGTH
L5 {(ELECTRODE CTR.~CTR. DISTANCE) A89.7 cm
& UPSTREAM ELECTRODE EIGHT COPPER ELECTRODES, MAGNETIC SPIN
NS DOWNSTREAM ELECTRODE FOUR GRAPHITE ELECTRODES BEYOND £XIT
<t
o NOZZLE
THROAT DIAMETER 6.0 cm
16 b EXIT DIAMETER 70em
AREA RATIO 1.361
DESIGN MACH NUMBER
(SENTROPIC COEFF. = 123} 1.67
RADIATIVE THROAT LOCATION 432.0 o (STATION]
EXIT LOCATION 365.0 o (STATION)
NOZZLE EXPANSION HALF-ANGLE 9.938 deg
5
PERFORMANCE SPECIFICATIONS
ARC HEATER ATTAINED RAYED
CURRENT .. ..o iee.. A 6100 7800
i i . FLOV RATE |  kgisac 0.160 0.160
¢ 20 40 60 80 100 VOLTAGE ... Y 11720 12800
POWER, MW POWER. .......... A LMW 71.9 190
PHESSURE @ STA. 3ddcm . ..... sun 4.8 5
) EFFICIENCY .. ... ........ .. pergent 35.8 33.3
Figure 23 ~ Heat-Transfer Rate to the 4~cm Diameter ENTHALPY {CENTERLINE). .. ... Miikg Can 410
. Blunt Tast Body CONSTRICTOR WALL HEATING. . kW/om? 8.2 12
TEST BODY
STAGNATION HEATING {TOTAL) kW/om? 2538 340
CONVECTIVE ... ... ... K/em? 16.3 175
. KW/em? 8.8 165
atm 271 3.0
FREE-JET CHAMBER PRESSURE . atm 1.08 108
TEST BODY LOCATION . .. ... .. em 70 70
NOTES:
{1) CONSTRICTOR HEATING MEASURED AT STA. 52 am, A MAXIMUM HEATING LOCATION
{2} RATED POWER CORRESPONDS T CONSTRICTOR HEATING LIMIT OF 12 kW/em?
(3} EFFICIENCY FOR RATED CONDITION CALCULATED FROM £Q. (121, FIG. 16
50 ¢~ Ve = 48 km/sec AND o = -9,35°
- ORTON ATMOSPHERE: 89% Hy + 11% He ) .
E BODY: SPHERE-CONE {45-deg HALF-ANGLE} Figure 25 ~ Summary of Giant Planet Facility
;«49 m/Cp A = 173 kg/m?; Ry = 31 cm Specifications.
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Figure 24 - Heat-Transfer Rate Distribution over
the Jupiter Probe Heat Shield at Peak Heating.
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