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SECTION 1
IHTROOUCTION

Because it is not possitle to write an analytical expression which exactly
models the real events associated with carbon consumption in rocket nozzles, one
must resort to developing engineering approximaticns which represent the overall
observed phenomena. Expressicns of this type with a set of empirical coefficients
were developed in Reference 1. The emzirical coefficients relate the local thermo-
chemical state to the surface temperature and carbon consumption rates. Thus, given
an accurate set of data with these variables known, it is possible to write a kine-
tic equatior for analytic nprediction of ablation rates.

There are two viable experiments that can be conducted to obtain ablation
data. First and certainly the most relevant is to fire actual rocket motors.
Difficulties associated witn this approach are:

1. Surface temperature ic not a measured variable and can be experimentally
adjusted only over a small range.

2. It is not possible to isolate even simple reactions to simplify the
data analysis proncedure.

3. Chamber conditions may vary widely during the abiation run.

4. The surface is subiected to an unknoun quentity of ambient air oxidation

during cooidown.
5. Heat transfer rate is not an ezsily controllable parameter nor can it

bg independuntly meerured.
6. .égﬁket nozz1esl in arder te be structurally sound, are complex and may
result in a veriety of flow-disturbing feztures such as steps and gaps.
7. Motor firings are nigh-cost experiments.
The obvious advantage of motor data is that there i3 an exact simulation of the

environment and material response.

The second approach is to conduct laboratory scalzs ablation measurements in
prescribed simulation environments. Here, one has the option of selecting from a
large number of potential expariments which range from heated filaments to miniature
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nozzles heated in an arc plasma generator (APG) The latter was selected because
it provides a good compromise between “academic ' quality data and rocket motor
data. The disadvantages of this and moct laboratory tests are:

1. Surface temperatures and system prescure. are less than those esperienced
in rotcket motoers.

2. The experiment must be viewed carefully to Jetermine if test is kinetically
or diffusively lhmited or semewtsre in between.

3. Full-size components cannot be tusted.

4. Some analytical technique must be availavle to sort cut the effect of
various reactants and to scale for predictng full-size performance.

The obvious advantage of a ldbaratory e»p«: wwent i that ore can obtain detailed
measurements in a controlled environment. This datd provides a separation of the
effect of each constituent and yields femperature dependent reaction rates. In
addition a large number of laboratory teste can be conducted at the cost of one
motor firing.

Laboratory data and motor firing data are both important in the development
of an accurate analysis procedure and should therefore be treated as being compli-
mentary rather than competitive. In the current <tudy, the complimentary aspects
are being exploited wherever sufficient motor date arv svarlable. Laboratory data
are being obtained in an arc plasma generator (AFG) end are being analyzed simul-
taneously with motor recession rates which are danalyzed and manipulated to look
like APG data. Since the final analysis treats maotor data and APG data as a single
set of data, it 15 not possible to unequivocally define the function of each. How-
ever, in a locse general senwe, an APG provides a larqge data base which allows a
separation of the effect of various constituents or reactants whervas motor data
provides high temperature, high pressure data points which riake the analysis simul-
taneously relevant and accurate. The analysis procedure has been described else-
where and will not be considerva herc.

The Acrothenr 1-megawatt arc plasma generator .s o versatile test facility
for determining the response of materials to hype-thermal environments. This facil-
ity has been used extensively for the evaiuation of py e shuttle and reentry
vehicle thermal protection systems and rocket no2zle hiner meterials. Air and
inert gases such as argon and helium are common yases to pass rough the arc heater
and are usually sufficient for simulating earth entry condi*inns. However, 1n a
rocket nozzle, a substantial constituent is hydrogen and p:~ v simulation and
separation of kinetic events requires that hydrogen be u... * .'e arc plasma gen-
erator. The Aerotherm arc plasma facility is unique in this reqard since it is
one of the few arc plasma facilities in the country that uses hydrogen gas routinely.




This report will describe the facility and its application tu the determination of
kinetic reaction rates for graphitic racket nozzle materials.
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SECTION 2
EXPERIMENTAL APPARATUS

The experimental apparatus consists of the arc plasma generator used to pro-
duce tne high temperature reactive environments, the test nozzles which are exposed
to these environments, the fume collection, cooling and scrubbing system used to
remove the test gases from the facility, and the instrumentation used to character-
ize the test conditions and modei response.
equipment are discussed 3in Section 2.). The test nczzles are described 1n Section

2.2. The fume collection system i< described in Section 2.3, ond the instrumenta-
tion i3 presented in Section 2.4.

The arc plasma oenerator and support

2.1 ARC PLASMA GEMNERATOR

The Aerotherm )-megawatt constricted arc plasi:a aeperator {APG) is shown

schematicaily in Fiqure la and physically n Figure )b, This APG is a constant

mass flow rate device with a flow rate controiled Ly throttling at the gas injec-

tion ports. The APG uses d seqrented constrictor arc with a tunasten cathode and

a witer cooled copper anode to transfer energy to the primary test gas. This test

aas is injected tangentially between the cathode and the tyr+t constrictor segment

to p-ovide a stable, high voltage eperation. Additionel gu<e to simulate propel-

lant gases are injected downstream of the anode and mixed with the primary arc-
heated gas in a plenum chamber. Thermochemical equilibriun iy achieved in this
plenum and the resulting simulation gases are expanced throuygh a choked converging-
diverging nozzle. The test section is the throat region of this nozzle.

The arc unit is water cooled with ambient temperature, nigh pressure deion-
ized water. The APG input power is supplied by 4 660 kw continunus rated, saturable
core reactor, dc rectifier power supply.

A maxinun overload power level of 1.2 MW
is achievable for 5 minutes.

Tne power supply has 1,000, 2,000, or 4,000 volts
open circuit voltage modes to match APG operating characteristics for various test

gases, flow rates, and pressures. Arc starting is accomplished by imposing power

supply open circuit voltages across the APG electrodes while an argon flow is main-

tained. Then a momentary RF discharge in the APG column provides an initial ioniza-

tion path for the arc. Once the arc is started, test gases are immediately intro-

duced as necessary to provide the required test gas composition.




1ajeay

a{zzou 3533

2de 403D14ISUOD My-| WUIYIOLBY

‘el asnbyy

uaboapAy 4o apixououw
uoquaed  :uoi3datug
Aaepuodas djeudalty

S3|Npow 40321435u0) [ a(npou apoyie)

Ji43oumufs | xy
J43queyd burxyw 3| npow 3pouy
9 wnua|g
ﬁ‘
W NN .AJVM/%\\ f S yd
4 —h N £l ’
g A}
- ]
L

| M.

0319 ‘aplaoiyd udbouphy ‘apixouow
Uu0q.Led/apLxoLp uoques *uabLxo
/udbouaky :uot3daluy A1epuodag
apoue
J43ddo)

\ N

)

7z

. )
\\
e

uaboapAy
40 uuvbae/wni {ay
‘uoL3daful Auewray
apoyies
uajisbuny

e PNV R PRSI 7 " v FESA Y

oy

LTI s POTIRER  S




R e TN TR LT TG TR et STV TR SRR R 15":'0"-“

Aerotherm 1-MW constrictor arc heater.

Reproduced from
best available copy.

QUSTRICTOR ARC

Figure 1b.
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The arc unit exhibits very low contamination levels. Based on the results

of Reference 2, total gas stream contamination should not exceed 200 parts per
million (0.02 percent).

The scurce of this contamination is the tungsten cathode
and copper anode.

A third potential source of contamination is the boron nitride

insulators of the constrictor section; however,. their contribution to the above
figure is felt to bz very small.

2.2 TEST NOZZLE CONFIGURATIONS

The nominal test configuration is an axisymmetric nozzle as :hown in Figure 2.
The test section inserts form the throat region of the nozzle. The PG washer imme-
diately upstrexa of the test section insert insures a smooth transition into the

insert and holds wnue boundary layer trip. This trip, a thin Grafoil disk, is em-

ployed to promote turbulent flow, and therefore high transfer coefficients, in the
throat. The test section insert is retained by a crushable high temperature insu-
lator. The test section could therefore expand thernmally without imposing excassive
compressive stresses. The test section insert configuration is shown in Figure 3.
This is the nominal-dimension configuration; the details of the actual test insert

depends on the particular requirements of the test material, e.g., backwall insula-
tion in the throat region.

An appropriate ablation sample or a water cooled steady state calorimeter can
be placed in the test section. The calurimeter and test sample both have the nominal

interior dinensions shown in Fiqure 3 so that the test conditions during an ablation
test can be inferred from a corresponding caiorimeter test.

The calorimeter instal-
lation is shown

in Figure 4 and a view of the assembly is shown in Figure 5.

2.3 FUME COLLECTION SYSTEM

The APG for these tests is run on the atmospheric test stand with the test
gases exiting directly into the test bay. A fume collection system is employed to

collect, cool, clean, and exhaust the gases outsidc the test area.

The system is
shown schematically in Figure 6.

The first com,onent of the system is the heat exchanger section. The high
temperature of the test gases as they leave the APG requires a "cooldown" to less
than 250°F before they enter -he remainder of the system. This section is con-
structed of a high temperature alloy, Hastelloy Alloy C-276, and provides a set of
spray nozzles which “quench" or cool the gases with a water spray. Also included
in this section are two view ports to allow pyromzter viewing of the test section.

The gases are then ducted to the fume scrubber mounted outside the test bay.
This scrubber is of the packed tower type and is designed to remove all toxic fumes

(HC%, HF) from the gas stream before they are exhausted to the atmosphere. The
scrubbing fluid is water used in the once-through mode.
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Figure 2. Axisymmetric nozzle assembly.
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The final component of the system is the exhaust fan, mounted on the reof of
the test bav. This provides the positive draft required to draw the gases through
the heat exchanger section and the scrubber. The fan has been sized to provide a
slightly negative pressure in the systcm when it is used in the blanked-off mode.
This is necessary when hazardous or toxic test gases are used as it prevents the
release of such gases into the test bay and insures personal safety.

Due to the corrosive nature of certain of the test gases (HCR2 or HF), the fan,
scrubber and all ducting exc’usive of the heat exchanger section are constructed of
Rigedon 4837-AT-HF. This is a fire-retardant, fiberglass reinforced polyester plas-
tic resistant to corrosive attack by both acids and alkali and, in addition, is pro-
vided with a special Dynel veil for protection against flouride atcack.

2.4 INSTRUMENTATION

The measurements to characterize the test conditions and material response
are

e Test Conditions
— Gas Total Enthalpy
— Chamber Pressure
— Cold Wall Heat Flux
® Material Response
-~ Surface Temperature History
— Surface Recession
~ Qualitative Surface Condition

The gas total enthalpy is defined by an energy balance on the arc heater
including the plenum chamber, i.e.,

_ Power In-Cooling Water Losses

ho = Namp = Lhgpe = total Gas Flow Rate

-3 r - .
0.948 x 10~ Fl chTc

mgas
where hamb is the enthalpy of the test gases at room temperature. Voltage E and
current I are recorded continuously on a digit.l data recording system; measure-
ments from panel meters are alsc taken as a check. The cooling water flow rate,
ﬁc, js measured continuously during each test with a sharp-edge orifice and differ-
ential pressure transducer and its temperature rise, ATC, is measured continuously

13
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1 with a differential thermopile. The total gas fiow rate, m

gas® is the sum of all gas
3 flow rates delivered to the APG. Al11 gas flow rates are measured with ASME sharp-

: edged orifices and differential pressure gauges, except hydrogen-chloride which is
i measured vith a rotameter with a magnetir float follower.

The chamber pressure is measured continuously with strain gauge pressure

transducers. The pressure taps are located at the downstream end of the plenum-
mixing chamber (Figures 2 and 4).

T T T

The chamber temperature is determined from the
calculated net enthalpy addition due to arc heating, the measured chamber pressure,

the test gas composition, and an ACE computer code computation of chamber conditions.

ek grd

Cold wall heat flux is measured at the throat of the watev cooled copper cali-
bration nozzle with a steady state, water cooled calorimeter section. The coolant
water temperature rise ATC is measured with a single-pair copper-constantan differen-
tial thermopile, the output of which is recorded continuously. The calorimeter water

flow, hc, is measured with a standard glass tube rotameter and the heat flux is then
calculated from the equation

TN T

T

L 3o it
O

T

where Ac ijs the calorimeter heated area.

Surface temperature history is measured with an E? Thermodot TD-9CH optical
pyrometer which is calibrated with a high temperature source.

T YT

For each nozzle abla-
tion test, this pyrometer, which has a sensing wavelength of 0.8 microns, views the

nozzla throat at an angle of approximately 40° from the APG centerline. Output data

is recorded both visually from the instrument meter and in digital form from the data

) acquisition system. In some tests, a second pyrometer is used as a check on the pri-

mary unit. This secondary unit is a Thermodot TD-9FH optical pyrometer similar to
the primary instrument except calibrated in degrees Fahrenheit.
4

The test sample surface recession is obtained from pre- and post-test measure-
ments of the throat diameter. Measurements are made at three axial stations in the
throat region, namely, the entrance, center , and exit. In addition, at each station,

: the diameters are determined at two angular positions 50° apart. The measurement
accuracy is approximately +0.0005 inch.
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SECTION 3
TEST GASES ARD TEST CONBITIONS

3.1 TEST GAS SELECTION CRITERIA

The selection of gases for APG testing is very important since ideally one

would like to minimize the extent te wfich experimental results must be extrapolated
in order to predict actual coaditions.

Several questions must therefore be addressed
in selecting appropriate gases.

1. What rocket motor environments are anticipated?
What are the important surface reactions?

What information is required in the prediction procedure?

oL w N
. . .

How sensitive is the kinetic response to predicted variables such as the
heat or mass transfer coerficient?

5. What are the operating limitations of the APG?

Test gases must be defined for two different kinds of tes’. On the one hand a

comprehensive set of gas mixtures must be defined to allow a full kinetic characteri-

zation of the test material. On the other %and a gas mixture or a set of gas mix-

tures must be defined for experimental screening or ranking of materials which are

similar to those which have rece¢ived the full rharacterization treatment. Although

it is likely but not necessary, the screenina gases and their test conditions will
be a subset of the full characterization test matrix.

3.1.1 Rocket Motor Environments

Rocket motor environments will be based on three advanced MX propellants,
namely,

e XLDB
e HTPB
o PEG/FEFD

Representative elemental compositions and flame temperatures are given in
Table 1. For the purpose of studying surface kinetics only the elemental composition
of the propellant gas need be considered. The solid A2+, does not enter into the

15
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TABLE 1. REPRESENTATIVE COMPOSITION AND FLAME
TEMPERATURE OF ADVANCED MX PROPELLANTS

Propellant XLDB HTPB PEG/FEFO
Flame Temperatures $°K 3880 | 3690 3787
°F 6524 6182 6360
Mass Fraction
H 2.5 4.0 2.6
C 13.5 8.4 12.5
N 24.0 9.0 23.0
] 39.5 40.0 37.9
F - - 1.5
Al 18.5 17.6 18.5
(W] 2.0 21.0 4.0
TABLE 2. PROPELLANT GAS COMPOSITION
(A1203 REMOVED)
Propellant XLDB HTPB PEG/FEFO
Mass Fraction
H 3.8 6.1 4.0
C 20.8 12.7 19.2
N 36.9 13.6 35.4
0 35.5 35.2 32.9
F - - 2.3
€1 3.0 32.4 6.2
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surface kinetics problem although it probably contributes to surface erosion rates.
Table 2 gives representative compositions of the propellant gases with all the AL
and an appropriate amount of oxygen removed as A2203. The ACE/GASKET program was
us2d to determine the concentration of gas species which would exist at the carbon
surface for three conditions: (1) surface equilibrium, (2) very small surface abla-
tion, and (3) a nonreacting surface at typical surface temperatures {2200°K to
3300°K). Those species with significant concentrations would then be candidates for
reactaats and/or poisons. A typical distribution of surface species as a function
of temperature for an KTPB propellany is shown in Figure 7. This solution represents
the kinetically controlled ablation of edge oriented vyrolytic graphite at a throat
pressure at 39.4 atm from the ACE/GASKET calculations. Those species considered as

possibly significant reactants (molar concentrations greater than 0.1 percent) are:

e (€O
] H20
L H2
] N2
] CO2
o HCL

o HF (HF not a specie for the HTPB solution)

It should be noted that other species, such as C2 ani H, appear in represen-
tative amount and may also be important. Still other species, such as 0 and OH,
though present only in small quantities may have very fast reaction rates. These
latter species vanish very rapidly as ablatinon rate increases so that they would
probably increase rates only a slight amount befare they are depleted. Atomic hydro-
gen has been shown, at least on one ca.a*, to react slower than H2 and since the con-
centrations of H2 are an order of magnttude greater than that of H, ablation due to
the latter will probably be insignificant. C#, a halugen, is a potential poison,

however, there is no firm evidence for this behavier. Thus, the species of interest
are those previously listed.

3.1.2 Important Surface Reactions

The most probable surface reactions can be identified by considering the
available species, the possible reactions with carbon, and the equilibrium constant
for each reaction. (The equilibrium rate serves as an upper 1imit to the surface
kinetic rate.) Of the reactions considered, only the following have sufficiently

large equilibrium constants in the temperature range of interest:

*Personal Communication. Professor D. Rosner, Yale University.
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c* + H20 > €0 + H2
Cx + CO2 »+ 2C0

n +
2(;* + Hz - CZHZ

The reactions of carbon with CO, N2' HC%, and HF are not considered significant since
the equilibrium formation rates are too small. However, they may have innibitor
properties.

‘the mechanism of poisoning, or inhibition of curface reactions, is basically one

of active site competition., That is, & poison specie may occupy an active lattice

site and thus prevent a reactant from cccupying that site. Of the seven species

listed as possible poisons, only N2 will not be considered because it appears to be
inert as far as surface kinetics are concerned.’ Although H20 and CO0, readily react

with the carbon surface they are, nevertheless, occupying lattice sites and thus,
in that sense, are poisons for each other.

3.1.3 Required Information for Predictions

The singular purpose of this experimental program is to provide empirical data
to be used in an analytical procedure for predicting rocket nozzle thermal performance.

The expression desired in Reference 1 for kinetic ablation rates of graphitic mate-
rials is

("H20 ¥ A'pcoz) MCh x py

S g

c . 5 + e (1)
where
D, = :1 + (AP)HZO + (Ap)coz + (Ap)gg-* (Ap)Hg ] @
D, = [1 + (AP)ch] .
D, = i + (A"p)HZO + (A"p)m2 + (A" * (ﬁ"D?ng]

~rA'Ithough CoHz does not appear in the list of gas species, the reactions should not
be ruled out. Hydrogen is present in large concentrations (approximately 25 per-

cent by mole) and the CoHp coming off the surface may be eliminated by gas phase
reactions.

§Kinetic rate data in Reference 1 substantiates the inert behavior of N2‘
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~(E,~E1)/RT,
MCH = B,/Be © M

- o -E'/RT
z Be w

The A, A', A", B, and E coefficients are the terms that must be determined from
experimental data. Since temperature and 2 set of chemical species are involved,
the experiental data must vary these variables over a sufficient range so as to

allow the accurate definition in a data correlation procedure. As noted, the APG

provides wide latitude on gas composition over « limited temperature range. By

simultaneously including rocket motor data, the correlation procedure can be exterded

over a relevant temperature range. This is done with tne current data analysis

scheme, however, for the present, only the /PG data is of interest.

The term MC is the correlation paraseter and is presumed to be a function of
temperature only. For any given test it is then necessary to define ﬁc, Tw’ and P;
and for any given set of data, the correiation procedure must determine the coef-

ficients A, A', A", B, and { such that 1n an MC versus Tw (or ]/Tw) plane, the data

has a minimum scatter. LI.perimentally, it 13 not poscible without great agony to

measure p, in the vicinity of the hot ablating wall. In fact, it is not even neces-

sary if hc and Tw are measured and the elemental composition of the test gas is

known. Since, at the test pressures end termperatures, the gases are probably in

thermochemical equilibrium (homogeneously but not necessarily heterogeneously) the

species composition and, hence, p; can be calculated from an open system thermochemi-
cal computation using m_ and T .

Implicit in the thermochemical corpitation 1s a knowledye of the mass transfer
coetficient (peuecm). In an AP test thic ran be detepuiped by calibration with

appropriate heat tranzfer measurewentis; howeves . Tor rockel notors this can only be

determinad by analysis. Thus, an AFG * <1 newsures all necessary variables (i.e.,

T I r} " % I3 v ¥ 3 .
Tw’ M. and Veuecm) whereas a motor firing sields only total recession; Tw and oeuecm

must be determined or estimated by other means.

For the measured res.ult, to be relgrant in an analytic procedure, the test

gases and test conditivas 1ot be sopzcred with Zarve. Tihi: selection must be based

on the above discussiuon un i-portsnt gas species. But, in addition, the sensitivity
of the gases on predicted resc’s  aud AP linitation, must also be considered.

These
considerations are discuss~. brlow.

3.1.4 Sensitivitv of Kinetic Response

Since gasket and ACL are the only computer codes that are currently in use by
manufacturers in the rocket community, the main concern here is to determine for a

given kinetic model, the sensitivity of predicted results to input parameters. The
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Aerojet Solid Propuision Company MX nozzle was selected as the baseline configura-

tion, and each parameter was studied to determine its influence on the surface

thermochemistry soluticn. The parameterz that were considered are: the thermodyna-

mic state at the boundary layer edge; the mass transter coefficient; and the kinetic
constants at the surface reactions.

As a result of the sensitivity study, it was found that the sensitivity to
the input thermcdynamic state at the boundary layer edg. is negligibly sms311. Sen-
sitivity to the input of the mass trensfer coetficient however, is dependent upon

tne magnitude of the kinetic constanis used in the Arrhenius type expression. For

the baseline case, at the location of the nozzle throat, the kinetic regimes of the
following materials were determined as:

¢ Llayer P.G. Temperature . 59007R
e Edge P.G. Temperawure < J700°R
e Bulk graphite Temperature < 3600R

At temperature below these thresnold temperature, it was found that the mass trans-
fer coerficient had no significant role in the surface chemistry solution. Con-
versely, at temperature above the threshold temperature, the sensitivity to the in-
put value of the mass transfer coefficient increased monotonically with temperature
as the chemical reactions shifted from kinetic limiting to diffusive limiting.

Qualitative Description of Surface Thermochemistry

The surface thermochemical process can be best described by the following
equation

. (3)
i 1;_ + L

wnere Ji js the diffusion rate c? *he
at the boundary layer edge, &
netic constant.

reactani i, cie is the reactant concentration

j mass transter zozfficient, and ki is the ki-

Note that iquation (3) only c:isvwes a simple first order reaction
and no innibiting effect is considered,

modifications are required,

iy the

To accoun* for complex kinetics, further

The functional form of Equation (3) introduces a very

useful interpretation when compared to electric network theory. By analogy, Cia

can be considared as the driving potential, the reciprvcals of the mass transfer
coefficient and the kinetic constant as the surface rasistance, and the flow of the

R
Reference 3
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reactant as the current. It is interesting to note that when ki > By the rate of
the overall process is then completely determined by the diffusion rate. Conversely,
when ki <«< By the rate o the overall process is completely determined by the actual
kinetics of the surface reaction. The former limiting regime is called the diffu-

sion regime, the latter is called the kinetic regime, and the intermediate regime is
called the transition regime.

In the sensitivity analysis, the effect of the following parameters was
assassed:

o One-dimensional flow versus two-dimensional flow (chows effect of the edge
thermodynamic state)

o Equilibrium flow versus frozer flow

® Mass transfer coefficient for »-b-plane PG, C-plane PG, and bulk graphite
(shows the kinetic regimes of the three materials)

e Mass transfer coefficient versus erosion rate (wall temperature at 6000°R)

The baseline case was a typical MX upper stage nozzle contour with a PEG/FEFQ pro-
pellant expanded from typical chamber conditions to the throat (sonic point). The
option of equal diffusion with a unity Lewis number was chosen in order to simplify

the analysis, however, the effect of unequal diffision, Lewis No. 1 will be addressed
later.

Table 3 shows the scnic point thermodynamic states at the boundary layer edge
as calculated for 1-D equilibrium flow, 2-0 equilibrium flow, and 1-D frozen core
flow conditions. It was found that the 1-D frozen fluw predicted a higher pressure

and higher concentrations of the three major reactants (steam, carbon dioxide, hy-
drogen).

TABLE 3. MX BASELINE — PEG/FEFQ PROPELLANT THROAT
THERMODYNAMICS CONDITIONS AT BOUNDARY
LAYER EDGE

Type of p T

prope of (aim) ’ﬁ;) Réii%ant Concentration (1b-mole/ft?)
v C02 }b H20
1-D Equil. 57.;;- '67167 8.93“2-?(;'1:-”33.26 x 1073 5.89 x 107°
1-D Frozen 63.43 6343 10.51 x 107° 3.44 x 10°° 6.92 x 10°*
2-D Equil. 47.74 6378 J 7.31 x 1077 { 2.70 x 1073 4.80 x 107"
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Based on Equation (3} and the resctanl compositions shown in Table 3, 1-D flow as-
sumptions should result in higher ernsion rates., However, as shown in Figure 8
for PG washers, thure 15 no aiccerqable dependence of che mass 10ss versus tempera-
ture reiationshs, on bourdary laysr edge state® for temperatures below 6500°R and
only small dijfferences #re nhserved for higher temperatures. These results, though
unexpected, are not surprising Sinc. the derivation of Equation (3) does not account
for inhibiting effects. In the o » connidered here, reactants are competing for
active sites at the sur‘ace., Henc® . .pecies which serves 35 a reactant for a par-
ticurar surface reactant, me, very woll ba sn sahibitor to the other reactions
which simultaneously take piace ar th: surface. This competing phenomenon may be
the reason why no aprreciah’e *nfy wiyze 15 ohserved.

Figure 8 thr2, h 10 show .« "o ~aco graphitic mazerial there is a regime
where the ablatior rate is insens.’s » o the magnitudc of the heat transfer coef-
ficent. This regrne as dessribed in the avove section is called kinetic regime.
As can be seen in thase tigurey, the kineticaliy limit:d vregivas are as foilows:

s Llayer F.G. Yo uecaiare < S5500°R
¢ Edga P.C. iemgerature - 4370 R
¢ Bull graphite TIeuperature < 3u)°R

1t is apparent that nelod w2 thresh Id vewperatyres, che surface thermochemistry

is independent of the mass transfer coefficient. Howcver, at temperature above the
threshold temperaturss, Lhe depende: oz increases as temperature increases, At a
sufficiently high temgerarurs i <ueti.z veaction reaches aguilibrium, and the
ablation rate is noniroiled by di*vusior wrizh Pac 2 lircar dependency on the mass
transfer coefficizrt, Sucf 7/ craritostize are then ¢ longer important and all
carbonz will abisle ab e Saié vete. Figuez 1) presents the results which are pre-
divted by surface squstonrium onoy o,

Figure Yo groserts « = 0 explicit pu ..ee oF Lro the erosion rate depends
on the mass transfer coetficiznt, ine eoice! Tine 1o He surface equilibrium pre-
dictions which show *har the ecesiop caue . 1 Yiproer function of the mass trans-
fer coefficient. ' euwnr.ted, baws o Froovion {57, vhen ﬁe”ecm - «, Lhe erosion
ratz becomes inrdv aagent o f - s trecuter cocfTicfene Though this is not as

avident i4 the bulr grwnite wlibtoar < b, wie yay ¢ and edge P.G. solutions.

The unequu: STy inn wrerate aoeag o, 1 ghe sglecular weight differences
between species upon diffusion from tne vpoundary laver edge to the surface and vice
versa. The lighter -mlecutes dif use faoter than the ncavier molecules since their

*

Note that this ctatements awr.yvy only for edge states st the nozzle throat as pre-
dicted by different g:2s - n3i,ion assumntiors Starting w.th the same chamber
conuitions.
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mean free paths are larger and hence allow them vo travel farther before colliding
with other molecules. Therefore, in a hydrogen rich environment, which is often
the case for propellant combustion gases, the equal diffusion assumption will under-
predict the diffusion rate. For layer P.G., due to the slow surface reactions, the
diffusion process does not affect the erosion rate at all. Figure 12 shows that

the erosion rate is constant at a typical wall temperature of 6000°R over a wide
range of peuecm’ With edge P.G. which has a stronger dependency on pe”ecm’ varia-
tions on the erosion rate prediction were found (see Figure 8) at temperature above
6000°R. The determination of the kinetic regime, however, is not affected. Obvi-
ously, the bulk graphite predictions are going to be affected, as it also has a

] strong dependency on oe"ecm'
The Lewis number is the nondimensional group which characterizes the rela-
tionship between the energy and mass transports. The correlation frequently em-

3 ployed (Reference 4) is

v 2

o= Leh (4)

H

i Generally, Le # 1, and hence it has an effect on the erosion rate predictions.
1 Again, the predictions of layer P.G. are unlikely to be affected. Edge P.G. and

bulk graphite will undoubtedly be affected as shown in Figure 8. The erosion rates
are expected to decrease if Le < 1, and vice versa.

3 ) From the above discussion, one can conclude that both data analysis and abla-
4 tion predictions require a careful evaluation of the transfer coefficient. In addi-

; tion, when large quantities of hydrogen are in the gas, unequal diffusion should be
: included in all calculations.

3.1.5 Arc Plasma Generator Limitations

3 The design and operation of the arc plasma generator imposes restrictions on
3 the choice and use of certain test gases. There are two basic areas of concern;

3 first, the effect of a particular gas on the vital components of the APG (cathode,
3

anode, constrictor segments, etc.) and second, the stability of the arc when oper-
ating with a particular gas or combination of gases. The situation is further com-
plicated by the desire to produce a test gas at as high a temperature as possible.
This generally requires arc heatiiig of the largest possible portion of the total
test gas flow to the maximum tempirature achievable, i.e., maximum energy input,
while minimizing the energy losses to the cooled walls of the APG.

; With the design of the APG currently being used, it is necessary to avoid
injecting any oxidizing species into the arc heater as the primary gas. This is due
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to the tungsten material used in the cathode, which when rapidly removed through
oxidation processes can both limit APG run times to the order of seconds and cause
catastrophic failure of the arc heater. The normal solution employed is the injec-
tion of such gases several constrictor duct diameters downstream of the cathode.
This has been highly successful when the required test gas is simulated air, using
individually injected nitrogen and oxygen. However, in the case of propellant sim-
ulation, there is an additional problem. The reactive nature of the base species,
hydrogen, which for reasons of arc efficiency and maximum power input is the arc
heated gas, requires the injection of oxidizing species downstream of the arc
heater portion of the APG, in the plenum section (see Figure la). This is primarily
due to the combustion induced turbulence which adversely affects the stability of
the arc, resulting in failure of the constrictor segments. Therefore, the primary
or arc-heated gases must be either inert or nonoxidizing, the remainder of the test
gases required to make up the propellant simulation are injected in the plenum sec-
tion. This results in lower overall APG efficiences due to the portion of the test
gas which is not directly arc heated and the losses to the plenum section from both
the arc heated primary gases and the exothermic reactions which take place in the

plenum. The net effect is Tower test gas temperature and hence lower test sample
surface temperature.

The "normal" APG limits of pressure, current and power input must also be
considered. These, in general, are less severa than those discussed above and
typically can be accommodated through arc heater and power supply configuration
changes. It should be noted that this is especially true with hydrogen, which is
very sensitive to the gas injection configuration and arc heater constrictor length.

The penalty for use of an improper configuration is usually very unstable arc
operation.

3.1.6 Potential Test Gases

As described in Section 3.1.2, the potentially important reactants are HZ’
HZO’ and COZ’ typically in decreasing order of mole fractions (see Table 3). In an
APG, various concentrations of these gases can be mixed and reacted to form the
test stream. By judicious selaection various reactants and poisons could be isolated
in a systematic manner so that appropriate reaction rate constants could be deter-
mined. some kinetically appealing test gases are shown in T~Lle 4. These gases are
separated into three groups, reactions which include H2, H20, COZ, and €0, reactions
with these gases and HC%, and reactions with HF in lieu of HC.. The surface reac-
tion designations are shown in Table 5. The number of tast gases to be used in a
material characterization test matrix would be selected as a subset of the gases
tested in Table 4, This selection will be based upon a trade-off betwesn tiie degree
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to which a particular reactant (or poison) can be isolated and the operating limita-
tions of the APG. Note that the exhaust gas composition is only representative and
that all gases that contain CO will also have CO2 in small quantities. At high

temparatures, it is not possible to have large concentrations of CO2 in the pre-
sence of H2 since the preferred species would be H20 and CO.

3.2  TEST GAS SELECTION

0f the gases shown in Table 4, those that contain HCL and HF require special

toxic gas handling systems. The current Aerctherm APG facility is equipped to han-

dle HCR, however, a number of nontriviel additions are required before HF can be

used, Since it is not at all clear that HF effects are really significant, the cur-

rent feeling is that a « i1s:on on HF testing should br deferred until sufficient

motor data with fluorinated propellar! becomes available. In the event this data

can be analytically treated by an analog between HF and HCt then no further APG

testing will be necessary. However, should the data not correlate properly, then

the expense of the HF handling modifications would be justified. Thus for now,
reactions 14 through 18 of Table 2 will be eliminated from consideration.

3.2.1 Test Gas Evaluation

Test gases 1 threouyh 8 have been evaluated under a wide variety of APG condi-

tions u:ing both water cooied calorimeters and carborn test sections. These tests

clearly show that test gases 2 end 4 resulted in anomalous heating conditions.
The probable cause can be defined by considering the schematic of the APG shown in
Figure 1a. In normal operations, HZ or an inert qa: zuch as NZ’ Ar, or He is used

as the arc heated column and 111 other gases are injected between the arc column

and the plenum chamber. [f we consider, a8 an example, test gas 2, the relative

moles of injection gas {62) ts src zoluma gas (HZ) is 4/9. However, mixing of the

two gases will be dependcnt upon the relative ma:.: rates of the two gases. A sim-
ple conversion shows that the reluafive mass of 1ndecticon gas to arc column gas is

approximately 28/1. It was criginally anticipated :hat combusticn inducid turbu-

lence would result in adequat» mix.ng in the plenum huwever, measurad data suggests

a high concentration of low enthilpy injection qac=s near the walls of che test

section. This rather poor adang of arc heated and irjectiun gases made the test

data impossible to adequately .nalyze. Subsequent trial and error experimentation

showed that ratios of injectea gas to arc heated gas of less than § (by mass) would
result in adequate plenum chamber mixing.*

Thus test gas number 5 was also
eliminated.

e
It is assumed that at least one of the injected gases will be 0

) s¢ that there
will be combustion induced turbulence.
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Experimentation with test gases 4 and 10 revealed a second difficulty. The
kinetic reaction rates of CO? with H2 are much slower than those of H2 with 02. In
fact, some simple kinetic calculations revealed that there was insufficient residence

time in the plenum chawber tr :ttain thercochemical equilibrium. Thus, all gases

which would nurmally inject CQ, would b« repiaced by an equivalent combination of (O
and 02.

From the above discusssion, HC: t-t 1125 12 and 13 can be eliminated out-
right, however gas number 11 can be mide acceptable by reducing the relative moles

of HCX from 8 to 2. Simitarly, for the HF o01ses, aas number 16 can be eliminated

and gas numbers 14 and 15 would be wore aceentable if relative woles of CF4 were
reduced from 2 to 1.

Finelly, tast q1. I+ ¢ unacceptable and needs revision after
the effects cf HF have been assessed.

- —

Based upon the discussien n Section 3.2.1, the test gases for material char-

acterization studies were reduied to the suhset shown in Table (. MNote that 002
will nnt be used as an wniection aa: and that 3t has been replaced by an equivalent

quantity of 02 any CO.  Note alsn thal HF 1a5:5 were not included since the advis-
ability of testing with HF h.c not vet leen o9se5s2d.

With the exceptiun of the HF 1nhibitor &Vl ott

r surface reactants are re-
presented by this set of reactiunrs.

{t is clecr? noy posysible to isolate veactions
other H2 since oxygen bearing species (COZ, HZO) vill react with salid carbon to
form CO and in gas phase equilibrium, o smal} quantity of EOZ will also be present.
The reactisns shown in Table % reprzsent a qnod compromise between the desire to
isolate reactants and stili stay within “he operating limitations of the APG. In
the case of gas mixtures 1, 2, 6, 7, and =, test sqa.ules w1l be exposed at APG

conditions which will result in tarce oo, tnad surfi.e tero-ratures, 4000°R, 4500°R

and 5500°R. For gas mixtures 2 and 5, samplo. w11 Se wwosed to two nominal surface

temperatures, 4000°F and 4500 °F: while for gas »~y:iture d
4000°R and 5000°F will be used ir-luded in Table 5 to test

for shear removal affects. laert .5 tests 1% be ruy 1t the highest heating con-
ditions compatible with APG 1 mitatinns,

, su~fiace temperature of
An inert q3c was 1i-.

With thrx f¢c¥s o0 five reacting gas
mixtures, two tests for throg¢ rustices, and onc fov tre inert gas test, a minimum of

twenty-two tests are reqnicod.  Sis *fditiona] teuts are planned as contingency or

repeat tests and will be performea a< required. Thus, a totsl of 28 tests are plan-
ned for each characterization material.
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SECTICN 4

CALIBRATION 45T RESULTS

Considering the lack of accura®e «-2liytica) tools for predicting arc heater
performance with the varfous gas mix*ure: ciccusced in Section 3.2.2., and the fur-
ther complication of the very largs eff¢ -t .7 the pienum/mixing chamber on overall
operating efficiency, an effect which woulc b¢ nearly impossible to model analytical-
ly due to the combusticn processes occurring in this chamber, a comprehensive series
of calibration/checkout tests was run to define the operating limits for each test
gas. The following sections describe the resuylts of this test series. Section 4.1
describes the test conditions fer each test gas for all gas compositions/heater
configurations utilized. Section 4.2 presents the performance map for each test
gas while Section 4.3 presents the test nozzle response results of a checkout
series run with representative test materials.

4.1 TEST CONDITIONS

Arc heater operation was op.imized through a series of calibration/checkout
tests using the calibration nozzle assembly to-measuie cold wall heating rates.
Yarious test gas compositions, combined with different gas injection schemes and arc
heater lengths were used to defipe the maximum run condition possible for that par-
ticular test 655. The qeneral cr%teria for this test ceries can be summarized as
follows:

1. Maximum energy input to test ga

(%

2. Maximum cold wall reating rate

3. Minimum losses in plenun/iniving chamber
4. Maximum test nozzle surfice temparature
5. Reasonable arc heatei camoonent Tifetime
6. Reasonable arc heater running stability

Criteria 1, 2, and 3 generally lead te 4, maximum test nozzle surface temper-
ature; however, it was found that this temperature was a strong function of the gas
injection into the plenum chamber. [t is felt this is due primarily to mixing and
combustion processes in this chamber and their affect on the test section boundary
layer. Certain conditions seemed to produce a stratified'flow, a very hot core sur-
rounded by a cooler shroud. This produced very low surface temperatures as might
be expected.

36



YT

- vl B

-

Y

TN
B o A S e (e o At MO
- S i aunder i
T c 3l ~ e

ol T g il e i Ll S A
Y v bR s g A " &
e Tt AL 8 dtrast gl ha vt T vy
v m‘-wu.v.q-.r-,. e
e, o

Since the arc heated or primary gas in most cases was hydrogen, criterion 1
was the easiest to meet within the power supply limitations, the only complicating
factor being the unstable running characteristic of arc heating this gas with the
present electrode configuration of the arc heater. Criteria § and 6 then most often
determined the maximum run condition, usually limiting the maximum current that
could he reasonably used without seriously degrading arc heater stability and/or

lifetime. Various techniques were applied to overcome this limitation as will be
described below for each test gas.

Meeting criteria 3, minimum Tosses in the plenum/mixing chamber, proved to be
most difficult. The large size of this chamber, a result of the need to pfomote
compliete mixing of the arc heated primary gas with the plenum injected cases, com-
bined with the turbulent nature of the flow in the chamber as i1nduced by the com-
pustion processes and the energy released by these processes, resulted in very large
energy Tosses in this section. Most techniques to control this loss were either in-
consistent with the required test conditions, e.g., Tower plenum pressure, or ad-
versely affected the flow quality, e.q., smaller plenum chamber.

The emphasis there-
fore was on criteria 1 as discussed above.

The resuits of the calibration tests are summarized individually for each
nominal test gas in Tables 7 through 11. In most cases, the table is arranged in
the sequence in which the runs were actually made, showing the effect of test gas
compasition, gas injection or arc heater configuration changes.

Test Gas 1

Hydrogen is the basic arc heated species for this test series and as such test
gas 1 represents the baseline performance for all the test gases. One basic arc
heater length was used for ali test points shown in Table 7; this selection was
based on previous experience with hydrogen. This left the mass flow rate and in-
Jection configuration as the only variables available for changing arc heater opera-
tion. The injection configuration was held constant, all flow being arc heated, as
this produced the highest efficiencies and there were no other reasons for trying
different configurations, e.g., gross arc instabilities or component failures.

Several different mass flow rates were tried, with the result that a maximum
of 0.007 1bm/sec was found to be acceptable from an operational viewpoint. Higher
flow rates resulted in higher chamber pressures with attendant higher heating rates
(or recovery temperatures) demonstrating the need for the largest mass fiow possible.
This flow rate also produced the high arc voltages necessary to lower the arc current
to acceptable levels, those which optimize electrode 1ifetime considering the sever-

ity of the test condition. Note that the last three points in Table 7 are the nomi-
nal test points for test gas 1.
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Test Gas 2

Referring to Table 8, a large range of test gas compositions and injection
L configurations were tried before achieving an acceptable balance between test gas
recovery temperature, chamber pressure and arc heater operation.

In early tests, it
J was found that injection of large amounts of oxygen, in relation to the primary hy-

drogen flow, into the plenum chamber had adverse effects on the arc stability to the
point of driving the arc termination at the anode (nearest ihe plenum) upstream into
the constrictor column. This usually resulted in early failure of the column seg-
ments. The solution to this problem was to inject varying amounts of an inert car-
rier (Argen) along with the hydrogen primary flow to force the arc termination into
the proper location on the anode, while at the same time reducing the oxygen flow to

the plenum. This necessitated a reduction in the hydrogen flow to maintain the
3 desired molar concentrations.

Ty A

Several tests (2599-2506) were run with a completely inert primary flow of
1 Argon/Helium, adding all the reactants in the plenum.

This resulted in very smooth,
stable arc operation but with very low arc voltage.

As the arc current is limited,
primarily by the electrode design and secondarily by the power supply characteris-

tics, very low test gas enthaipies and hence low recovery temperatures were achieved.
The net result was that while measured cold wall heating rates were quite high,

; achievable test nozzle surface temperature would be severely limited.
3

For this
reason, this particular gas composition was abandoned.

The resulting test points for test gas 2 are the two final points of Table 8.

e

Test Gas 3

T

Unlike test gas 2, the primary fiow of hydrogen for test gas (see Table 9)
was adequate for the relatively small amount of oxygen injected in the plenym. The
primary effect of the oxygen injection in this case was an increase in the insta- )
bility of the arc operation limiting maximum arc current to significantly lower
i levels. Efforts were therefore focused on increasing arc voltage through changes in

3 the oxygen injection configuration to maintain total energy input to the test gas at
i the maximum Tevel.

The final three points shown in Table 9 are the nominal test conditions for
' test gas 3.

Test Gas 4

) Test Gas 4 is similar to test gas 3 with the addition of carbon monoxide in-
E jected in the plenum. The total mass flow is increased with a resulting increase in
arc voltage and accompanying decrease in overall efficiency.
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The last three points shown in Table 10 are the nominal test conditions for
this test gas. Note that a performance 1imit appears to have been reached around
the 660 amp arc current level, further increases in arc current producing only
slightly higher recovery temperatures. For this reason, there may be effectively
only two test conditions for test gas 4.

Test Gas §

Test Gas 5 is similar to test gas 2 with the addition of carbon monoxide
injected in the plenum. The primary effect is again an increase in arc voltage.
There is little change in the arc stability, allowing the same maximum current level
as used for test gas 2 to be used, thus increasing the power input to the test gas

and overcoming somewhat the cooling effect of the increased mass flow. The final
results are shown in Table 11.

4.2 PERFORMANCE MAPS

The calibration data of Tables 7 through 11 are presented in graphical form
as performance maps in Figures 13 through 17, The average bulk enthalpy, Ho’ is
plotted against the total gas flow rate, m, divided by the APG sonic area, A*,
(nozzle throat area) and the chamber pressure, Pc' The curve noted on the map is
the best fit for the limited data available for a particuiar test gas composition.

The various test gas compositions used for test gas 2 can be realistically
divided into four distinct compositions yielding four curves. In the case of test

gas 5, none of the three compositions used yielded sufficient data for accurate
curve fitting.

4.3 TEST NOZZLE RESPONSE

As a final calibration effort, a checkout series of tests were run at the
highest test condition for eacn test gas with three representative materials, c-plane

P.G., ATJ graphite and P03 graphite. The measured veal surface temperatures for
this series is detailed in Table 12,

The test nozzle response in each case is presented in Table 13, The an.lyti-

cal and/or source of each 1tem in this table are detailed in Appendix A, APG Data
Analysis Procedures.
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TABLE 12. PRELIMINARY TEST RESULTS, SURFACE
TEMPERATURE COMPARISON, HIGHEST
TEST CONDITION

T pTa R e A )

Test Surface Temperature (°R) Calibration
r: S5 | C-Plane PG | PO3 Graphite | ATJ Graphite Test

! 1 5220 5190 5040 2583,06

E 2 4540 4270 3970 2616,03

; 3 5120 5080 4840 2568,03

1 a 5100 - 4760 2595,04

{ 5 - - 4030 2618,01
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SECTION 5
SUMMARY AND CONCLUSIONS

The process for selecting test gases and test conditions for arc plasma gen-
erator simulation of propellant environments was described. By considering the im-
portant reactants, anticipated environmental conditions, the sensitivity of surface

kinetics to these conditions, and arc plasma operating limitations, a set of test

gases was selected. Each of the test gases has been subjected to extensive calibra-

tion and checkout runs to define anticipated surface heating rates and temperatures

for graphitic materials. These gases permit a separation of the effects of various

reactants so that materials tested with these gases can be analyzed and correlated
to yield kinetic reaction rates which are appropriate for rocket nozzle environments.
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