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ABSTRACT

A large-scale, silica phenolic, ablative-lined combustion chamber with
a coaxial element injector having baffles, was tested to ascertain duration
capability using the propellant combination of liquid hydrogen/liquid oxygen.
The degradation of the liner was evaluated at nominal chamber pressures of
1040 psia and 570 psia at various over-all thrust chamber mixture ratios and
a nominal hydrogen injection temperature of approximately 110°R. The average
throat regression rates of the liner wall in-line with the baffles were
approximately 0.0023 in./sec (1040 psia chamber pressure) and 0.001 in./sec
(570 Asia chamber pressure) at a nominal over-all thrust chamber mixture ratio
of 5.5. These average regression rates became approximately 0.004 in./sec
(1040 psia chamber pressure) and 0.00275 in./sec (570 psia chamber pressure)
between the baffles where the total fuel film coolant was less than in the
in-line locations at the same 5.5 over-all thrust chamber mixture ratio.
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I.	 SUMMARY

The Large Hydrogen-Oxygen Ablative Chamber Test Program was conducted
for the purpose of determining the duration capability of ablative chamber
liners under the following operational conditions.

Thrust (sea level)

Chamber Pressure (face)

Throat Diameter (nominal)

Mixture Ratio (over-all)

Hydrogen Injection Temperature

930,000 lb and 465,000 lb

1040 + 40 psia and
520 + 20 psia

30.0 in.

4.8 to 5.7

95 + 5°R

The actual operating conditions obtained were as follows:

Chamber Pressure (face)
	

1040 psia to 1065 psia and
540 psia to 585 psia

Mixture Ratio (over-all)
	

4.0 to 6.0

Hydrogen Injection Temperature
	

82°R and 126°R

Unsteady flow in the facility fuel system was encountered during two
tests at 520 psia chamber pressure. As a result, low chamber pressure testing
was limited to a minimal pressure level of 550 psia and the succeeding tests
actually were run at a chamber pressure of 570 psia. The stability tests were
also conducted at this chamber pressure level.

When temperature was decreased, instability occurred at fuel injection
temperatures between 74°R and 76°R, but stable operation was regained at
approximately 110°R. Normal thrust chamber operation was stable.

The ablative liners tested were made of silica-reinforced (tape-wrapped)
phenolic (WBC-2230). The injector used was made of 3248 coaxial elements and
3-1/2-in. long copper baffles. Uncooled ablative baffles also were tested and
proved to be satisfactory.

Three liners (S/N's 001, 002B, and 002C) were used in the 18 tests con-
ducted. Two of the tests made with S/N 002C liner were combined duration-
stability tests.

Maximum regression(1) of the liner occurred at the throat between the
baffles while very little regression was noted at the 2:1 expansion nozzle
exit. Char depths averaged 0.15 in. to 0.40 in. throughout the liner. The

(1) Regression as used throughout this report is defined as the erosion or
loss of ablative material. Degradation as used throughout this report is
defined as the sum of the regression and the ablative liner char depth.
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regression and char depth analyses, along with supporting data, are presented
as Appendix A of this report.

The total test duration accumulated with liner SIN 001 was 144 sec at a
chamber pressure exceeding 90%. This included 54 sec of testing at 1040 psia
chamber pressure during the M-1 engine development program.(2)(3) The average
regression rates at the throat of the liner were approximately 0.0023 in./sec
in-line with the baffles and 0.004 in./sec between the baffles at a chamber
pressure of 1040 psia and a nominal over-all mixture ratio of 5.5. In the five
tests conducted with this liner (excluding the previous program testing), the
average over-all steady-state thrust chamber mixture ratio was varied between
approximately 5.1 and 5.5.

The total test duration accumulated with liner SIN 002B was 265 sec at
a chamber pressure exceeding 90% (570 psia level). The average regression
rates at the throat of the liner were approximately 0.001 in./sec in-line with
the baffles and 0.00275 in./sec between the baffles at a nominal over-all mix-
ture ratio 5.5. In the seven tests conducted with this liner, the average
over-all thrust chamber mixture ratio was varied between 4.2 and 5.96.

The total test duration accumulated with liner SIN 002C was 250 sec at
a chamber pressure exceeding 90% (570 psia level). Regression rates were the
same as for the SIN 002B liner. In the six tests conducted with this liner,
the average over-all thrust chamber mixture ratio was varied between 4.9 and
5.75.

Ablative baffles were fabricated from silica phenolic and satisfactorily
tested. These baffles replaced two of the six copper inner baffles and four of
the outer ones. No supplementary cooling was provided and heavy erosion was
experienced, but these ablative baffles performed well. There was no apparent
difference in erosion characteristics when test results from the 570 psia and
1040 psia chamber pressure levels were compared.

Measured injector performance was consistent with previously obtained
data.(4) No distinct difference in specific impulse efficiencies was noted
between the 570 psia and 1040 psia chamber pressure levels. A specific impulse
efficiency (not including nozzle geometry losses) of 96% was obtained for the
2:1 expansion ratio nozzle at a nominal over-all mixture ratio of 5.5.

Several low-cost ablative samples were tested at the 2:1 expansion noz-
zle exit, but none of these samples performed as well as the silica phenolics.
The low-cost ablative material data are presented as Appendix B of this report.

(2) Contract NAS 3-2555

(3) Barsotti, R. J., et al., Development of Liquid Oxygen/Liquid Hydrogen
Thrust Chamber for the M-1 Engine, NASA CR-54813, 15 May 1968

(4) Contract NAS 3-2555
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II. INTRODUCTION

All of the development testing of the ablative chambers for the Large

Hydrogen-Oxygen Ablative Chamber Test Program delineated herein was conducted

at the Aerojet-General Corporation Sacramento Facility (Sacramento, California)
during the period from December 1967 through September 1968 for the NASA/Lewis

Research Center, Cleveland, Ohio, under Contract NAS 3-1114.

The basic objective of the program was to determine the duration capa-

bility of silica-phenolic ablative chamber liners at two different thrust
chamber pressure levels (570 psia and 1040 psia).

Additional program objectives included:

- Obtaining profile degradation data at both of the designated

chamber pressure levels.

- Evaluating the performance of low-cost ablatives attached to

the nozzle exit.

- Obtaining performance and stability data at the 570 psia

thrust chamber pressure level.

The thrust chamber hardware used in this program was designed, fabri-

cated, and tested previousl y in the M-1 engine program (Contract NAS 3-2555).
Necessary associated hardware tooling and special test equipment also were

utilized. Ablative liners S/:;'s 002B and 002C, along with the ablative baffles

were fabricated as part of this program.

III. TECHNICAL DISCUSSION

A.	 DESCRIPTION OF HARDWARE 'M FABRICATION CONSIDERATION'S

1.	 Ablative Liner

The ablative liner was constructed by wrapping phenolic-
impregnated silica cloth, in tape form (WBC-2230), to the surface of a mandrel
having the same contour as the chamber. Then, the laminate was subjected to
hydroclave curing, after which the liner was contour-machined at the throat.
The liner was match-machined on the outside to provide a line-to-line fit with
the steel outer shell (see Figure No. 1). The laminate was wrapped 55-degrees
off of the axis of thrust in the chamber section of the liner and 40-degrees in
the nozzle section (see sheet 2 of Figure No. 1). Table I lists the physical

and mechanical properties as well as the wrapping technique used for all three
of the liners tested.

Page 3
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TABLE I

COMPARISON OF FABRICATION TECHNIQUES FOR
ABLATIVE CHAMBER LINERS

Wrapping Process

Tape Wrapping Temperature, °F
Tape Wrapping Pressure, psig
Tape Wrapping Speed, rpm
Tape Wrapping Span Time, hours

Uncured Material Properties

Liner SIN

001	 002B	 002C

230-240 230-240 148-208
230-240 250-294 224-392

0.5 0.5 1.25
36 49 17

Requirement
	

Test

Resin Solids, %	 24-28	 27.5	 27.58	 27.98
Resin Flow, %	 6-10	 6.8	 6.72	 8.48
Volatiles, %	 3.8	 3.82	 3.7

Cured Laminate Properties

Requirement	 Test

Interlaminar Shear, psi	 1000 min.
Acetone Extraction, %	 1 max.
Specific Gravity	 1.72
Volatile Content, % 	 3 max.
Tensile Strength, psi

2.	 Injector

2,539 2,500 2,380
0.21 0.21 0.23
1.73 1.73 1.74
2.30 2.30 2.90

12,808 12,800 12,658

The injector (SIN 012)(5) contained 3248 coaxial elements
with the oxidizer being injected in the center and the fuel injected annularly
around the oxidizer. This injector also incorporated 3-1/2-in. long bolt-on
copper baffles consisting of a thin base plate mated to the injector face, an
intermediate base containing convection coolant holes, and a tip which had a
combination of convection coolant and film cooling holes. Baffle film cooling
was limited to the corners and none was supplied through the injector face.
Figure No. 2 is a view of the injector face and baffle pattern.

A row of orifices, drilled through the porous face, was
located around the injector periphery and provided the chamber wall film cool-
ing. Approximately 3.7% of the total fuel flow rate was used for chamber wall

(5) Barsotti, R. J., et al, op. cit.
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Figure 2. Injector S/N 012 Showing Face and Baffle Pattc-rn
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film cooling at both the 1040 psia and 570 psia chamber pressure levels. Total
fuel element flow rate was 89.8% of the thrust chamber fuel flow rate with a
baffle fuel film cooling flow rate of 1 .9% at both chamber pressure levels.
The remaining 2.6% of the fuel flowed through the rigimesh injector face.

3. Fuel Torus

Previous test experience with this hardware indicated possible
fuel torus ablative liner expulsion when it operated at unstable conditions.
Twice during stability tests of this injector without baffles, there was expul-
sion of the fuel torus liner when instability was induced. Therefore, a bolt-on
copper liner extending from the injector face to 3.5-in. downstream was incor-
porated. This copper section appear undamaged under all operational conditions.

4. Ablative Baffles

Uncooled outer and inner ablative baffles were `abricated and
testc-.d in place of the cooled copper baffles. The ablative baffle consisted
of a flat steel plate with steel webs welded perpendicularly to this plate
(see Figure No. 3). Phenolic-impregnated silica cloth (WBC-2230) was intermit-
tently wrapped parallel to these webs as well as around the ends of these w:bs
to lessen the possibility of delamination from the open ends. Then, the
assembly was compression-molded and final-machined. Figure No. 4 is a typical
installation view of an ablative inner baffle. Note that the base-bolt access
holes are shown as being unplugged, but dowel-pin type inserts were used to
plug them before firing.

5. Low-Cost Ablative Materials

Several ablative materials that are less expensive than the
silica phenolic used in the liners were tested at the 570 psia chamber pressure
level to permit qualitative analysis as well as a comparison of char and regres-
sion properties. Samples were attached to the nozzle exit ring and subjected
to the exhaust conditions at the 2:1 expansion ratio.

Four general groups of materials were tested. Silica-reinforced
phenolics, asbestos-reinforced phenolics, cellulos `-reinforced phenolics, and
compounded materials. Low-cost ablative material data are included in Appendix B
of this report.

B.	 DEGRADATION EVALUATION METHOD

1.	 Diametral Measurements

Sufficient diametral dimensions were taken before the first
test of each liner and after each subsequent test to determine the ablative
erosion at the throat as well as the convergent and divergent portions of the
ablative liner.

Page 8
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Measurements were taken at 12 locations around the periphery
of the chamber and nozzle. Six measurements were taken in-line with the baf-
fles and six measurements were taken equi-distant between the baffles. These
12 measurements were taken at the following five axial stations:

- 14-in. from the injector face measured along
the chamber profile

- 25-in. from the injector face measured along
the chamber profile

- at the throat
i

- 8-in. downstream from the throat measured
along the nozzle profile

- 1/4-in. from the nozzle exit

A special piece of test equipment was used for taking these
measurements. This measuring device was mounted on a rod which was inserted
into the center of the injector face. Both the rod and device were marked so
that measurements could be taken at exactly the same locations after each
test.

2. Char Depth Measurements

Four char depth measurements were taken at each of the above
indicated five axial stations after each test. Three of these measurements
were taken at equally-spaced locations between baffles and one measurement was
taken in-line with a baffle. These char depth measurements were taken by
tapping through the liner with a flat-tipped drill until virgin material was
reached, at which time Cie measurement was taken.

3. Core Samples

Four core samples were taken of each liner to determine the
elemental composition of the char. These samples were from three, equally-
spaced locations between the baffles and one in-line with a baffle at the 25-in.
axial station. Each sample was analyzed for composition at two different depths
where the char layer thickness and required sample size were compatible. The
samples were analyzed for carbon, hydrogen, nitrogen, and oxygen. Also, X-ray
diffraction and spectrographic analyses were utilized to ascertain metallic
content.

C.	 TEST RESULTS

1. Ablative Liner Degradation Evaluation

The three ablative liners were used in 18 duration tests.
Five of these tests were with S/N 001 liner at the 1040 psia chamber pressure
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level, seven tests were made with SIN 002B liner, and six tests with the
SIN 002C liner at the 570 psia chamber pressure level. Two of the six tests
with liner SIN 002C were combined duration-stability tests.

a.	 Regr:._-Sion and Char Depth

The regression and char depth as well as an analysis of
these data are included as Appendix A. The test data are plotted on Figures
No. 5 and No. 6 as a function of the over-all thrust mixture ratio. It can be
seen from these plots that for an over-all thrust chamber mixture ratio of 5.5,
the average regression rates at the throat are approximately 0.0023-in./sec
pressure of 1040 psia. At 570 psia chamber presssure, the average regression
rates are 0.001-in./sec in-line with the baffles and 0.00275-in./sec between
the baffles. Higher regression rates occurred between the baffles where the
boundary laver mixture ratio was higher than in-line with the baffles because
the additional baffle fuel film cooling lowered the in-line boundary layer mix-
ture ratio. Figure No. 7 is a typical local view of the throat profile with
the locations in-line with the baffles designated by the numbers on the figure.
The liner shown is SIN 002B after an accumulated steady-state duration of
265 sec.

The one data point on Figure No. 5 in-line with the baf-
fles which does not seem to be consistent with the rest of the data was obtained
after Test 1198-DOl-OC-001 for liner SIN 001. This liner had previously accumu-
lated 54 sec duration of testing at 1040 psia chamber pressure in the M-1 engine
program (Contract NAS 3-2555). The data obtained with this liner after Test -001
appear to be erroneous; however, the reason for this error is not apparent. A
discussion of the validity of some of the other data points also is included in
Appendix A.

It is suggested from Figures No. 5 and No. 6 that the
regression rates are a function of the boundary layer conditions; therefore,
the data were correlated as a function of the wall temperature (boundary layer
recovery temperature). Figures No. 8 and No. 9 are plots of the throat regres-
sion rates as a function of the wall temperature for the 1040 psia and 570 psia
thrust chamber pressures, respectively. It can be noted from these figures
that the regression data for both the in-line and between the baffle locations
reasonably fit one curve for each of the chamber pressures as a function of the
wall temperature. It also can be noted that the regression rates at 1040 psia
chamber pressure are approximately twice those at 570 psia chamber pressure at
wall temperatures below approximately 3600°R. These higher regression rates
at higher pressure can be attributed to the increased shear forces and higher
heat flux. The fusion temperature of silica phenolic is approximately 3600°R
and the plots show that the regression rate increases exponentially beyond this
point as can be expected.

Regression analyses similar to that discussed above for
the throat weLe conducted for both the two downstream stations on the nozzle
and two stations upstream of the throat. Results are reported in Appendix A.
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Thrust Chamber Pressure = 570 psia

Figure 9. Regression Rate at the Throat vs Theoretical Static Boundary
Laver Temperature (P c = 570 psia)
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The regression rates obta.ned in the nozzle were small because the neat flux
is substantially reduced as a result of the lower heat transfer coefficient.

Regression rates 14-in. from the injector face were small (0.001-in./sec or

less), but those 25-in. from the injector face approached the values shown for

the throat.

Examination of the char data obtained shows that the char
depths in-line with the baffles and between the baffles were approximately the

same. Char depths at 570 psia chamber pressure Jere greater than at 1040 psia
chamber pressure because of the reduced regression rates at the lower pressure
level. The variations of the char depth with axial distance from the injector

face is shown on Figure No. 10. The actual test data fall between the bands
shown on this figure. Greater depths of char occurred with lower mixture

ratios.

Damage to liner S/N 001 in the form of gouged cavities

occurred during Test No. 1198-DOl-OC-003 (see Figure No. 11). The maximum
depth of the cav_'.ty was approximately 0.2-in. Repeat testing resulted in a
maximum depth increases to approximately 0.7-in. (see Figure No. 12). The suc-

ceeding test yielded no increase in the cavity depth.

This same type of damage occurred during the first

stability test (Test No. 1198-DO1-OC-018) with S/N 002C liner (see Figure
No. 13), but the succeeding test filled the cavities with froth(6) (see Figure
No. 14). No apparent difficulties in liner performance were noted as a result

of these gouged activities, except for a decreasing amount of virgin material
remaining at the damaged locations.

The last test in the program, Test No. 1198-DOl-OC-020,
which also was a combined stability-duration test, resulted in expulsion of the

nozzle liner. The amount of material remaining at the throat prior to this
test was very marginal for a repeat test of 45 sec duration. Severe damage to

-We nozzle steel'shell was experienced (see Figure No. 15), but repair could

be readily accomplished by welding another nozzle shell onto it. The expulsion
of the nozzle liner invalidated the throat regression readings for this test.

b.	 Core Sample Comparison

The char residues from each liner were analyzed for ele-

mental and metal content. These residue content data are provided as Appendix C.
The analysis consisted of determining the carbon, hydrogen, nitrogen, and oxygen

content as well as the amount of any metals present by means of X-ray diffrac-
tion and emission spectrographic techniques.

(6) During testing, the ablative material reached temperatures at which it

became molten, causing it to lose the fabric reinforcement. The flow of
this molten material created build-ups of non-reinforced, reforTed silica,
and it was these build-ups that are defined as "froth."
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X-ray diffraction revealed the presence of silicone car-

bide in specific samples. Appare:itly the heat of formation of the silica-
reinforcement and char residue composite had been reached. In most tests, an

amorphous substance was found which indicated the existence of virgin material.

Emission spectrographic analyses indicated that the major

constituents were silica, alumina, and titanium oxide, all of which were present

in the reinforcement.

There was no difference in the residue composition noted

among the liners analyzed.

C.	 Appraisal of Sectioned Liners

The chamber and nozzle liners were removed from the metal

shells and inspected via visual observations as well as the recording of char
depths and degradation measurements. These observations and measurements of

all the liners tested are included as Appendix D.

Liner damage was similar after each series of tests. The

degree of ch-, penetration and regression was dependent upon the test mixture
ratios and chamber pressures. Generally, heavy streaking and silica flow
between the baffles was noted. Most of the frothing observ--d commenced at
approximately 14-in, aft of the injector face. The char depth remained con-
stant with advancing regression when the mixture ratio remained constant.

Maintaining the sealed liner-to-liner interfaces before
a test was of primary concern throughout the test program. Ablative silicone

adhesive/sealant was applied as required to the fuel torus liner-chamber liner
joint as well as to the chamber liner-nozzle liner joint immediately aft of
the throat. Sufficient sealing was maintained to prevent hot gas leakage

under the nozzle liner. This reduced the possibility of liner separation,
which is the mode of failure that is particularly suspected of causing nozzle

liner expulsion.

Sectioning of the liners revealed large amounts of virgin

material remaining in-line with the baffles. Char-through was experienced in
areas between the baffles only.

d.	 Theoretical Analysis of Ablative Chamber Thermal

Behavior

The objective of this analysis, which is included as
Appendix E, was to theoretically predict thermal behavior ir: terms of tempera-
ture responses as well as the erosion and char rates of the ablative liner at

various axial and circumferential locations.
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2.	 Ablative Baffle Evaluation

The ablative baffles performed as well as could be expected
in view of the lack of any supplementary cooling being provided. Heavy erosion
occurred after each test, but testing was continued in most cases. There were
no apparent degradation differences between an inner baffle after 132 sec of
steady-state and an outer baffle after 120 sec (see Figures No. 16 and No. 17)
or at 1040 psia and 570 psia chamber pressure levels. No additional damage to
the baffles was noted as the result of unstable operation.

Improved baffle performance might have been achieved if the
angle of laminate was similar to the liner lay-up instead of being parallel to
the axis of thrust. However, schedule requirements precluded the use of this
fabrication method.

Three types of baffle contours were tested: parallel-sided,
taper-sided from midway to a 3/4-in. wide trailing edge, and fully-taper-sided
from baffle base to a 5/8-in. wide trailing edge. In general, the tapered
baffles appeared to degrade at slightly lower rates but still eroded badly with
a few tests.

The ablative baffles were installed opposite of each other for
a balancing effect upon throat regression. Table II is a summary of the abla-
tive baffle testing.

TABLE II

HISTORY OF ABLATIVE BAFFLE TESTING

Specimen
	

Accumulated
No.	 Location
	

Installed Test No.	 Duration, sec

1 Inner at 4 4*9 5* 9 6 1	7,	 8,	 9 171.69
2 Inner at 10 6, 7,	 8, 9 132.18
3 Inner at 4 10, 11, 12 132.44
4 Inner at 10 10, 11, 12 132.44
5** Outer at 4 13, 14, 15,	 16,	 17,	 18 165.26
6** Outer at 5 131) 14 44.20
7 Outer at 10 13, 14 44.20
8** Outer at 11 13, 14 44.20
9*** Outer at 10 15, 16, 17,	 18,	 19 162.62

*1040 psia thrust chamber pressure testsNotes:
**Half-taper

***Full-taper
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3.	 Low-Cos Ablative Material Evaluation

Specimens from four general groups of ablative materials were
tested by bolting them to the aft flange of the exit cone where they were sub-
jected to exhaust gas flow at 570 psia chamber pressure. These materials were

the silica-reinforced phenolics, asbestos-reinforced phenolics, cellulose-
reinforced phenolics, and compounded materials. Figure No. 18 is a pre-test

view of these attached specimens while Figure No. 19 is a post-test view.

The details of this evaluation are included as Appendix B of

this report; however, the conclusions and recommendations are summarized below.

a.	 Conclusions

(1) The IBT-100 filled with silica had regression rates

and char rates that were comparable with standard silica-reinforced phenolics.

(2) The performance of the vacuum bag grade silica-

reinforced phenolics and epoxy novolacs was almost equivalent to the standard

silica/phenolics; therefore, they should be considered as candidate exit cone
liners for hand lay-up on a structural shell.

(3) Silica-reinforced phenolic is the lowest cost
material based upon material degradation at the test conditions of a 2:1 area

ratio ratio and a 570 psia chamber pressure.

(4) Asbestos-reinforced phenolic, cellulose-reinforced

phenolics, and compounded materials would be lower in cost (based upon material
degradation) at some higher area ratio and/or less severe use conditions.

b.	 Recommendations

(1) It is recommended that representative samples of

the lower cost candidate materials be tested at high area ratios to determine
their area of usefulness. Based upon the results and experience in other test

programs, it appears that the asbestos-reinforced and cellulose-reinforced
materials could be used at area ratios of 4:1 and higher. The compounded
materials could have adequate performance at slightly higher area ratios and

their cost of application makes their use desirable.

(2) It is recommended that an asbestos honeycombed core

be used to retain the compounded materials in any further testing. Their
tendency to spall and flake would be reduced by isolating and locking the indi-
vidiaul cells of the compounded material.

D.	 THRUST CHAMBER PERFORMANCE

Thrust chamber performance was measured for each run to assure
the maintenance of proper combustion conditions. No significant difference in

vacuum specific impulse efficiency was noted when comparing performance at the
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1040 psia chamber pressure and 570 psia chamber pressure levels. VacLUm

specific impulse efficiency at a 2:1 expansion ratio, not including the nozzle
geometry loss, at a nominal over-all mixture ratio of 5.5 was 96% to 96.5% at

both chamber pressure levels. The M-1 combustion efficiency would result in
only 94% specific impulse at an area ratio of 40:1.(7) The thrust chamber
performance data are provided as Appendix F of this report.

E.	 COMBUSTION STABILITY

The thrust chamber exhibited very good stability under nominal
operating conditions at both chamber pressure levels with respect to both low-
frequency and high-frequency oscillations. Some low-frequency (1.5 cps) oscil-

lations, which were caused by a "soft" fuel propellant system, occurred during
two tests at 520 psia chamber pressure. (The chamber itself was not unstable,

but it only followed the variations in fuel flow.) Increasing the chamber
pressure to a minimum of 550 psia, along with position control of the fuel
propellant system gaseous hydrogen supply valve, attenuated these oscillations.

The fuel propellant system was "hardened" by increasing the system operating
pressure and weight flow rate. Position control in place of pilot-feedback
control of the mixer gas valve el{minated gaseous hydrogen flow oscillations.

1. Low-Frequency Stability

During the two chamber pressure steps of the staged-start
transient, some low-frequency oscillations (chugging) existed, but they dis-
appeared completely as chamber pressure and oxidizer flow rate increased.

These occurred at a chamber pressure of 250 psia and a frequency of 220 cps
with an amplitude of 40 psi to 50 psi peak-to-peak as well as at 450 psia and

250 cps with 20 psi to 25 psi peak-to-peak.

L,w-frequency stability at both steady-state chamber pre,_ure

levels was excellent.

2. High-Frequency Stability

No indication of acoustic instability existed during any test

under normal operating conditions at the two chamber pressure levels tested.

Acoustic instability was induced by lowering the fuel temperature. The self-
triggering temperature at an over-all mixture ratio of 4.9 was previously
reported as 76°R to 81°R at 1000 psia chamber pressure.(8) In this program,

the self-triggering temperature at an over-all mixture ratio of 4.9 was 74°R
to 76°R at 570 psia chamber pressure. The instability disappeared as the tem-

perature was rai p 2d to approximately 110°R.

Post-test hardware reviews following an instability usually

showed minor increases in copper baffle erosion and an ultrasonic cleaning
effect from the copper baffles.

(7) Barsotti, R. J., et al, op. cit.

(8) Contract NAS 3-2555
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Review of motion pictures made during unstable operation
clearly showed th p- uisappearance of distinct hot gas streaks on t he chamber
wall which existea Turing steady-state operation. These streaks, which varied
in intensity, resulted in differing regression rates circumferentially around
the liner, downstream of the baffles as well as between the baffles. This is
substantiated by studying Figure No. 20. Che streaking during a test is caused
by high local mixture ratios which possibl;- result from abnormal element or
interelement mixing and/or local coolant flow variations. It appears as though
better mixing along the wall, which results in lower local mixture ratios,
occurs during unstable operation. Figure No. 21 shows the steady-state combus-
tion and streaking characteristics as well as these same characteristics during
unstable operation. Note the unstable combustion and the absence of wall
streaking.

IV.	 CONCLUSIONS

The major conclusions resulting from the ablative thrust chamber testing
accomplished in this program follow.

A. Silica-phenolic, tape-wrapped ablative chambers should be considered
seriously for use in large, low-cost, long-duration oxygen/hydrogen engines
with chamber pressures of up to 1040 psia.

B. The wall temperature at the throat must be lower than approximately
3600°R to obtain reasonable regression rates.

C. Materials other than tape-wrapped silica-phenolic snow promise for
use at area ratios of 2:1 or greater.

D. Existing analytical techniques provide sufficiently accurate predic-
tions of ablative behavior for preliminary design purposes and must be used in
connection with boundary layer mixture ratio prediction techniques.

E. Thrust chamber operation was stable within the 1040 psia to 550 psia
chamber pressure range until hydrogen inlet temperature were reduced to below
approximately 80°R.

F. Performance is approximately constant between chamL;ar pressures of
1040 psia and 550 psia.

G. The thrust chamber is throttleable over the 1040 psia to 550 psia
chamber pressure range.

H. The char material is structurally sound so long as hot gas does not
leak behind the liner.

I. The ablative baffles performed satisfactorily during both steady-
sta-e and unstable conditions.
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APPENDIX A

REGRESSION AND CHAR DEPTH
DATA AND ANALYSIS
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I. INTRODUCTION

The basic objective of this contractual effort was to determine the
duration capability of silica phenolic ablative thrust chamber liners for use
in large oxygen/hydrogen liquid rocket engines. This appendix presents the
regression and char depth data obtained with three ablative liners tested
during this program as well as an analysis of these data.

II. SUMMARY

Three silica phenolic ablative liners were subjected to 18 tests. Five
tests were conducted with liner SIN 001 at approximately 1040 psia thrust
chamber pressure. Seven tests with .liner SIN 002B and six tests with liner
SIN 002C were conducted at 570 psia thrust chamber pressure. The liner from
the throat to the exit was expelled curing the last test with liner SIN 002C.
Therefore, regression and char depth data at the throat is not valid and data
downstream of the throat could not be obtained for this test.

The terms regression,degradation, and froth used in this report are
defined as follows: regression is the erosion or loss of ablative material;
degradation is the sum of the regression and ablative liner char depth; froth
is a build-up of non-reinforced, reformed silica which is caused by the flow
of molten silica that has lost the fabric reinforcement.

Sixty measurements were taken after each test for the regression
evaluation. These measurements were taken as follows: The chamber and
nozzle diameter was measured at 12 locations. Six measurements were taken
in-line with the injector baffles and six measurements were Caken equi-distant
between baffles. These twelve peripheral measurements were taken at five
axial locations varying from 14-in. from the injector face to 1/4-in from the
nozzle exit.

Four char depth measurements also were taken, at each of the five axial
locations, for a total of 20 char measurements after each test. Three char
depth measurements, at each axial location, were taken between baffles and
one measurement was taken in-line with a baffle.

The diametral measurements used for the regression evaluation and the
char depth measurements are presented on Table III. Tests 001 through 005
were conducted at approximately 1040 psia thrust chamber pressure and tests
006 through 020 were conducted at approximately 570 psia thrust chamber pressure.
Test durations above 90% of steady-state chamber pressure and the over-all
thrust chamber mixture ratio for each test 41so are shown on the table. The
diametral measurements in-line with baffles are designated by the whole numbers
and those between baffles are designated as 1/2. Average diametral measure-
ments, as well as averages in-line and between baffles also are shown on the
table.
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The total average regression at the throat obtained on liner S/N 001C
was 0.25-in. for a total accumulated duration above 90% of steady-state chamber
pressure of 144 sec. This total accumulated duration includes 54 sec of pre-
vious testing under Contract NAS 3-2555.

The total average regression at the throat obtained on liner SN 002B
was 0.391-in. for a total accumulated duration of 265 sec.

The total average regression at the throat obtained on liner S/N 002C
was 0.314-in. for an accumulated duration of 207 sec. The chamber liner
actually experienced a total duration of 250 sec. However, as a result of
the expulsion of the nozzle liner in the last test, the ablative was ripped
away in throat region which invalidates this regression data.

Because the testing discussed above was conducted over a range of
mixture ratios, the durations obtained on the liners do not represent the
maximum capability for any one set of design conditions. Therefore, the data
has been analyzed as a function of the over-all thrust chamber mixture ratio
and boundary layer conditions for both 1040 psia and 570 psia pressure.
Regression rates at the throat and both upstream and downstream of the throat
can be estimated from these data for a particular set of design conditions.
These data and analyses are presented in the sections which follow.

III.	 TECHNICAL DISCUSSION

A. TEST DATA ANALYSIS

This section presents the analysis of the regression and char depth
test data shown on Table III.

1.	 Regression Analysis

The diametral measurements taken prior to the firs test of
each liner and after each test are shown on Table III. These data were used
to determine the regression rates, for the specified test conditions, at the
throat and in the convergent and divergent portions of the .,amber and nozzle.
The locations for these measurements are shown on the table.

The data shows that the regression in-line with baffles is
less than that between baffles. This is expected because the additional baffle
fuel film cooling reduces the boundary layer mixture ratio in-line with the
baffles. Therefore, the data in-line and between baffles have been analyzed
separately. Analysis of the data also shows that the average measurements
both in-line and between baffles are severely affected by the material build-
ups defined as froth. This frothing is obvious and can be identified on
Table III by diameter decreases from one test to another. Because this froth
would be washed away if the duration was extended, including these froth points
in the analyses would not give a true 4 idication of the regression and result
in regression rates that are too low. Therefore, all the data points have
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TABLE III

REGRESSION AND CHAR I

CHAMBER S/N 001 -^
TEST NO. 001' 002 003 004
'PEST DURATION (FS I TO Fs2 )-SEC 17.01 21.26 23.51 23.64
TEST DURATION (.ABOVE 90%l lc)-SEC 13.81 17.36 19.61 19.654
ACCUM. TIME (ABOVE 90% Pc)-SEC 67.43'" 84.79 104.40 124.11
OVER-ALL 'THRUST 'HAMBER MR 5.35 5.37 5.11 5.45

DISTANCE

14-1N. 25-IN. Till

DIAMETRAL PRE POST
1

PRE
1

POST 1'i2d, POST
MEASUREMENTS - IN. 001 001 002 003 (10; 001 00L 002 003 004 O01 001 (.

AFT OF BAFFLES 1 & 7
I

35.322 35.195 35.200 35.22.2 35.217 31.147 3(1.962 31.101 31.158 31.202 30.015 30.164 3(

AFT OF BAFFLES IN & 71: 35.165 35.375 55.373 35.398 35.400 31.t70^ 51.025 31.050 31.147 31. 22(1 50.170 30.215 3(

j AF'T OF BAFFLES	 & 8 55.250 35.223 35.177 35.317 5.-5.30-1 51. "26 50.905 31.081 3].146 31.058 30.020 30.260 3(

WT OF HAFFLLS 2 1/'' & W2 55.530 35.295 35.320 35.301 55.253 51250 51.OD7 51.205 31.255 31.5318 30.260 30.300 5(

AFT OF BAFFLE'S 3 & 9 35.100 35.165 55.156 35.147 55.149 51.L3O 30.912 50.935 50.951 .50.952 30.011 50.OL0 3(

AFT OF BAFFLE'S 3!z & 9!z 35.306 35.225 35.267 35.299 35.367 51.145 30.905 30.918 51.094 .51.19-1 Su.l.Si9 ,50.120 3(

AFT OF BAFFL115 4 & 10 35.107 35.145 35.151 35.179 35.194 31.100 30.870 30.915 30.911 30.900 1 30.051 30.050 5(

AFT OF BAFFLES 415 & 10 1.2 35.-120 35.21 66 35.269 35.299 35.227 51060 30.921 50.999 .51 .071 51.095 .50.1-15 30.215 ^	 3(
i
AF't 03 ,' BAFFLES 5 & 11 35.100 .55._24 35.249 55 .266 35.257 31.124 30.975 30.955 31.0315 1 02-1 30."05 30.117 13(

AFT'	 OF	 B.1F1^'I I_S	 Siz	 &	 1 L1 e 35.100 35.25" 36.299 35.559 35.500 31.115 31.016 31.171 51. 15: 51 .597 50.1-18 3)	 :26 3(

AID'T OF B:IFFLES 6	 &	 12 ^:	 55. 150
I

'	 .55.175 35.173 35.330 55.278 .51.1. 60 -0.952 31.043 51.052 31 .113 50.005 ^ 50.093 3(

AFT OF BAFFLES W.c & 12'^ 35.552 35.245 35.251 35.229 55. 221 3 L. 100 , 1 .028 .50.975 31.205 .51.352 n1i.0^,5 50. 151
I

5l

(VI.RiGE 3:5.342 3	 .25_' 3J.239 35.277 .55.261 51 .1.57 5().965 .51 .032 31 .098 3,. 158 ..50.(19<.) 50.165
AVE.	 IN'LINE	 1vITH	 8:1N'1''1,I%5	 ^ 35.272 55.188 50_181 35.244 35.333 51.I55 50.926 13L .O05 5^1.013 -,I.O -17 .in.US_

AVE.	 BE';WEE9	 BAl"I'lISS 35.:12 35.276 55.297 33.511 35.295 51..110 51.00 . 1 31.058 51.154 31.269 50.1-1 f, 7)0,211 3(
- CIIA;'	 DEPTH	 -	 IN.

06 .09 .11 l3 .10 .14 .26 .2(; 32 16 31FT OF BAFFLE 1

BE'TWEE\	 B:IFF'LES	 11	 &	 12
BE13W:A BAFFLES 12 & t

.OS

. IO
.13
.O!

. 2.

.21
20

.16
2'i

.28
10
11

.IS

.15
.17
23

.19 .2 1
.26

.18

.17
.14

t	 i.:7
BEPA EEN BAFT LLS 1 & 2 .07 .	 I	 I .21 .2 1 .26 .07 .16 25 .	 1 9 . _L2 7 I (,

COMPIkTE RUN 50. 1198-DOT -O('-001
FREV10US 1CC(NKLA'TLD Ol;?ATION X90', 1 1c ON LIMA? 6AS 5.5.62 ,SEC
AREA BLil'T LP BY MAJI? IA1, FLOW

•• AREA OF KROSION STRL



LE III

ION AND CHAR DATA

DISTA\CE FROM 1NJECTOR

- -	 THROAT THROAT + 8-1N. EXIT

11t;:
001

1K>.5'1
00I 002 003 004

PRE
001

POST
001 00Z (103 004

- PRE
001

POST
001 002 007) 004

50.015 30.16 .1 30.241 50.287 30.283 .-)6.995 57.385 57.421 37.561 57, 164 4 2. 52 6 42..952 42.97' 42.937 42.908
50.1;0 `̂ i1;.215 50.324 50.363 50.408 56.80'2 57.-192 37.417 37-473 37.-595 42.512 45.00(, 43.01'2 43 003 1	 .964
30.020	 i0.2fi0 50.551 50.387) 30.930 30.768 357.468 57.544 37.26-)5 37.261 42.560 19.009 . 1'2.9')0 -1 9 .f)Go 12.954
50. 2GU	 ;0.500

3U.Ul!	 50,010

50.409

i 30.012

50.445

30.105

30.492

30.090

56.587

56.850

77.160

-1.-135

37.587

37.585

57.158

57.507

57.305

37 411

42.525

42.565

^ . 12	 962

42.910

12.966

;42.909

4 1

. 12.95 -

43.010

12.953
50.04)J	 u.120 5o.S05 30.256 30.450 36.645 -3	 .385 17.•108 57.438 37.357 4=.568 42.963 42911 4	 .,920 42.993
50.051-, ().050 50.154 30.146 50. 2. 36.865 57.435 -17..588 57.4'-)6 37. 58.5 !2. 58C ^ ;2.975 12.885 ^	 32.910 '2.940
30. II^-^0	 215 50.231 30.237 50.261 36.690 3 .512 37.412 3i.480 37.187 12.600 12.97;1 42.913 42.937 X42.9L5

)0.117 50.155 50.186 30.056 36.960 57,455 57.414 37.493 37	 361 1_.620 2.971 ^i12.904 )2.90•.- 2.920
iU_IIN	 ..0	 '65 50. i31 50.423 50.65.5 36.722 37.440 37.533 37.489 37512 4.!.635 5.000 9'3.966 45.016 1.3.064
°O •'11 ) ^	 x.093 50.216 30.2! 25 30.:,22 56.840 57.-191 57.392 137.470 7.444 42.600 ^	 ;3.016 ^	 12.976 ^	 12, 979 1.	 990

l51 50.186 750.5.`,7 50.583 3(-).732 37.4J1 57.449	 1 57.'147 37.118 42+ .1130 92. .986 13,045 13.019 12.822
1(;5 ;0.,359 50.286 50.555 56.786 57,454 57.395 57,-i , 13 :357.550 42.577 42.976 -)2.954 41',961) 12.948

0,^2	 u.tf6

^U.I -I6 	.211

0.182

50.297

30.222

30.350

50.232

50.475

3G.876

36.69E

7-145

;7.463

37.591

.-)7.400

37.422

37.IE;4

57.371

37..329

i2.575

:}?_.578

12.969

1". 985

42.941

4::..9(19

12.941	 11_.929

42980 42,9(-)6

.I9 .20 .12 " .. ,12 .13	 ^.16 ..18 .22 .i5 .12	 ^.18 ,.19 24
.In	

I '21 19 '-= .15 ..14 .21 .20 25 .15 .l6 20 .17 .20
. I '	 ^.11 20 .16 .14 .18 .18 .21 .16 .15 20 .18 _0

..
- 

2
^2 .17 1 .21 2:) 21 .19 .19 LH .1 21
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TABLE III (cc

CHAMBER S/N 001 OC213 002B
'PEST NO. 005 006 OC7
TEST DURATION (FS I TO FS2 )-SEC 23.67.x.3.64 44.72
TEST DMATION (ABOVE 90% Pc)-SEC 19.77 20.64 41.90
ACCUM. TIME (ABOVE 90% Pc)-SEC 113.91 20.64 62.54
OVER-ALL TIIUU ;T CHAMBER MR 5.52 5.40' 5.50

14-IN. 25-1N.

DIAMETRAL	 - POST PRE I	 FOST POST POST PRE POS1 110!^T POST
MEASURDILNTS - IN. 005 CO6 006 007 005 OC6 OOG 007 005

AFT OF BAFFLES 1 - 7 35.255 35.074 35.046 35.037 31.297 30.819 30.820 30.850 30.41

AFT OF BAFFLES 1 1 ^ - 7U .391 .090 .042 .024 .326 .806 .775 .876 .551

AFT 01' BAFFLES 2 -8 .301 .092 .067 .107 .031 .806 .822 .946 .491

FT G 	 BAPT LE:S 21- - 8?z 318 .094 .068 .006 .50.3 .805 .863 .96.1 .79,

AF'1 OF BAFFLES 3 - 9 .155 .091 .052 .062 .004 .807 .823 .901 .14"

AFT OF' BAFFLES 3 1/ , - 91^ .307, .094 .048 .053 .550 .812 .819 .9-3 .684

AFT OF BAF'FLFS 4 - 10 .151 .074 .050 .033 .500 .818 .800 .803 .311

AFT OF BAFI'LE:S 4 1 2 -	 10?:- .453 .070 , 0 14 .023 .231 .819 .784 .847 .43E

AFT OF BAFFL':S 5 - 	 11 .254 .0u9 .045 .094 .010 .820 .822 .839 .214

AFT OF BAFFLES 51,E - 11 11'1 .283 .070 .021 .012 .484 .823 .859 .932 .831

AFT OF BAFFLES 6 - 12 .325 .069 .033 .021 .18C .819 .824 .831 .24C

AFT OF BAFFLES 6?	 - 12 Y2 .301 .071 .038 .028 .523 .821 .859 31.093 .841

AVEIZA'v,^ 35.291 35.080 35.046 35.042 31.287 30.815 30.824 30.905 30.50(

AVE.	 INL.INE kIT11 BAFFLES 35.210 35.078 35.049 35.059 31.170 30.815 30.819 30.862 30.31(

AVE. BETWEEN BAFFLES 35.342

.15

35.082

-

35.044

.12

35.024

.25

31.403

.28

30.814

-

30.827

.16

30.948

.29

30.69(

.24

CHAR DEPTH - IN.

APT OF BAFFLE: NO. 	 1

BETWEEN BAFFLES 11 & 12 .29 - .21 .30 .25 - .L'0 .30 .21

BETWEEN BAFFLES 12 & 1 .31 " - .23 .30 .20 - .20 .30 .20

BETNEE:N I'AFF'LES 1 & 2 .21

I

- .18 .29 .21 - .15 .30 .19

'	 AVERAGE MIXTURE RATIO VALUE. OSCILLATING FLOW RATES iiERE CAUSED BY TEST STAND-1NDUCED L0
AREA HIGHLY FROTHED



[II (cont.)

DISTANCE FROM I1,IJECTOR

THROAT THROAT + 8-IN. Ull - 1/4-IN„

POST PR1: POST POST POST PRE POST POST POST PRE POST POST
005 OOC 006 007 005 OC.6 OOG 007 005 006 006 007

50.417 30.005 30.008 30.017 37.434 36,.926 36.925 36.916 42.919 12.649 42.564 42.664

.552 .001 30.020 30.120 .210 .995 .931 .875 13.012 .690 .582 .685

. ,191 .00C 29.970 50.106 .463 .989 .935 .940 12.934 .687 .559 .662

.797 .00G 30.061 30.180 .497 .985 .932 .909 42.885 .689 .571 .682

.1-13 .001 29.999 30.067 .415 .975 .935 .942 12.933 .643 .560 .683

.684 .005 30.016 30.168 .533 .967 .925 .842 43.024 .630 .558 .633

.311 .010 2.9.968 29.968 .437 .975 .938 .935 42.914 .641 .562 .649

.438 .014 29.976 30.043 .460 .970 .')42 .916 42.983 .645 .564 .627

.214 .017 29.991 30.040 .440 .968 .943 .926 42.934 .648 .587 .637

.831 .018 30.034 30.186 .354 .967 .933 .905 43-060 .675 .584 .649

.1240 .016 30.000 30.019 .496 .944 .934 .919 42.999 .670 .613 .665

.841 .012 30.087 30.356 .283 .945 .936 .848 13.058 .646 .609 .602

10.500 30.008 30.011 30.106 37.419 36.967 36.934 36.906 42.971 42.659 42„576 42.653

0.310 30.008 29.985 30.036 37.448 36A63 36.935 "J6.930 42.939 42.656 42.574 42.660

0.690 30.008 30.032 30.176 37.390 36.972 36.93;; 36.883 -.004 42.6613 42.578 42.646

.24 - .17 .29 .25 - .15 .26 .25 - .15 .25

.`21 - .20 .27 .17 - .19 .30 .2O	 ! - .20 .31

.20 - .19 .30 .22 - .21 .30 .23 - .23 .30

.19 - .16 .30 .25 - .23 .30 .25 - .22 .29

FRL:(jL.NCY t'L:RTURBATIONS.
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TABLE III (cont.

CHAMBER S/N 002B 002B 0026
TEST NO. 008 009 010
TEST DURATION (FSl TO FS2 )-SEC 30.06 44.82 47.34
TEST DURATION (ABOVE 9(:%Pc)-SEC 27.60 42.04 44.24
ACCUM. DURATIGN	 (ABOVE 905/o Pc)-SEC 90.14 132.18 176.42
OVER-ALL THRUST CHAMBER MR 5.96' 5.70 4.20

DISTANCI

14-IN. 25-IN.

DIAMETRAL POST POST POST POST POST POST POST
MEASUREMENTS - IN. 008 009 010 008 009 010 008

AFT OF BAFFLES 1 - 7 35.047 35.045 35.068 30.983 30.950 31.135 30.210

AFT OF BAFFLES I1/1 - 7!:2 .137 .144 .145 31.350 31.427 31.173 .612

AFT OF BAFFLES 2 - 8 .220 .524 .270 31.068 31.070 31.015 .196

AFT OF BAFFLES 2;	 - 8 1," .338 .344 .327 31.550 31.716 31.134 .804

AFT OF BAFFLES 3 - 9 .085 .033 .090 31.040 31.030 31.021 .164

AFT OF BAFFLES 3 1,	 - 9'Y .166 .192 .170 31.434 31.547 31.554 .723

AFT OF BAFFLES 4 - 10 .040 .052 .005 30.86.1 30.848 30.817 .088

AFT OF BAFFLES 4 1;z -	 10?!,, .119 .143 .136 31.286 31.346 31.334 .552

iF1' OF BAFFLES 5 - 11 .095 .099 .094 31.000 31.077 31.055 .226

Al"1'	 OF	 B.iFFLES 51_> -	 11 1/2 .108 .092 .095 31.358 31.521 31.605 .702

AFT OF 1i;11' I'LES 6	 -	 12 .004 .022 .077 31.073 31.241 31 . 139 . 190

AFT OF 1 1 AFFLES 6 1,: -	 121 .274 .366 .366 31.650 3:3.127 32.127 .1311

AVERAGE 55.136 35.155 35.153 31,222 31.32)5 31.534 30.151

AVE.	 1NL1NI 1"	 hl'I'll	 BAFl , A,F.S 35.082 35.096 35.101 31.001 31.0.56 31.030 30.179

AVE.	 81": hE'l-;N	 "AFFLEi; 35.190

.25

35.214

.28

35.206

.32

31.410

.28

31.614

. 28

31.658

.33

30.723

.29

CHAR DEPTH -	 1N.

AFT OF BAFFLb; NC• .	 1

bl_, 'Thl*' %	 BAFF] !"S	 1 1	 1r	 12 ..?:? .33 .33 .12 .:'•3 .32 .	 1-1

Bl: • IUJi	 :N	 13 ih,FLFS	 12	 it	 1 . 18 .29 . 32 .11 .20 .26 .	 1 1

13}^^1'1i1a^;N	 li_1FF1,i-,5	 1	 &	 2 .30 .30 .15 .51 .31 .15

Av1L!?AGI, SIIXT1 RE RATIO VALI E. 	 OSCILLATING FI,OIi RATES iJ"Rf; C.11 Si:i) 131 TE's'1'



:ont.)

DISTANCE FROM INJECTOR

THROAT THROAT + 8-IN. EXIT - 1/4-IN.

POST POST POST POST POST POST POST POST POST POST
010 008 OC9 010 008 009 010 008 009 010

.135 30.210 30.239 30.209 1,7.005 37.034 37.055 42.601 42.612 42.616

.473 .612 30.800 30.869 37.025 37.182 37.080 .621 .732 .706

.015 .196 30.267 30.261 36.899 36.897 37.058 .660 .671 .602

.734 .804 31.077 31.084 37.113 37.187 37.158 .636 .760 830

.021 .164 30.243 30.277 36.865 35.924 36.938 .580 .648 .630

.554 .723 30.834 30.825 37.033 37.123 37.026 .573 .726 .711

.817 .088 30.073 30.079 37.009 37.043 37.001 .638 .623 .608

.334 .552 30.631 30.613 36.810 36.988 36.999 .605 .705 .705

.055 .226 30.258 30.302 36.792 37.002 36.925 .612 .652 .637

.605 .702 30.950 30.971 37.029 37.102 37.137 .637 .687 .757

.139 .190 30.460 30.447 37.009 37.030 37.000 .586 .662 .662

.127 .944 31.512 31.486 37.005 37.110 37.134 .561 .775 .733

.334 30.451 30.612 30.619 36.966 37.052 37.0=.: 3 42.609 42.688 42.683

.030 30.179 30.257 30.263 36.930 36.988 36.996 42.613 42.645 42.626

.638 30.723 30.967 30.975 37.003 37.115 37.089 42.606 42.731 42.740

.33 .29 .33 .36 .28 .33 .33 .25 .31 .35

.32 .14 I	 .21 .32 .27 .33 .33 .28 .35 .31

.26 .11 .21. .29 .30 .35 .32 .27 .31 .32

.31 .15 .33 .34 .30 .36 .34 .28 .35 .34

STAND-INDUCk'D LOU FREQUENCY PERTURBATIONS .
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TABLE III (cont.)

CHAMBER SIN 002C 002C 002C 002C
TEST NO. 017 018' 019 020'
TEST DURATION (FSI TO FS2 ) - SEC 46.89 38.45 44.89 46.51
TEST DURATION (ABOVE 90% Pc) - SrC 43.66 35.25 41.56 43.10
ACCUM. DURATION (ABOVE 90% Pc) - SEC 130.01 165.26 206.82 249.92
OVER-ALL THRUST CHAMBER MR 4.89 4.90 5.20 5.07**

DISTANCE FRC

14-IN. 25-IN.

DIAMETRAL POST POST POST POST POST POST POST POST POST POST
MEASUREMENTS - IN. 017 018 019 020 017 018 019 020 017 018

AFT OF BAFFLES 1 - 7 35.089 35.106 35.096 35.170 30.851 30.876 30.877 71,562 29.989 30.034

AFT OF BAFFLES M - 71h .198 .185 .185 .222 31.538 31.503 31.652 .925 30.718 31.068

AFT OF BAFFLES 2 - 8 .328 .309 .314 .201 31.177 31.174 31.157 .448 30.201 30.372

AFT OF BAFFLES 2Y2 - 81^ .459 .434 .477 .120 31.846 31.914 32.086 32.375 30.975 31.070

AFT OF BAFFLES 3 - 9 .099 .319 .239 .074 30.890 30.919 30.919 31.480 29.994 30.011

AFT OF BAFFLES 317 - 936 .124 .127 .131 .203 31.536 31.527 31.637 .935 30.728 30.805

AFT OF BAFFLES 4 - 10 .106 .097 .096 .005 31.105 31.227 31.330 .452 .131 .235

AFT OF BAFFLES 4y_, - 10!/^ .116 .098 .224 .199 31.601 31.605 31.719 .542 .880 .975

AFT OF BAFFLES 5 - 11 .103 .351 .184 .120 31.109 31.084 31.000 .497 .103 .173

AFT OF BAFFLES 5 1,z - IM .123 .129 .110 .083 31.336 31.376 31.454 .500 .552 .596

AFT OF BAFFLES 6 - 12 .159 .152 .146 .150 31.225 31.272 31.311 .592 .202 .372

AFT OF BAFFLES 63, - 12% .213 .137 .197 .137 31.654 31.748 31.838 .652 .963 31.046

AVERAGE 35.176 35.204 35.200 35.140 31.322 31.352 31.415 31.663 30.453 30.562

AVE. INLINE WITH BAFFLES 35.147 35.222 35.179 35.120 31.060 31.092 31.099 31.505 30.103 30.200

AVE. BETWEEN BAFFLES 35.206

.23

35.185

.29

35.221

.27

35.160

-

31.585

?8

31.612

.35

31.731

.37

31.822

-

30.803

.27

30.927

.33

CHAR DEPTH - IN.

AFT OF BAFFLE NO. 1

BETWLEN BAFFLES 11. & 12 .33 .39 .44 - .33 .36 .33 - .25 .35

BETWEEN BAFFLES 12 & 1 .29 .35 .36 - .24 .33 .35 - .22 .34

PETWEEN BAFFLES 1 & 2 .29 .33 .32 - .27 .35 .35 - .27 .34

'	 STABILITY TEST
"	 AVERAGE VALUE. TEST CONDUCTED AT TWO STEADY-STATE MIXTURE RATIOS. MR = 4.88 FOR

APPROXIMATELY 16 SECS PRIOR TO INDUCED INSTABILITY AND MR = 5.26 FOR ABOUT 16 SECS
AFTER INSTABILITY.
NOZZLE LINER EXPELLED AT FS  + 24.9 SEC.

X	
i



.35

.38

.40

.37

.38

.41

.40

.36

.32

.51

.35

.29

.27 .33 .36

.25 .35 .31

.22 .34 .35

.27 .34 .35

.30 .34 .36

.31 .40 .39

.z;0 .37 .40

.31 .34 .37

II (cont.)

DISTANCE FROM INJECTOR

THROAT THROAT + 8-IN. EXIT - 1/4-IN.

ST POST FOST POST POST POST
^

POST POST POST POST POST	 I POST POST
0 017 018 019 020 017 018 019 020 017 018 019 020

562 29.989 30.034 30.142 30.900 36.890 36.854 366916 " ' 42.514 42.598 42.523

925 30.718 31.068 31.103 31.296 .990 37.028 37.102 .573 .716 .626

448 30.201 30.372 30.246 30.772 .855 36.972 36.828 .458	 I 593 .382

375 30.975 31.070 31.313 30.775 .824 .803 36.934 .511 Ì	.611 .485

-180 29.994 30.011 30.037 30.648 .826 .828 .803 .405 .427 .383

935 30.728 30.805 30.916 31.231 .903 .973 .850 .437 .558 .463

452 .131 .235 306242 30.577 .849 .855 .852 .407 .456 .451

542 .880 .975 30.952 30.830 37.006 37.026 .475 .559 .635 .613

497 .103 .173 30.238 30.655 36.851 36.898 .89C .484 .486 .463

500 .552 .596 30.682 30.799 .948 .963 .927 .623 6608 .566

592 .202 .372 30.328 30.866 .864 .875 .849 .492 .568 .577

52 .963 31.046 31.194 31.034 .996 37.079 .990 .596 .720 .608

63 30.453 30.562 30.620 30.865 36.900 36.930 36.869 42.505 42.581 42.512

05 30.103 30.200 30.214 30.736 36.856 36.880 36.857 42.460 426521 42.463

22 30.803 30.927 31.027 30.994 36.944 36.979 36.881 42.550 42.641 ,42.560
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been analyzed and those which show a decrease in diameter have been eliminated.
Tables IV throuth VIII show the average pre-test and post-test diameters in-line
and between baffles for the five axial locations with the froth points elimi-
nated. To obtain the average regression, the companion pre-test dimension
also is eliminated for each froth point. The average regression rates shown
on these tables are defined as the difference in the average radius divided by
the duration above 90% of steady-state thrust chamber pressure. Also noted on
these tables are data points which do not correlate with the others or which
are based upon 50% or less of the six measurements taken in-line or between
baffles for a particular axial location. For , the cases in which 50% or less
of the six measurements taken in-line or between baffles for a particular axial
location. For the cases in which 50% or less of the data is used, frothing is
the cause for data elimination and the remaining points showing regression could
be either too low, if the area had been protected by froth, or too high if the
local mixture ratio was significantly different than the average over-all thrust
chamber mixture ratio. In either case, plots of the regression data identify
the data which is inconsistent with the rest and the notes on the table, in
most instances, present the factors contributing to this inconsistency.

Figures No. 22 and No. 23 show the average regression rate at
the throat as a function of the over-all thrust chamber mixture ratio for
1040 psis and 570 psia thrust chamber pressures, respectively. These figures
illustrate that the regression rate is higher between baffles for a given
over-all thrust chamber mixture ratio and the regression rates at 1040 psia
thrust chamber pressure are greater than those at 570 psia, as a result of
the higher shear forces and heat transfer coefficient. The data from test 001
appears to be erroneous. This is particularly apparent from the data point
in-line with baffles plotted at an over-all mixture ratio of 5.35 on Figure
No. 22 and from the regression rates shown on Tables V and VI for the nozzle.
No reason for the error in this data could be established although it appears
that the pre-test measurements could be bad. It should be noted that liner
S/N 001 used in test 001 had previously accumulated 54 sec test duration at
1040 psia thrust chamber pressure under Contract NAS3-2555.

The test data called out by the notes on Table IV is identified
by the test number next to the symbol on Figure No. 23. It should be noted
that the data for test 018, a stability test, appears to be high, as expected,
because of pressure spikes. The liner was charred through in the throat region
between baffles; therefore, the data point for test 012 also is high. The data
for test 006 appears to be low and this probably results from the large amount
of frothing that occurred, with the froth protecting the liner in this region
for part of the test duration. Tests 006 and 008 also were affected by test
stand-induced, low-frequency perturbations causir:g a mixture ratio variation
and hence, the over-all mixture ratio for these tests only is an estimate of the
average. Only one data point was obtained in-line with baffles for test 017.
This data point was in-line with baffles 4 and 10. For this test, ablative
baffles were placed in these locations and hence regressions similar to those
between baffles could be expected. This is substantiated by the test data as
noted by the data point between baffles shown on the figure. Although only 50%
of the data was valid for test 010, the regression rates obtained appear to be
reasonable.
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vir_ ..

xz ` oo « a $

< rr^^O^i'3
<^IL J' JT J

U Ĵ
 'l y t

f
^,

3 ^^ ^^ ^ 00^ 17F•G3

^:.i n^^mnx n0_

Page 48



N

M

V

HH

z
^^ s

N

N
W

e
r

6

I
NF

it y<r,i

O

y

¢O

O i

gig	

.=f.

e a

nr

f a

	

<s	 <

^rHO

	

1	 h _

^eBaS^IW <rL^
}	

Je

3511156=-`

<a^^"s F^ $BR^R
v ^ *

'
^

RSR _sRR
r $ T rY ! T 3 T

SY.S^

a
_1	 m n h mn n n n y

M
sn wn	 n m e

ti n h

^	 y

z^KH^^
m

O g a .°. ^ ^ iv R a ^ °^
j Z :2 m n ri N H n n n N N n N N ti

e y,a^ 50 ^
Q> X F	 ^^.J

^NJ
N h ! N m

nJ^
n p!

^pp
^ ^ f

3 6 z A <: w ti	 m
U

^t N N N N N N N N
10
N N N N

(v C

Y rn al 
n̂
 .7 al.J h 

^7bQ^' 
f Opp

p
N r N

8 pp
N H	 10

p
^

9 9@ I •x• O O	 O O $ C O $©$	 t

^ O	
+i	 fY1 cal

a	 .. f pp2 ^p

a
Pp
 p

ap

^paYn,

p

n A 
Sp
N 1aQy0 10	 h

O
8̂

iO O O^ O O O O C¢ te a ¢i

+l W ^ 9e f̂ ^
'^' E

n L ! nOw	 $	 ccQi
w

M
a

1-
n t

1^s Y^ +
ti h

F
f s	 a)	 ao

0	 bv!s.fit i
Y r	 t^

O
N

O
h

^ c0	 ^
N

^, ^ ^
H N	 1

a O Q	 m
44

H N n
P e f P ! -3 • N N N

r P Y J
Lei

rl
! f Y

s	 a i

ad at w
^+Smx	 ^

F
w N^^
a m w n

T Q w a R $ ^	 h
r nr tyfi+z

a JrJl	 " -icJ	 ^J	 ci
a
ri u

3	 ,, 'a	 ._

'^
7

^i	 ci	 ri	 evn <
6 O Q	 m P ♦ P P ! ^

ri	 {{ V̂i
f

rr N N! T T y u
U Y f P P

G

^ ^ ^^ m	 nn̂
p	

Ŷ
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ì
G$r .7 pi O O O =? p ¢ii

-arimi2S -
i

^	 Y
of ^ ^ ^ z ., •r. ^ r, y N n r, a^ ^ Q ^ ^ ^ T t
avd eJ	 ^.r. 3a33^ 3^^^^a ^^a86^
S j^	 6i

z
m

t- t•W
e

y H
N H

e
mn

n
u^
H

<
G

H
n
O

m
8i	 H

N
r.N

e n
s mN N

H	 ,!
r. t
N N

H i r.
-	 N !'

Y 3 	 ~ ^^ h N p h r, r, r, r. r n e r e< $ c	 d r. H r. Nr. r. H r, H r,	 r- r.	 r, r,	 n H

^^7^
^S

^ v,
`^ t

•̂l e ^ m
pry	

t >7 r r^ ^	 e^ +

< ^!	 Y/ 6^^ r. r.	 r. H H ^ r. H	 e! es rhi ^ .'S	 r, r,	 r,	 r^7

Z

—1^	 ^ t. N	 HN tr O O ^ N fl N
y	 ^ d
•^A

W Hr.	 r, nH nH
r,
r.

r•	 rin H nn ,r,	 .nH	 rl	 I
r r,r,	 r.. r^	 ci	 rar,	 r r,'r,

F
0

T as
v0 ^
	

r
m -• H y

a
at r.	 r.

Z
~

N i
y i] < ;m <<$ a	 m NH C;	 0H H hH 0r: O< r, e^	 r,

H H r,r. H hr.	 H
^:	 Mf
H H

^':	 M'• 	 r,
h	 r3

r'.
r.-

_' y n v n ^
n^

agg
^: $ ^S	 $ $ $ ^ $

9p	 q
^	 l5 0 '0 0 o v o a o i3

	

t	 !

a	
^	 Y Y

3

i	 i p

i! M1	 ¢	 ^^ 7

j

r ^

f A

Q	 $$ r	 ^ Y' 1.

	

D 1 f	 R

( ! t g
i
; ti t le

	

T.	 i tie t > — ^ n f

mrAb^
. 

s^$ -̂^_
, W	 ,

Y^^ '^^ Y	 i r

ii — ^0 at i—ZZ i
f,i^-- Yis^x

STv^

i Ida

i3 3 ^ f	;!

Page 54



-1i- A
<	 .^

O
N O Y1

p	 pp	 pp
9 N a Nn S

pp	 pp 

e
po

RsFst<
m

n a rn n r, r,
y

n	 n nn	 n r.
n	 n	 n

n n n r, n n

n.W
y7aC,^s

Fs	 y s<
p o
ap	 r

C C	 p O
O n N n n

rr. n n N N :mV m	 wn n N N N N

7 = 6 0 411"r: .7
Z	 F F 3 'i

y	 a	 rtJ
C N N

P m n r n N
.^^ N P n m O O

in	 ^F	 N	 nn N O O	 pa ,y GF+a
r	 S' O.4• <m N N N .y N N N N -. :tl N

.
^J N N N N Ni

'`.] ^^ .0.:.Z. +:..7
t r f F J F

— P x
9	 n	 ap	 Jp ro t; a' n Z C nm m p w n n m q rl ro n Y) pw ^p m m n n

r S̀ Z r
r 3 tm r r r r r-	 r - r rN r r r -. r r^

1

!

UtJt 'A a -^•	 ii w n	 w
O an 1:7 P	 n a e w

P	 O n h y o^	 ? n nn	 m	 P msr	 ^• m
!>as<Z

^ n
e

^	 m ro
p 8, 3 3	 23 ZS

a ro	 N
3 3€ 8e c; 	 m .,s

Z1'

a7 O	 rQQ	 ••	 ^7 UU
<Y: +ti S.] :d m y N mnh	 a T r n m w n h r	 NbOCXF +•+ Fis 'J1
Viz_-^asz

N	 P
o$ ^3 k

N r n m O O m
N	 :1 _

'S	 $	 8 'S

n n m P nN p	 U v
8 25	 8 8

T

m o	 a	 r n n n	 -. P

amm j n n r. n n n n r. n n n n n n n n n

F
`FWiz aoa.	 J. - '^ r^ n a n r, r, N P w n	 n- n n N  w n`FFd^F	 2 S	 m n PO p r N N m O y y y ^.m m o P O n O pp	 n

x 	 3	 ^ U	 r .. r..< -3.2;- r, n n n r to-. n n r. r, n n n n n n n

i1F2ZZ y
T "siU<+7 F W^ w n n m m O m P nN 7 < m P P P n N P N nn m e oF< 3 ir. ^ k. w p	 N m T w P m m n n N m m Fii

3
+
L+ Q2 nn ro)	 n n n n

pm
,O

n n n
F

H n n n n e^

D

Cp v
:c3 m n YJ a tl O P
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Thrust Chamber Pressure = 1040 psia
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Figure 22. Average Regression Rate at the Throat vs Over-all
Thrust Chamber Mixture Ratio (Thrust Chamber
Pressure - 1040 psia
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Because it is apparent from Figures No. 22 and No. 23 that
the regression rates are a function of the boundary layer conditions, the
data were correlated as a function of the wall temperature (boundary layer
recovery temperature). No temperature measurements or fluid samples of the
boundary layer were taken during the test program. Therefore, it was necessary
to use analytical techniques to predict the boundary layer mixture ratio and
the wall temperature as a function of the axial distance from the injector face.
The methods used and the boundary layer analysis is presented in Appendix E,
"Theoretical Analysis of Ablative Chamber Thermal Behavior." The predicted
boundary layer conditions are shown on Figures No. 24 through No. 26. Any
future programs of this nature should include an experimental determination
of the boundary layer conditions to reliably correlate the regression data and
provide back-up for the analytical models. Figure No. 24 and No. 25 show the
estimated boundary layer mixture ratio as a function of the over-all thrust
chamber mixture ratio for the five axial locations of interest. Because of
the additional fuel film cooling, the boundary layer mixture ratio in-line
with baffles shown on Figure No. 24 is significantly lower than that between
baffles shown on Figure No. 25. The wall temperature is shown as a function of the
boundary layer mixture ratio on Figure No. 26 for the chamber and nozzle.
Using Figures No. 24 and No. 25, the boundary layer mixture ratios were deter-
mined in-line and between baffles at each axial location for each test over-all
thrust chamber mixture ratio. The wall temperature then was determined for
these boundary layer mixture ratios as a function of axial location from
Figure No. 26. The boundary layer mixture ratios and wall temperatures
predicted for the test conditions are shown on Tables IV through VIII.

Figures No. 27 through No. 36 show the regression rate as a
function of wall temperature for the five axial locations of interest at thrust
chamber pressures of 1040 psia and 570 .,,'-a. Data from tests 001, 018, and 020
have not been included on these plots. the test 001 data was eliminated
because it is obviously erroneous. The data from tests 018 and 020 have not
been plotted because these were stability tests and the regression data is
inconsistent as a result of pressure surges causing higher than normal regressions
in most cases. Test 012 was the last test with liner 002B and the liner was
completely charred through at the throat between baffles. This resulted in
higher than normal regressions and therefore, this data point has not been
plotted on Figure No. 28. All the remaining data were plotted and those
affected by frothing are identified. The data for the shaded points on the
plots also is identified and explained by the notes on Tables IV and VIII.

Figures No. 27 and No. 28 present the regression rate data
at the throat for thrust chamber pressures of 1040 psia and 570 psia,
respectively. It can be noted from these figures that the regression data
for both in-line and between baffles reasonably fit one curve at both thrust
chamber pressures, Therefore, the wall temperature is a practical correlating
parameter. At 3600°R, approximately the melting point of the silica, the
regression rate at 1040 psia thrust chamber pressure is 0.002-in./sec compared
to 0.0013-in./sec at 570 psia chamber pressure. This difference of 0.7 mils/sec
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Figure 27. Regression Rate at the Throat vs Wall Temperature
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in the regression rate rema.ns essentially constant below 3600 0R. Above a
temperature of 3600°K, the regression rate increases exponentially. This
exponential increase would cease after the temperature corresponding to the
stoichiometric mixture ratio was reached. The high regression at higher
pressure is probably attributable to the increased shear.' forces and the higher
heat flux caused by the increased heat transfer coefficient. This suggests
that the heat transfer coefficient or heat flux also could be a reasonable
correlating parameter.

Based upon Figures No. 27 and No. 28, the throat regression
rates can be limited to approximately 1.2 mils/sec and 0.5 mils/sec at thrust
chamber pressures of 1040 psia and 570 psis,respectively, if the wall tempera-
ture does not exceed a value of approximately 3200°R.

Figures No. 29 and No. 30 present the regression data 8-in.
downstream of the throat; nozzle area ratio is approximately equal to 1.5 at
this point. As a result of the limited number of data points and data scatter
at 1040 psis thrust chamber pressure, the curve shown on Figure No. 29 is
based upon the trend shown at the throat. It can be noted from these figures
that the regression rates for a given wall temperature are less than at the

i -	 throat. This can be attributed to the fact that the heat flux at an area ratio
of 1.5 is substantially reduced as a result of the reduced heat transfer
coefficient. It also should be noted that a large amount of frothing occurred
downstream of the throat and the curves shown are a best estimate of the trends.

Based upon these figures, the regression rates at an area
ratio of 1.5 can be limited to approximately 1.2 mils/sec at 1040 psia chamber
pressure and 0.5 mils/sec at 570 psia chamber pressure by maintaining the wall
temperature at 3700°R or less.

Figures No. 31 and No. 32 present the regression data at the
exit for 1040 psia and 570 psia thrust chamber pressures, respectively. The
nozzle area ratio at the exit is approximately equal to 2.0. Frothing again
significantly affected the majority of the data points and hence, the curves
only serve to illustrate trends. Regression rates are substantially less
than those experienced at the throat because of the reduced heat flux. Within
the accuracy limits of the data, the regression rates at an area ratio of 2.0
are approximately the same as those at an area ratio of 1.5 for a wall tempera-
ture below 3900°R. Above a 3900°R temperature, the regression rates at the
exit are less than those at an area ratio of 1.5. These figures indicate that
the regression rates at the exit for both chamber pressures can be limited to
0.5 mils/sec if the wall temperature does not exceed 3900°R.

The regression data upstream of the throat is presented on
Figures No. 33 through No. 36. Figures No. 33 and No. 34 show the regression
rates 14-in. from the injector face. Because a substantial amount of the fuel
film coolant is still nit mixed with the main stream at this location, the
boundary layer mixture ratios and hence, wall temperatures, are low. Therefore,
the regression rates also are much lower than those experienced at the throat.
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Note: Because of frothing, shaded points are based upon an average
of 50% or less of the diametral measurements.
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valid data at 1040 psia thrust chamber pressure is very limited and hence the
line shown on Figure No. 33 is a best estimate based upon a comparison with
the 570 psia thrust chamber data. Frothing also significantly affects the 	 ^=
data at this location. The one data point at a regression rate of 3 mil/sec
on Figure No. 34 which appears to be inconsistent with the rest was obtained
during test 008 which was conducted at a high mixture ratio ( 5.96). Regression
occurred at all locations between baffles for this test and the data is apparently
valid. However, because data at higher mixture ratios and hence, wall tempera-
tures, was not obtained, the trend shown by this one data point cannot be
justified.

Figures No. 35 and No. 36 present the regression data 25-in.
from the injector face. The regression rates at this location are similar to
those at the throat which is located 30-in. from the injector face. However,
the regression rates for any particular wall temperature appear to be slightly
higher at this location than at the throat.

2.	 Char Depth Analysis

The char depth measurements taken after each test and the
locations of these measurements are shown on Table III. Three of the measure-
ments were taken between baffles and one measurement was taken in-line with a
baffle. Examination of the data shows that at all locations and for almost all
tests, there is either very little difference between the char depth in-line
and between baffles or the char depth is slightly higher in-line with baffles
than between. Larger in-line char depths are expected because the regressions
are less. The effect of the baffle location, as well as the over-all thrust
chamber mixture ratio upon the char depth has been analyzed in greater detail
at the throat.

Table IX summarizes the test parameters and the char depth
data at the throat. The char depths between baffles shown on this table
are an average of the three measurements taken. The char data points are
plotted as a function of the accumulated test duration on Figures No. 37 and
No. 38 for 1040 psia and 570 psia thrust chamber pressures, respectively.
These figures show the tendency toward slightly higher char depths in-line
than between the baffles. Because of an erosion streak, one point on Figure
No. 37 in-line with the baffles shows a low char depth. The figures also
show that the char depth reaches an essentially constant value and increases
in the accumulated duration do not affect the char depth. This equilibrium
char depth is approximately 0.2-in. and 0.35-in. for 1040 psia and 570 psia
thrust chamber pressures, respectively. Char depth decreases with increasing
thrust chamber pressure because the regression increases. Figure No. 38 also
seems to indicate that the over-all thrust chamber mixture ratio has very
little or no effect upon the char depth after reaching an equilibrium value,
although greater char depths are expected at low mixture ratio because the
regression is less. Therefore, the char depth data at the throat has been
plotted as a function of over-all thrust chamber mixture ratio on Figures
No. 39 and No. 40.
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Because of the small number of data points over a narrow
mixture ratio range at 1040 psia thrust chamber pressure, the char depth
appears to remain essentially constant after accumulating over 80 sec test
duration as shown on Figure No. 39.

Figure No. 40 ft- 370 psia thrust chamber pressure shows
that there is an increase in cha -k: 	th with decreasing mixture ratio after
the liner has accumulated 80 sec to 90 sec of test duration. This increase
in char depth in-line with baffles was approximately 0.05-in. and 0.18-in.
between baffles for liner S/N 002B over a mixture ratio range of 4.2 to 5.96.
For liner S/N 002C, the char depth increases were approximately 0.02-in.
in-line with baffles and 0.14-in. between baffles over a mixture ratio range
of 4.89 to 5.51.

Because of the large amount of data scatter, the data at
all locations are summarized on Figure No. 41 without distinction in respect
to the location of the baffles or the over-all mixture ratios. The bands shown
on the figure represent the maximum and minimum values experienced for the two
thrust chamber pressures as a function of the distance from the injector face.
For high mixture ratios and thrust chamber pressures, low char depths and high
regressions can be expected.

B. APPLICATIONS OF THE DATA

Based upon the figures presented in the previous section of this
appendix, ablative liner thickness requirements for oxygen/hydrogen engines
in a 400K to 1 million lb thrust class can be determined. Because regression
in the throat region is the most critical, it is desirable to design the engine
for a minimal throat regression rate. This means that the film cooling require-
ments and hence, the boundary layer conditions in the rest of the chamber and
nozzle are dictated by the throat requirements. For example, if a throat
regression rate of 0.5 mils/sec at a thrust chamber pressure of 570 psia is
not to be exceeded, Figure No. 28 shows that the wall temperature of 3200°R
or less must be maintained. Therefore, the injector must be designed to supply
sufficient fuel film cooling to achieve this wall temperature value. Figure
No. 26 shows that this wall temperature of 3200°R corresponds to a boundary
layer mixture ratio at the throat of 1.96. To determine the film coolant
requirements, plots of boundary layer mixture ratio as a function of the
over-all thrust chamber mixture ratio with variations in the fuel film coolant
percentage are required. This can be accomplished through the use of analytical
techniques similar to those described in Appendix E. With the film cooling
requirement at the throat established, the boundary layer mixture ratios and
hence, wall temperatures then must be determined for the chamber and nozzle.
Chamber and nozzle regression rates can be determined for the resulting wall
temperatures from Figures No. 29 through No. 36.

Assuming a 0.5 mil/sec throat regression rate, 570 psia thrust
chamber pressure and a 200 sec engine duration as design criteria, the ablative
liner will regress 0.1-in. From Figure No. 41, a char depth of 0.25-in. to
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0.36-in. can be expected at the throat. Using the more conservative char depth
value, a total degradation of 0.46-in. can, therefore, be expected for this
particular set of design conditions. Some margin of safety, approximately
0.25-in., should be allowed. Therefore, the total required ablative liner
thickness at the throat is approximately 0.75-in.

For engine designs at other thrust chamber pressures and thrust
levels with different throat sizes than the hardware tested under this program,
the allowable wall temperature must be estimated by considering the total heat
transfer problem. Because the heat flux is a product of the heat transfer
coefficient and temperature difference across the wall, the contribution of the
heat transfer coefficient as a driving force in addition to the wall temperature
must be considered. The heat transfer coefficient is directly proportional to
the eight-tenths power of the static density and hence, thrust chamber pressure
and inversely proportional to the two-tenths power of the diameter. Therefore,
it is obvious that for engines at higher thrust chamber pressures and/or smaller
throat sizes, the heat transfer coefficient increases and the allowable wall
temperature would be reduced.

Figure No. 42 shows that the data at the throat for the two thrust
chamber pressures correlates very well using the eight-tenths power of density
parameter. A single curve reasonably fits all the data points at the two
pressures and a comparison of this figure with Figures No. 27 and No. 28 show
that this curve goes through the same data points. Therefore, the correlating
parameter would appear to be practical. The diameter factor also has been
included to assist in scaling; however, because all of the hardware used in this
program had the same throat size, data for other throat sizes is required to
verify the use of this parameter. The heat transfer coefficient also is pro-
portional to velocity to the eight-tenths power. Therefore, including this
term in the correlating parameters can be a way of scaling the data obtained
in this program to other area ratios.
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Appendix B
i

I.	 INTRODUCTION

The following four general groups of low-cost ablative materials were
evaluated.

i	 - Silica-Reinforced Phenolics

- Asbestos-Reinforced Phenolics

- Cellulose-Reinforced Phenolics

- Compounded Materials

Test specimens were bolted to the aft flange of the exit cone and sub-
jected to exhaust gas flow at 570 psia chamber pressure. These specimens were
exposed to the conditions and firing durations listed on Table X.

TABLE X

'	 TEST FIRING PARAMETERS

Test	 Test	 Firing	 Chamber
Specimen	 Run	 Duration	 Pressure	 Mixture

No.	 No.	 (sec)	 ( sp ia)	 Ratio

*
1 through 7	 008( )	 30.052	 430 to 530	 4.5 to 7.5

1 through 7	 009	 44.814	 553	 5.8 to 5.4

8 through 14	 011	 47.227	 550	 5.07

13 and 14	 012	 47.226	 550	 5.00

15** through 23	 014	 47.4	 544	 5.75

24 through 27	 016	 45.6	 567	 5.51

24 through 27	 017	 46.9	 566	 4.89
f

NOTES:	 * Run No. 008 experienced test stand-induced flow oscillations

** Specimen No. 15 (40SA40 with asbestos honeycomb) was lost during
Test Run No. 14.

The char depth and regression of each specimen was measured and recorded
after each test firing. Average char and regression rates were calculated and
are shown on Table XI. The conclusions and recommdnations resulting from this
evaluation were presented in the main text.
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Appendix B

II. SILICA-REINFORCED PHENOLICS

The calculated regression rates of the silica-reinforced materials
ranged from 0.21 mils/sec to 2.54 mils/sec. Differences in firing parameters,
including location in relationship to the baffles, contributed to the seemingly
large variation. The control material, WB 2230, exhibited a lower regression
rate during both firing durations; however, the regression rate variance was
very large (0.21 to 1.47). Identical conditions, including relative positions
to the baffle locations, would have to be maintained to establish reliable
data.

The MXS 213 demonstrated the feasibility of using lower density silica-
reinforced phenolics and fiber tapes in place of fabric tapes. However, the
regression rate and char rate were higher for the MXS 213 than for the fabric-
reinforced phenolics. The char integrity was questionable because some of the
char layer cracked off during firing. The MXS 213 might be unsuitable for
multiple firing cycles because of the poor integrity of the char.

The specific gravity of the MXS 213 was 1.0 as compared to 1.70 for the
standard silica-reinforced phenolic materials. Based upon the char depth
measurements, the weight advantage gained would be approximately 50%. Calcu-
lations based upon one square inch of exposed surface coupled with the char
results show that 0.044 lb would be required for the MXS 213 to provide the
same protection as 0.061 lb of silica-reinforced phenolic. The cost per lb
of the NXS 213 is higher than for the standard silica phenolic; however, the
over-all cost would be lower because a lesser amount (lb) is required.

The 4S5107 exhibited the highest regression rate of the four silica-
reinforced phenolics; however, the char rate was one of the lowest of the
materials tested. Both of the double-thickness silica fabric materials had
low char rates indicating lower conductivities could be obtained as dell as
lower fabrication cost for the SP 8030-96 and 4S5107.

The material cost of WB 2230 is $0.599 per cubic inch and it costs
$1.44 per cubic inch to fabricate using parallel-to-centerline tape-wrap
techniques. The SP 8030-96 cost $0.491 per cubic inch and $1.107 per cubic
inch to fabricate. Assuming equivalent performance, the SP 8030-96 would be
approximately 25% lower in cost.

III. ASBESTOS-REINFORCED PHENOLICS

The asbestos-reinforced phenolics did not perform as well as expected.
Temperature and shear conditions at the 2:1 area ratio exceeded the capabili-
ties of asbestos reinforcement. The fusion point of the asbestos (ranging
from 2180°F to 2770°F) was exceeded so that melting and shearing of the melt
occurred very readily. Asbestos could be expected to perform quite well at
some higher ratio because silica performs well at this area ratio and its
fusion temperature is 3100°F.
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The area ratio at which asbestos performance would make it competitive
with silica-phenolic in price would have to be established by higher nozzle
area ratio testing. Standard chrysotile asbestos-reinforced phenolic cost
$1.473 per cubic inch as fabricated compared to $1.743 for silica-reinforced
phenolic. Therefore, asbestos chAr rates that exceed silica char rates by at
least 20% are not competitive because of the lower regression rates of the
silica-phenolic. This factor will change for very large components where the
material cost is a higher percentage of the total cost.

IV.	 CELLULOSE-REINFORCED PHENOLICS

Two general types of cellulose-reinforced phenolics were evaluated.
The KR 418 is a "canvas duck" reinforced system and the FM 5272 is a "Kraft
paper" reinforced phenolic. Previous test results indicated that at area
ratios higher than 4:1, the cellulose materials were equivalent to asbestos in
regression rates and char depths.

Test results (see Table XI) show the regression to be higher than the
silica-phenolics by an order of magnitude. Char rates were twice as high as
the silica-phenolic materials. However, at higher area ratios, KF 418 and
FM 5272 materials would be cost competitive with asbestos and/or silica because
of their low char rate.

Both materials have very poor char integrity and tend to flake or spall
very easily. This characteristic is not acceptable in a chamber which has a
multiple stop-start duty cycle. However, the char thickness is less than
0.100-in.; therefore, loss of the char layer in an exit cone would not be
detrimental to performance.

V,	 (:(1YPOIJNDPTI MATERIALS

Two compounded materials were tested. The IBT 100 is a PBAN epoxy sys-
tem filled with asbestos. The V-61 is an asbestos filled epoxy-polysulfide
NBR.

These materials were tested during runs -008 and -009. The majority of
the material loss occurred in Test No. -008. Although the materials were
present during Test No. -009, they were somewhat protected by the exit cone.
Therefore, the regression and char rates shown on Table XI are not comparable
with the control WB 2230.

The char contained cracks and appeared to have flaked-off in some areas.
Regression was non-uniform. However, the potential of these materials to per-
form as ablatives without catastrophic failures was demonstrated. In less
severe environmental conditions, materials of this type will be cost competitive.

tillb buuerdl ;iasb of materials also would be useful for refurbishing
and/or short duration firings. The raw material can be applied to *he existing
hardware and cured in-place. Higher reinforcement contents and higher char
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yielding resin could be expected to improve the resistance of the compounded

materials to regression.

"Standard" silica-reinforced resins also were tested. These resins
could be made from cut patterns or by hand lay-tip, cured at low pressures

(vacuum bag), and materials that can Le troweled or cast.

Two other materials selected for evaluation were a heavy weight (thick)
silica fabric, C-100-96, and an unstabilized silica fabric in a phenolic matrix,

UC-100-48. The heavy weight silica reduces tape wrapping time by approximately
one-half and the unstabilized silica is lower in price by approximately 51.00/lb.

Two of the compounded materials, 40SA40 and IBT-100, were cast in asbestos

honeycomb (cell size 1/2-in.) to reduce the cracking and flaking of the char.
The 40SA40 is filled with silica, and the IBT-100 contains chopped silica-

fiber-reinforcement. Another material that can be troweled is an asbestos-
filled phenolic, designated 56, 614-01, which is supplied by Haveg. The com-
pounded materials 40SA40 and 56,614-01 had high regression and low char depths.

Regression rates of these materials exceeded the silica-reinforced resins by
3 mils/sec to 6 mils/sec. One compounded mata:'ial, which contained a silica-
reinforcement, had a regression rate of zero and a char depth resembling the

"standard" silica phenolics. The silica reinforcement provided a dramatic
improvement in performance over the asbestos-reinforced IBT-100. The char,

which is usually swept away, was held intact by the asbestos honeycomb a:' the
silica reinforcement did not melt sufficiently to be swept away.

The IBT-100 sample was covered with the fused silica from the exit liner
material. The effect of the silica covering upon the ultimate performance of

the material is not known; however, it is apparent that silica-filled IBT-100,
a trowelable material, is a good candidate exit cone liner material.

All of the silica fabric-reinforced materials performed well. Two of
the control samples, Specimen No. 23 and No. 27, had zero regression.

The unstabilized silica, DEN 411. and Epotut 2909, had regression rates
greater than 1 mil/sec. All but one of the silica fabric materials had regres-
sion rates less than 1 mil/sec. The silica fabric-reinforced epoxy novolac
supplied by Western Backing Ciproration had a negative regression rate. --nis
is attributed to delaminations and to r ►:^: characteristic high thermal en.,ansion
of the epoxy novolac resins.

All of the silica-reinforced systems are potential candidate materials
for a low-cost exit cone with the exception of the UC-100-48/phenolic, which
delaminated, and the DEN 431-2910, which had a regression rate of 2.53. How-
ever, the DEN 431 epoxy novolac resin has a low viscosity at room temperature
and could be considered as a candidate "or a resin injection fabrication
r1r 	 01q.

Both the F502/C-100-48 vacuum grade silica phenolic and the vacuum
grade epoxy novolac are candidates for liner materials laid-up on a structural
shell. They can be cured in a forced air oven or on-site using a heating

Page 85



Appendix B

U blanket or heat lamps. The silica-filled IBT-100 can be troweled or cast into
a structural shell liner with asbestos honeycomb to the thickness required and
cured in place.

The data is questionable for those materials with comparatively high
regression rates because after the initial regression, the specimens were
somewhat protected by the silica phenolic exit cone liner. Also, many speci-
mens were coated with a layer of 5102 melt from the exit cone, which provided
additional protection from the exhaust gases. Therefore, reported values
should be considered minimum for both the char and regression of the materials
tested.

One of the 40SA40/asbestos honeycomb specimens was lost during Test
No. -014 and no data are reported for this specimen.
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Table XII is a listing of the results from post-test char sample analy-
ses for elemental and metallic content.

The char samples were taken from four locations; at the 25-in. axial
station, in-line with Baffle No. 1, and from between Baffles No. 11 and No. 12,
No. 12 and No. 1, and No. 1 and No. 2.

Analysis by means of x-ray diffraction revealed the presence of an
amorphous substance indicating virgin material. A few of the samples showed
traces of silicon carbide, apparently a composite of reinforcement and char.

The samples were analyzed for C, H, N, and 0 content utilizing Coleman
Carbon-Hydrogen, Nitrogen, and Oxygen Analyzers. Measurement accuracy was
within + 0.3%. The resulting data show an increase in carbon content as mix-
ture ratio increased. A higher carbon content also was evident in locations
between the baffles as compared to those in-line with the baffles.

Emission spectrographic analysis showed the major metallic constituents
to be Si02 , Al 20 3 , and T102 with traces of Zr, Ca, B, Mg, Cr, and Cu also being
present. The measurement accuracy of this analysis method was + 10%.

Page 88

I

u



TABLE XII

SAMPLE ELEMENT AND METALLIC CONTENT DATA

SPECTRAL	 -
ELEMENTAL ANALYSIS EMISSION .ANALYSIS

Sample Location Test No. Liner S/.N %N Az _ Si`12 ^ TiO2^ Al203^

In-Line Baffle No.	 1 002 x)01 (i.60 0.54 0.18 0.77 95.1) - 0.4
003 7.48 0.31 0 nil 90.0 3.2 0.6
004 4.96 0.38 nil 0.29 95.0 0.3 0.3

005 4.67 0.15 nil 0.31 95.0 0.8 0.3

006 002B 9.12 0.31, 0 0.45 85.0 0.7 0.4

007 8.04 0.35 nil 0.48 90.0 0.6 0.5

008 13.20 0.24 nil 0.44 84 .0 L5 0.4

009 ' 10.20 0.15 0.15 1.28 83.0 1.3 0.3

010 6.54 0.50 nil (	 nil 88.0 1.0 0.8

Oil l	 7.09 0.33 nil nil 85 .0 0.5 0.4

012 110 .00 0.22 nil nil 85.0 0.5 0.4

014 002C 8.75 0.35 nil nil 85.0 0.5 0.7

Between Baffles No. 11 6 12 002 001 11 .20 0.44 nil nil 90.0

-

0.5

003 i	 6.72 nil 0 0 95.0 0.1 I	 0.2

004 11.50 nil nil O 80.0 0.1 0.2

005 10.80 0.16 nil 0.25 93.0 0.9 0.5

006 0026 i 13.90 10.12 0.31 0.21 80.0 0.4 I	 0.6

007i 11.50 0.12 nil 0.30 85.0 0.5 0.4

008 16.10 0.23 nil 0.60 84.0 1.8 (	 0.4

009 114.80 0.16 nil 0.31 85.0 1.5 0.3

'	 010 113.80 0.28 nil nil 4	 82.0 0.8 0.8

Oil 114.80 9.11 0.12 0.14 82.0 0.5 0.4	 1

012 12.80 nil 0.12 0.30 80.0 0.4 I	 0.3

014 002C 16.50 0.16 nil 1nil 80.0 0.6 0.6

Between Baffles No. 12 and 002 001 5.98 0.27 nil nil 95.0 - v.4	 j

003 10 . 80 nil O nil 90.0 0.2 0.2	 Ii

004 12.40 10.24 0
1	

nil	 ( 85.0 0.2 0.2

005 112.20 0.16 nil
1	

0.37 90.0	

I

0.6 0.3	 I

006 002B	 '17.20 0.25 0.14 0.70 75.0 0.4 0.4

007 11.30 0.41	
i

0 0.56 85.0 0.4 0.3

008 14.50 0.27 0 0.35 85.0 1.8 0.4

009 15.30 0.15 0.08 0.51 80.0 0.9 0.2

1 010 .14.00 0.14 nil	 ! 0.26 95.0 0.9 0.7

011 13.40 0.26	 i
1

nil	 1 0.37 83.0	 ( 0.5 0.4

012 11.50 0.23 0.15	 1 0.66 85.0	 I 0.5 0.5	 i

014 002C 16.30 0.27 nil

0.12

nil

0..3

78.0 0.3 0.5

Between Baffles No. 1 and 2 002 001 4.87 0.28 95.0 - 0.5

003 8.98 0.27 0 1.11 90.0 0.2 0.5

004 7.56 0.22 nil 0 85.0 0.1 0.2

005 12.80 0.18 nil 0.48 90.0 0.4 0.1

006 002B 15.80 0.21 0.32 0.78 75.0 0.4 0.3

1
007 11.90 0.21 0.20 0.42 85.0 0.5 0.4

008 15.00 0.27 nil 0.47 85.0 1.7 0.4

009 14.60 0.10 0.13 nil 80.0 1.2 0.4

010 7.31 0.17 nil 0.30 87.0 1.6 1.0

011 14.00 0.21 nil nil 83.0 0.4 0.3

012 13.20 nil 0.16 nil 85.0 0.4 0.4

014 00 C 10.70 0.50	 I 0.27 0.70	 1 83.0 0.6 0.9

'Quantitative percentages of the three major constituents only; SiO 2' TiO2' and Al203
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The ablative liners were sectioned for appraisal of their condition.
These sections were visually inspected and measured for degradation profile
characteristics.

I. LINER SIN 001

The total duration accumulated with liner SIN 001 at the 1040 psia
chamber pressure level was 144 sec. The chamber portion of the liner was
longitudinally sectioned at the thickest and thinnest places for visual obser-
vation of the char profile (see Figure No. 43 for a comparison of the two
sections).

II. LINER SIN 002B

The total duration experienced by SIN 002B liner was 265 sec.

Char-through of the liner occurred between baffles 8 and 9 at the
throat chamber-liner to nozzle-liner joint.

Char depth measurements were taken at 2-in. intervals along the
liner contour from 10-in. aft of the injector face to 13-in. aft of the throat
on the three longitudinal sections shown on Figure No. 44. These sections
were located aft of baffle No. 1 and between baffles 8 and 9 and baffles 12
and 1. The data for each section are listed on Table XIII.

The liners were also sectioned circumferentially at five axial
stations; 14-in. and 25-in. aft of the injector face, throat, and 8-in. and
13-in. aft of the throat. See Figures No. 45 through No. 49, respectively,
for comparative degradation profiles.

III. LINER SIN 002C

The total duration for liner SIN 002C was 250 sec. The nozzle
liner was expelled at approximately 25 sec into the last test firing. Liner
SIN 002C had charred completely through between baffles No. 8 and No. 9

i	 extending longitudinally from 26-in. aft of the injector face to the throat.
Char-through also occurred in the throat between baffles No. 3 and No. 4,
baffles 12 and 1 and baffles No. 7 and No. 8. A circumferential crack 1 to
2-in. forward of the throat and running between baffles No. 5 and 8 and a
similar crack between baffles No. 8 and No. 9 extending into the char-through
area were noted.

Char depth measurements were taken on three circumferential sec-
tions; 14-in. aft of the injector flange (Figure No. 50), 25-in. aft of the
injector flange (Figure No. 51), and at the chamber throat (Figure No. 52).
The char penetration was measured at 5-degree intervals, clockwise, looking
forward with 0-degrees at the No. 1 baffle. Data for the three sections are
recorded on Table XIV, XV, and XVI.
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TABLE XIII

CHAR DEPTHS MEASURED ON LONGITUDINAL SECTIONS OF ACT LINER SIN OO2B

Distance Aft
Char Depth - inches

At Baffle Between Baffles Between Bafflesof Injector Face
in. No. 1 No. 8 and No. 9 No. 12 and No.l

10 .21 .27 .22

12 .21 .28 .25

14 .24 .35 .34

16 .23 .32 .34

18 .23 .31 .35

20 .27 .34 .32

22 .27 .33 .31

24 .29 .27 .29

26 .32 .28 .30

28 .30 .32 .27

30 .31 .29 .27

31 .32 .30 .26

Throat .25 .35 .25

Distance Aft
of Throat

in.

2 .33 .33 .26

4 .38 .34 .35

6 .33 .36 .32

8 .33 .37 .36

10 .29 .35 .37

12 .34 .41 .35

13 .31 .40 .46
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TABLE XIV

LINER CHAR PROFILE OF SIN 002C CHAMBER CIRCUMFERENTIAL SECTION
AT 14- TN. AFT OF INJECTOR

Radial Remainder Radial Total Remainder
Baffle Location Thickness Uncharred Baffle Location Thickness Uncharred

No. Degrees in.	 _ in. No. Degrees in. in.

1(2)_ 0 1.25 0.98 7 180 1.12 0.80
5 1.25 0.98 185 1.20 1.01

10 1.13 0.94 190 1.23 0.92
15 1.25 0.94 195 1.07 0.68
20 1.24 0.98 200 1.10 0.77
25 1.24 0.99 205 1.20 0.88

2 30 1.24 0.98 8 210 1.15 0.70
35 1.05 0.78 215 1.00 0.80
40 1.24 0.92 220 1.20 0.90
45 0.97 0.74 225(2) 1.15 0.85
50 1.08 0.87 230 0.90 0.63

- 55 1.20 0.87 235 1.12 0.87

3 60 1.24 0.91 9 240 1.25 0.97
65 1.20 1.06 245 1.07 0.89
70 1.12 0.91 250 1.26 0.98

- 75 1.06 0.77 255 1.20 0.91
80 1.17 0.88 260 1.28 0.96
85 1.13 0.83 265 1.23 0.94

4 90 1.08 0.83 10 270 1.27 1.00
( 95 1.09 0.90 275 1.27 1.00

100 1.25 0.97 280 1.25 1.03
105 1.00 0.85 285 1.23 0.87
110 0.97 0.78 290 1.23 0.86
115 1.07 0.85 295 1.23 0.87

5 120 1.26 1.03 11 300 1.24 0.90
125 1.04 0.80 305(2) 1.24 0.95
130 0.94 0.75 307.5 1.00 0.82
135 1.17 0.87 310 1.06 0.83
140 1.26 0.97 315 1.26 0.88

i
I

145 1.26 0.95 320 1.25 0.88

6 150 1.27 0.93 12 330 0.96 0.72
155 1.25 0.97 335 1.25 0.98
160 1.27 1.00 390(2) 1.03 0.83
165 1.18 0.86 345 1.24 0.89
170 1.23 0.86 350 1.15 0.86
175 1.20 0.90 355 1.05 0.75

1	 Measured clockwise looking forward
(2) Location of longitudinal section
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TABLE XV

LINER CHAR PROFILE OF SIN 002C CHAFER CIRCUMFERENTIAL
SECTION AT 25-IN. AFT OF INJECTOR

Q)Radial Total Remainder Radial Total Remainder
Baffle Location Thickness Uncharred Baffle Location Thickness Uncharred

No. Degrees in. in. No. Degrees in. in.

1 (2) 0 1.43 1.12 7 180 0.91 0.63
5 1.46 1.15 185 1.45 1.12

10 1.34 1.07 190 1.17 0.88
15 1.42 1.11 195 0.36 0.12
20 1.20 0.95 200 0.92 0.48
25 1.37 1.05 205 1.07 0.6!

2 30 1.44 1.08 8 210 1915 0.79
35 1.09 0.80 215 1.43 1.17
40 1.12 0.65 220 1.12 0.81
45 1.25 0.92 225(2) 1027 0.91
50 1.42 1.12 230 0.17 0.03
55 1.10 0.76 235 0.92 0.51

3 60 1.30 0.91 9 240 1.25 0.88
65 1.52 1.18 245 1.40 1.14
70 1.40 1.12 250 1.35 1.07
75 0.93 0.62 255 1.06 0.73
80 1.00 0.67 260 1.20 0.91
85 0.85 0.57 265 1.18 0.92

4 90 1.40 1.09 10 270 1.27 0.96
95 1.35 1.11 275 1.32 0.94

100 1.37 1.09 280 1.48 1.12
105 1.18 0.87 285 1.13 0.77
110 1.07 0.73 290 1.03 0.67
115 1.37 1.00 295 0.97 0.61

5 120 1.48 1.17 11 300 0.95 0.56
125 1.46 1.15 305	 (2) 1.28 0.97
130 1.25 0.92 307.5 1.32 1.05
135 1.17 0.85 310 1.27 0.93
140 1.31 1.04 5,15 1.16 0.82
145 1.22 0.85 320 1.08 0.71

6 150 1.23 0.87 12 330 1.00 0.71
155 1.30 0.94 335 1.34 1.00
160 1.43 1.07 340 1.06 0.82
165 0.92 0.57 345(2) 1.34 1.00
170 0.90 0.52 350 0.94 0.59
175 1.09 0.73 355 0.76 0.51

1 Measured clockwise looking forward
(2) Location of longitudinal section



TABLE XVI

LINER CHAR PROFILE OF SIN 002C CHAFER CIRCUMFERENTIAL
SECTION AT THROAT

Radial (l) Total Remainder Radial Total Remainder
Baffle Location Thickness Uncharred Baffle Location Thickness Uncharred

No. Degrees in. in. No. Degrees in. in.

1 (2) 0 1.46 1.09 7 180 1.00 0.72
5 1.60 1.27 185 1.55 1.26

10 1.54 1.25 190 1.23 0.89
15 1.53 1.23 195 0.45 0.00
20 1.38 1.07 200 0.72 0.00
25 1.43 1.08 205 0.85 0.34

2 30 1.50 1.17 8 210 1.20 0.69
35 1.37 1.08 215 1.67 1.29
40 1.50 1.16 220 1.32 0.99
45 1.34 1.01 225(2) 1.13 0.82
50 1.57 1.27 230 0.28 0.00
55 1.29 0.97 235 1.13 0.57

3 60 1.45 1.10 9 240 1.41 1.07
65 1.75 1.44 245 1.59 1.28
70 1.50 1.19 250 1.58 1.27
75 1.02 0.00 255 1.20 0.87
80 1.07 0.00 260 1.30 0.87
85 0.94 0.00 265 1.29 0.99

4 90 1.28 0.00 10 270 1.37 1.02
95 1.59 1.32 275 1.46 1.13

100 1.59 1.30 280 1.63 1.30
105 1.34 0.95 285 1.32 1.00
110 1.08 0.78 290 1.24 0.84
115 1.43 1.08 295 1.06 0.68

5 120 1.62 1.37 11 300 1.00 0.69
125 1.62 1.35 305	 (2) 1.47 1.18
130 1.35 1.04 307.5 1.51 1.23
135 1.27 0.93 310 1.44 1.15
140 1.50 1.18 315 1.32 0.95
145 1.33 1.04 320 1.11 0.74

6 150 1.37 1.04 12 330 1.20 0.93
155 1.46 1.16 335 1.43 1.14
160 1.42 1.06 340(2) 1.06 0.85
165 0.92 0.37 345 1.46 1.12
170 1.04 0.58 350 1.05 0.00
175 1.04 0.68 355 0.95 0.00

1 Measured clockwise looking forward
(2) Location of longitudinal section
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Figure 44. Three Longitudinal Sections of SIN 002B Liner



Figure 45. Circumferential Section of Liner SIN 002B, 14-in. Aft
of Injector
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I Figure 46. Circumferential Section of Liner SIN 002B,

25-in. Aft of Injector
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Figure 47. Circumferential Section of Liner SIN 002B,
at the Throat

Page 100



11

Figure 43. Circumferential Section of Liner S/N 002B,
8-in. Aft of Throat
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Figure 49. Circumferential Section of Liner SIN 002B,
13-in. Aft of Throat
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Figure 50. Circumferential Section of Liner SIN 002C,
14-in. Aft of Injector
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Figure 51. Circumferential Section of Liner SIN 002C,
25-in. Aft of Injector	 f
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Figure 52. Circumferential Section of Liner SIN 002C,

at the Throat
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Appendix D

Char depth also was measured on the four longitudinal sections
shown on Figure No. 53. These sections were located as follows:

At baffle No. 1	 - 0-degrees

Between baffles No. 8 and 9 - 230-degrees

Between baffles No. 11 and 12 - 307.5-degrees

Between baffles No. 12 and 1 - 345-degrees

The radial locations (0-degrees, 230-degrees, 307.5-degrees, and
345-degrees) were measured clockwise, looking forward, from 0-degrees at the
No. 1 baffle. The char depth was measured at 2-in. intervals along the liner
contour from the throat tr 10 in. aft of the injector face. The data for each
section are listed on Table XVII. A 100% char depth was observed on the 230-
degree section at 26-in. and 28-in. aft of the injector face and at the throat.
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TABLE XVII

LINER CHAR PROFILE OF SIN 002C CHAMBER LONGITUDINAL
SECTIONS AT 0-DEGREES, 230-DEGREES, 307.5-DEGREES,

and 345-DEGREES

Baffle Location (2) 1
Radial Location 0-Degrees
Distance Aft of Total Remain.

Injector Thk. Unchar
in. in. in.

10 1.00 0.86

12 1.08 0.86

14 (1) 1.25 0.98

16 1.25 0.97

18 1.34 1.02

20 1.32 1.00

22 1.37 1.07

24 1.37 1.05

25 (1) 1.43 1.12

26 1.42 1.04

1.8	 1 35 0.96

30	 1.47 1.14

Throat_ 1'1 1.46 1.09

8 - 9 11 - 12 12 - 1
230-Degrees 307.5-Degrees 345-Degrees_
Total Remain. Total Remain. Total Remain.
Thk. Unchar Thk. Unchar Thk. Unchar
in. in. in. in. in. in.

0.77 0.59 0.92 0.76 1.04 0.88

0.79 0.64 0.98 0.80 1.00 0.82

0.90 0.63 1.00 0.82 1.24 0.89

0.94 0.61 1.24 0.92 1.27 0.97

0.78 0.47 1.26 0.97 1.31 1.00

0.57 0.40 1.32 0.90 1.33 0.99

0.42 0.25 1.28 1.00 1.34 1.00

0.27 0.13 1.15 0.97 1.31 1.00

0.17 0.03 1.32 1.05 1.34 1.00

0.14 0.00 1.35 1.04 1.34 0.99

0.03 0.00 1.33 1.00 1.36 0.97

0.35 0.20 1.50 1.22 1.47 1.11

0.28 0.00 1.51 1.23 1.46 1.12

1 Circumferential sections at these points
(2) Measured clockwise looking forward with 0-degrees at baffle No.l
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Appendix E

I. INTRODUCTION

The primary objective of this analysis is to theoretically predict
thermal behavior-temperature responses as well as erosion and char rates of
the ablative liner at various axial and circumferential locations. To
accomplish this, a number of subsidiary analyses are requirRd. These include:
analysis of the injector hydraulic system to determine propellant flow distribu-
tion; analysis of the boundary layer in the chamber to determine how the mixture
ratio varies locally with injector flow distribution and gas core mixture ratio;
and analysis of the ablative liner to determine how erosion varies locally with
boundary layer mixture ratio.

II. INJECTOR HYDAULIC ANALYSIS - OXIDIZER C1iMIT

The hydraulic analysis of the oxidizer circuit was undertaken to find
the flow rate from each orifice and to determine any azimuthal variations that
may exist because of inlet effects, etc. The study was made with a specially ►
written computer program for the IBM 1130 macl • ine. It is concluded that the
oxidizer flow pattern is very uniform and that circumferential variations are
of the order of a few percent.

The method of analysis involves dividing the inject-r assembly into
discrete channels for which flow resistance values could be calculated.
Figure No. 54 shows this breakdown. Resistance R is used to calculate pressure
drop from the equation

AP - R W2	Eq. (E1)

where AP is in terms of psia and W is in lb-in./sec

Resistance is defined by

1
R - 3.62f d

Eq. (E2)
pd 

where 1 is the passage length in inches, d the passage diameter in inches,
p the fluid density in lbm/ft3 , and f is the Crane friction factor. The
injector assembly is represented by the series/parallel resistance network
shown on Figure No. 55. Each of the 12 segments of the injector is subdivided
into e l ement groups with the outermost row of elements (Row 33) represented by
the 15 individual elements, as shown on Figure No. 56. The flow distribution
is solved by simplifying the resistance network into a single equivalent
resistance to find the over-all. pressure drop, given the total flow rate, and
then determining the flow rate to the separate segments and individual orifices
in each segment.
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Appendix E

Table XVIII presents the analytical results for the full thrust and
`calf--thrust cases. The striking conclusion is that the circumferential
variation in flow rate is very small. The injector segment nearest the
oxidizer header receives about 2.2% more flow than the average value, an"' the
diameterically opposite segment receives about 0.6% less than the average;
these two locations representing extremes. The greatest total variation in
circumferential flow rate from the outermost row (33) of orifices is 1.5% in
any particular segment.

III. INJECTOR HYDRAULIC ANALYSIS - FUEL CIRCUIT

1

	

	 The injector fuel circuit hydraulic analysis was done using a computer
program developed to perform Titan Injector hydraulics analyses. The program
uses an electric analog to calculate the flow distribution and pressure drop
throughout the circuit. The program, which was written for the IBM 1130 com-
puter, was converted to the GE 235 Mark II system for this analysis because of
storage limitations in the former machine.

The analysis involved dividing the flow circuit into a series/parallel
network of flow resistances, as was done for the oxidizer circuit analysis.
These resistances comprise the fuel element, rigimesh wall, and baffle resistance

y	 as well as the manifold resistance. The latter is based upon Jakob's formula
for flow through a staggered tube bank. Figure No. 57 shows the flow network.
Azimuthal variations are ignored because of the complexities that would arise
if such variations were considered. Large azimuthal flow variations are not
expected to occur in this fuel circuit.

The results are summarized on Table XIX for a chamber pressure of
1000 psia and Table XX for 500 psia pressure. These results are compared to
experimental pressure drop data at 1000 psia chamber pressure obtained with
injectors SIN 012 and SIN 020 (see Figure No. 58). The predicted fuel pressure
drop is in reasonably good agreement with the fuel pressure drops obtained
experimentally, and it is concluded that the predicted fuel flow distribution
must be a good representation of the actual flow distribution, although there
are no flow distribution data available to check this.

IV. BOUNDARY LAYER MIXTURE RATIO
i
F

	

	 To accurately predict and/or correlate ablative erosion rates as a
function of engine operating conditions, it is necessary that wall gas-side
boundary conditions are known. The following paragraphs describe an analysis
by which the boundary layer mixture ratio was determined for the subject ablative
thrust chamber.

In summary, the boundary 0/F is a function of the following parameters:
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TABLE XIX

PREDICTED FUEL FLOW DISTRIBUTION FOR P C = 1000 PSIA

Row No. Element R	 eeh Baffle Total

1 .785 .08034 --- .8657
2 1.2564 .03742 --- 1.2938

Inner Ring 1.1454 --- --- 1.1454
3 2.0008 .04976 --- 2.05064 2.3910 .2476 --- 2.63865 3.2592 .0721 .5605 3.8917
6 3.8532 .08172 --- 3.9349
7 4.4514 .09108 --- 4.5425
8 4.4958 .09012 .5799 5.1658
9 4.5210 .1274 --- 4.648410 6.2400 .22698 --- 6.4670
11 6.8640 .13146 .59052 7.5860
12 7.5060 .1420 --- 7.6480
13 8.1600 .1530 --- 8.3130
14 8.232 .1531 .6066 8.9917
15 8.322 .1536 --- 8.4756

Outer Ring 4.0872 --- --- 4.0872
16 13.0080 .7776 --- 13.785617 14.9040 1.230 --- 16.1340
18 14.9700 .2760

---
15.246

19 16.9020 3.804 2.9808 23.6868
20 16.9860 .3108 --- 17.2968
21 18.954 .4153 --- 19.3693
22 19.0560 3.4608

---
22.5168

23 21.0540 .4236 3.0384 24.5161
24 21.1860 .3805 --- 21.5665
25 23.2260 .5196 --- 23.7456
26 23.3700 .4208

---
23.7908

27 25.4580 .5278 3.1080 29.0938
28 25.6260 .4597 --- 26.0857
29 27.7620 .5680 --- 28.3300
30 27.9480 .4994

---
28.4474

31 30.1320 .6090 3.1884 33.9294
32 30.3660 .5412 --- 30.9072
33 30.5820 .6096 --- 31.1916
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TABLE XX

PREDICTED FUEL FLOW DISTRIBUTION FOR P c 500 PSIA

Row No Element JL&Josh $gff It Total

1 .39306 .04021 --- .43327
2 .62880 .01873 --- .64753

Inner Ring .57312 --- --- .57312
3 1.0050 .2490 --- 1.2540
4 1.1964 .1239 --- 1.3203
5 1.6308 .03607 .28044 1.94731
6 1.9278 .04089 --- 1.9687
7 2.2278 .04557 --- 2.27338
8 2.2500 .045108 .29016 2.58527
9 2.2626 .06378 --- 2.32638
10 3.1224 .11358 --- 3.2360
11 3.4362 .06576 .29550 3.7974
12 3.7566 .07104 --- 3.8276
13 4.0818 .07656 -•- 4.15836
14 4.1196 .07662 .3036 4.4998
15 4.1628 .07686 --- 4.23966

Outer Ring 2.0454 --- --- 2.0454
16 6.5100 .3891 •-- 6.8991
17 7.4580 .6156 --- 8.07360
18 7.4880 .1381 --- 7.6261
19 8.4600 .1904 1.4916 10.1420
20 8.49600 .15552 --- 8.6515
21 9.486 .20784 --- 9.6938
22 9.53400 .17316 --- 9.7072
23 10.5360 .21198 1.5204 12.2684
24 10.6020 .19038 --- 10.7924
25 11.6220 .2600 -•- 11.88204
26 11.6940 .2106

---
11.9046

27 12.7380 .2641 1.5552 14.5573
28 12.8220 .2300 --- 13.0520
29 13.8900 .2842 --- 14.1742
30 13.9860 .2499 --- 14.23'::
31 15.0780 .3047 1.5954 16.9ivl
32 15.1920 .2708 --- 15.4628
33 15.3060 .3051 --- 15.6112
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Appendix E

- The mass flow in the boundary layer.

- The circumferential and axial distribution of fuel
film coolant.

- The circumferential and axial distribution of free
stream mixture ratio.

If the total mass flow in the boundary layer can be computed as a
function of length and the amount of fuel film coolant is known, the amount
of entrained free stream gases can be computed by difference. That is, the
film coolant mass flaw subtracted from the boundary layer mass flea yields the
amount of entrained free stream gases at their local 0/F. With the local O/F
computed as a function of length and circumferential location, the boundary
layer mixture as a function of the same parameters is the quotient, of the
amount of oxidizer contributed by the entrained free stream gases and the sum
of the boundary layer fuel contributed by the film coolant and entrained gases.

As can be seen from the brief overview above, the boundary O/F can be
specified completely by knowledge of the amount of mass flow in the boundary,
the fuel film coolant flow rate, and the local free stream 0/F. The boundary
layer total flow rate can be found by many computational techniques found in
the literature. The film coolant flow rate as a function of circumferential
location can be found by a hydraulic analysis of the injector. The local free
stream 0/F is a function of the propellant vaporization and the net movement of
resultant chamber gases "chamber cross winds." The analytical models describing
these latter two processes are termed the vaporization and gas dynamic models.
The following paragraphs describe the analytical techniques used to determine
o-*ch of the necessary physical components of this boundary layer analysis.

A. TOTAL BOUNDARY LAYER FLOW RATE

There are a number of analytical techniques which may be used to
find the boundary layer flow rate. The development of the equation used in
this analysis follows: the growth of a boundary layer m BL is given by the
equation:

d

MbL	 1 pU(y)dy	
Eq. (E3)

0	 ;s

where p is the fluid density and is considered constant in the boundary layer
(i.e., p = p.), U (y) is the local velocity and d is the boundary layer thickness.

If it is assumed that similar velocity profiles exist in the boundary
layer as it develops from the point of injection and that this profile is only 	 =!
a function of the freestreaml

 conditions, then

U(y)	 ^ (d ) n	
Eq. (E4)

i

Page 120



Appendix E

where U. is the freestream velocity and n is a function of the freestream
Reynolds number. Combining Equations (E3) and (E4) gives

t^	 r1
MBL 

a f
^ p^ Um ( 6 n dy = n+l p. U. S	 Eq (E5)

o

It can be show that for a developing boundary layer the thickness
can be expressed as:

n+l	
2n	 2 -(n+l)

n+3	 n C 
	 n+l p^ U^ n+l	 n+3)

S	 x	 (n+2) (n+3)
	 1j

	 (E6)

l
In this case X is the distance in which the boundary layer has been developing,
C  is a function of n (9) and u. is the freestream velocity.

Combining and rearranging gives the form:

- (n+l)	
n+l

_ 

n f
nC n+l	 n+3 n+3	

n+l Xn+3

	

n	 um	 n+3
MBL = 0.82 n+l^ { (n+2)(n+3) 	 (p„ UW)

Eq. (E7)

The constant 0.82 is an empirical value derived from the work of J. L. Stollery
and A. A. M. E1-Ehwany.(10)

The above equation is a solution of the flat-plate boundary problem
and inherent in this solution is the assumption of a constant p(U) W product
over the length of developing boundary layer. However, this is not the case
in this rocket thrust chamber, with two factors affecting this assumption.
The first being that there is not a constant combustion gas flow rate through-
out the leng th of the chamber. This is caused by incomplete propellant vapor-
ization which effectively adds vaporizing oxidizer to the combustion gases as
they traverse the length of the chamber, thus increasing the p(U). product as
function of axial length. The magnitude of this increase was computed using
the vaporization model described in the following section. The second factor
affecting the boundary layer solution is the area change of thrust chamber.
This also drives the p(U). product higher as a function of combustor length.
To account for these varying freestream conditions, the p(U),. product, as a
function of length, was computed at three engine over-all mixture ratios (4.5,
5.5, and 6.5). The flow rate in the boundary layer then was computed using

(9) Schlichting, Dr. H., Boundary Layer Theory, McGraw-Hill, 4th Edition,
1960, page 503

(10) Stollery, J. L. and E1-Ehwany, A.A.M., "A Note on the Use of Boundary
Layer Model for Correlating Film Cooling Data," Heat Mass Transfer,
Vol. 8, pp 55-65, Pergamon Press, 1965
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Appendix E

Equation (E7) for p(U)^ products corresponding to axial lengths of 0.5, 1.0,
1.5, 2.0 and 2.5 feet. From these solutions, the derivative dABL/dL was
approximated graphically at each of the points above. The flow in the boundary
layer then was found by summing the individual contribution of each delta ABL
at its particular length and p(U)„ product, with the assumption that the slope
AABL/Alength was constant for 0.5 feet. The resulting boundary layer flow rate
gradient is shown on Figure No. 59 for the 5.5 over-all engine mixture ratio
case.

A more sophisticated solution could be found using methods such as
those of Elliott, Bartz and Silver.(11) However, the close correlation of the
resulting data (see Appendix A) indicate the basic validity of this approach.

B. FUEL FILM COOLANT FLOW RATE

The fuel film coolant flow rate was found analytically from a
hydraulic analysis of the subject injector. The injector assembly was divided
into discrete channels for which resistance values could be calculated. The
injector assembly then was represented by a series and parallel resistance
network. A combustor solution of this network first reduces the network into
a single equivalent resistance to permit determination of the over-all pressure
differential. Then, the flow for each element or groups of element was
determined.

C. THE VAPORIZATION MODEL

As mentioned previously, the local 0/F freestream is a necessary
prerequisite to the solution of the boundary 0/F. Upon injection, the fuel is
in the gaseous state and the oxidizer in a liquid state. It can be reasoned
qualitatively, therefore, that near the injector face, the combustion products
are very fuel rich and tend towards the operating 0/F as they proceed down the
chamber. This characteristic is depicted on Figure No. 60 for an over-all
engine 0/F of 5.5. Similar curves were generated for engine operating mixture
ratios of 4.5 and 6.5.

At the outset, the term vaporization model, when applied to super-
critical propellants, is a misnomer. A better name would be propellant prepa-
ration model because the model here computes that amount of propellant entering
into the combustion process. The model used here is functionally similar to
vaporization models existent in the literature with the difference that it has
been biased using the results of hot firing data. The model described below
has been used for other supercritical propellants and has generated good
results, thus indicating the basic validity of this approach.

(11) Elliot, Bartz, and Silver, Calculation of Turbulent Boundary-Layer Growth
and Heat Transfer in Axi-Symmetric Nozzles, JPL TR No. 32-387, 15 February
1963
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Appendix E

The basic vaporization model used for this analysis was developed
by Priems and Heidman(12) and later modified by Beltran(13) and Aerojet-
General. The Beltran modification accounts for the decomposition reaction of
Hydrazine base fuels. The Aerojet-General contribution adds the impingement
angle, momentum, and elements type effects to the basic model.

The model as developed by Priem solves the combined energy, momen-
tum, and mass transfer processes acting upon a statistically defined droplet
distribution. Functional relationships between the combustion related vari-
ables and vaporized propellants were generated using an iterative computer
solution of the various transfer processes. These solutions resulted in simpli-
fied equations relating chamber pressure, injection velocity, chamber geometry,
orifice diameter, propellant, and injection temperature to injector-chamber
performance.

The basic computer model simultaneously solves the heat transfer,
mass transfer, and aerodynamic momentum transfer (drag) between the combustion
gas and the liquid droplet. Heat input to the droplet raises the liquid drop-
let temperature and superheats the vapor drop mantle. The heat flux is influ-
enced by drop differential velocity between the drop and the surrounding gas,
chamber pressure, thermal transport properties of the propellants, and vapor
mantle thickness surrounding the droplet. With hydrazine base fuels, in the
region where drop relative velocities are low, the two flame decomposition
reaction is the heat source of the vaporization process. Residence time of the
drops is determined by simultaneously solving with the mass and heat transfer
equations and the ballistic equations using empirical drag coefficients. Those
drops that survive the vaporization process contain energy, unavailable to the
combustion process, which is a direct measure of combustion performance.

To date, inadequate treatment of drop size distributions in a hot
firing environment had compromised the utility of any vaporization model. Work
is progressing in this area, but solutions which supply accurate analytical
predictions are not yet available. This problem has been circumvented by
empirically determining effective drop sizes. Using the functional relation-
ships developed by Priem, effective drop sizes and distributions have been
extrapolated from experimental engine data covering a wide variety of operat-
ing constraint. Drop sizes of this sort do not represent actual drop sizes or
distributions and contain whatever deficiencies are implicit in the original
model. However, experience indicates that the model has remained valid over a
wide range of designs and operating points. Extrapolation to design ranges
outside those of empirical data constraints must be suspect. In the particular
case of this engine, drop sizes relationships were developed based upon the

(12) Priem, R. J. and Heidman, M. F., Propellant Vaporization as a Design
Criterion for Rocket Engine Combustion Chambers, TR-R-67, NASA Technical
Report, 1960

(13) Beltran, M. R., et. al., Liquid Rocket Engine Combustion Instability
Studies, Final Report, AFRPL-TR-66-125, 1 July 1966
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steady-state performance of the thrust chamber assembly. These basically
empirical correlations allowed the accurate computation of the vaporization
rate as a function of length, culminating in the work presented on Figure
No. 60.

D. THE DYNAMIC FORCE MODEL

Gas dynamic forces on the wall of a combustion chamber result from
nonaxial flow of gases in the chamber which, in turn, result from nonuniform
mass and mixture ratio distribution across the injector face, or unevenly dis-
tributed combustion in the chamber. The compatibility model allows evaluation
of the magnitude and direction of this nonaxial flow, so that critical zones
along the combustion chamber wall can be identified and design changes speci-
fied to minimize the gas dynamic forces in these zones. In this particular
case, the combustion chamber wall between the baffles and under the baffles
were identified as the critical zones. The resulting analysis was directed at
determining the net movement of combustion gases from the injector matrix to
the areas under the baffles.

The input information required to apply the gas dynamic force
model is as follows: mass and mixture ratio distribution across the injector
face; resultant momentum and direction of effluent from each element; and
energy release profile as a function of axial distance. This information can
be readily determined for a given injector-chamber design. The gas dynamic
force model then is applied by assuming that each element forms a stream tube
of combustion gases, which is represented by a geometric shape characteristic
of the element design. The cross-sectional area of each stream tube is a func-
tion of the mass flow rate within the stream tube and the relative degree of
vaporization achieved by the propellants. The stream tube initiates at the
physical location of each element in the injector face and then moves to a new
position determined by the energy release pressure profile. This movement is
represented by a'vector from the center of the original location to the center
of its relaxed location. The magnitude and direction of this vector represents
the gas dynamic force effect. This effect is shown on Figure No. 61. For
this particular case observation, Figure No. 61 reveals that in effect, two
stream tubes move from the injector matrix to the area under the baffles. The
oxidizer and fuel swept into this zone from the matrix in addition to the baf-
fle coolant, when summed, produce the freestream mixture ratio under the baf-
fles. From inspection of Figure No. 61, note that relatively little gas move-
ment occurs between the baffles. Thus, the local 0/F is identical to the
vaporized matrix mixture ratio.

E. RESULTS

From Figure No. 59, 14.5 lb/sec-ft mass flow is in the boundary
layer at the throat. Between the baffles for an over-all engine mixture ratio
of 5.5, this total flow is comprised of 2.2 lb/sec-ft film coolant and 12.30 lb/
sec-ft entrained freestream gases. Inspection of Figure 60 reveals that
these gases have local freestream 0/F at the throat of 5.2. The quotient of
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the oxidizer to fuel in the boundary layer yields an 0/F of 2.5 at the throat.
The axial change of mixture ratio for between baffle locations is depicted on
Figure No. 62 for over-all engine mixture ratios of 4.5, 5.5 and 6.5.

Under the baffles, the local mixture ratio is 4.4 at throat and
the amount of film coolant is 2.3 lb/sec-ft. The entrained 12.20 lb/sec-ft
combustion gases when combined with the fuel film coolant yield a local mix-
ture ratio under the baffles lower than that between the baffles. This is
depicted on Figure No. 63 at over-all engine mixture ratios of 4.5, 5.5 and
6.5. When the results of this analysis are used to plot the erosion rate data,
good correlations were obtained. This data is presented in Appendix A.

V. ABLATIVE CHAMBER ANALYSIS

The analysis of the ablative chamber to determine the temperature
response, char, and erosion rates at different axial locations for various
boundary layer mixture ratios, was accomplished by the Aerotherm Corp. of
Mountain View, California. Aerotherm has developed highly sophisticated com-
puter programs for ablation analysis, and these are not yet available for
general use throughout the industry.

The complete Aerotherm Final Report (No. 68-43), entitled "Theoretical
Predictions of the Variation of Silica Phenolic Ablation with Liquid Propellant
Mixture Ratio," by M. R. Wool and C. B. Moyer is included as Attachment 1 to
this appendix.

VI. AVERAGE EROSION RATE IN TERMS OF BOUNDARY LAYER MIXTURE RATIO OR
RECOVERY TEM12ER.ATURE

The Aerotherm report (Appendix B to Attachment 1) also presents the
predicted erosion rate in terms of the non-dimensional parameter.

B,	 = P char Save
ave	

Pe V" Ch

and the mass fraction of oxygen in the boundary layer. While the non-
dimensional form is meaningful to the analyst, a dimensional form also is of
general interest. Thus, the Aerotherm results have been replotted in terms
of the actual erosion rate and the boundary layer mixture ratio and recovery
temperature. Figures No. 64 through No. 66 show the average erosion rate at
the throat, exit, and chamber respectively versus mixture ratio. Figures
No. 67 through No. 69 show the same data in relationship to recovery tempera-
ture. Recovery temperature here is evaluated at the given mixture ratio.

The pattern of the predictions is as much the same as in the non-
dimensional plots. However, there is, a greater separation between indicated
values for the two chamber pressure; less severe erosion accompanies lower
pressure at a given mixture ratio, as would be expected. In the non-dimensional
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plots, the smaller heat transfer coefficient, C h , at the lower pressure com-
pensates for the lower erosion rate, and yields comparable non-dimensional
rates for both pressures in several cases.

The figures again illustrate the sensitivity of erosion rate to the
boundary layer composition, regardless of the assumed material fail tempera-
ture. Also, they highlight the difficulty of matching measured erosion rates
with predicted values.
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Subscripts
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THEORETICAL PREDICTIONS OF THE VARIATION OF SILICA PHENOLIC RELATION

WITH LIQUID PROPELLANT MIXTURE RATIO

1. Introduction

Aerotherm Corporation has performed computer solutions for

the transient thermal ablative response of WBC 2230, silica phenolic

nozzle insulation material for five O./11z liquid rocket propellant

mixture ratios ranging from 2.50 to 3.75. Three nozzle locations
t

(A/A* = -1.4, 1.0 and 2.0) for each of two chamber pressures (500

psia and 1000 psia) were predicted. The matrix of cases is defined

more completely in Section 3. The primary purpose of the study was

to explore the effect of boundary layer mixture ratio on the predicted

total recession allowing both thermochemical and mechanical (melting)

ablation. The computer codes utilized in the analysis are described

in Section 2. Input quantities to the surface thermochemistry code

are presented in Section 3, and results of the calculations are de-

scribed in Section A . A-dditional input quantities required to per-

form the transient heating calculations are given in Section 5. These

results are then presented and summarized in Section 6.

2. Computer Codes Employed

The basic thermal response was calculated utilizing the Aero-

therm Charring Material Ablation (CMA) computer program. This code

performs the transient in-depth heat conduction plus pyrolysis gen-

eration computation and couples it to a surface energy balance boun3-

ary condition. The solution procedure is briefly described in Appendix

(	 A and more completely in References 1-4.

The surface thermochemical input required by CMA to calculate

the surface energy balance boundary condition is prepared utilizing

the Aerotherm Chemical Equilibrium (ACE) computer program. In the

surface equilibrium mode, this code computes the thermo:hemicaily

controlling surface species and accounts for heated surface mass

balances for each chemical element in the system allowing for all pos-

sible surface equilibrium reactions. In the case where the gas phase
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equilibrium temperature computed for non-failing ablation is higher

than the specified melt temperature of the candidate surface species,

that species will be "mechanically" removed from the surface until

either the computed surface temperature equals the fail temperature

or the species no longer controls the surface equilibrium. Additional

discussion of the ACE program are included in Appendix A and References

5 and 6.

3. Surface Thermochemical Calculation Input

The equilibrium surface thermochemical response of the WBC 2230

silica phenolic to a variation of the % /H a liquid propellant mixture

ratio was evaluated utilizing the ACE computer program. At the out-

set, it was assumed that equal diffusion coefficients could be em-

ployed to accurately characterize the diffusion of species to the sur-

face. This simplification reduces both the required input to the

ACE computation and the number of cases needed to evaluate the mater-

ial response with only a slight reduction of accuracy (see Sections

4 and 6). Considering only equal diffusion coefficients, the input

required to obtain the necessary surface thermochemical data is de-

scribed and presented below.

The quantities which must be supplied to the ACE program
are as follows:

System pressure

Relative masses of components in a particular solution
(per unit of edge gas diffused)

Fail temperatures for all candidate surface species

Elemental composition of boundary layer edge gas,
pyrolysis gas, and charred material

Thermodynamic data for all species considered

To sufficiently define the response of the WBC 2230 silica

phenolic to the varying environments considered in the analysis, an

extensive matrix of surface calculations was performed. The ranges

of input quantities are summarized below:

Mixture ratios of 3.75, 3.25, 3.00, 2.75, 2.50

0z Si*, fail temperatures of 3600 0R, 4200 0  and
Pressures of 4, 16 and 60 atmospheres fcr each mixture
ratio and fail temperature
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Ablation rates (Both B' 
char 

and B' gas ) from 0.0 to 3.0
for each pressure.

i
The range of 02 Si 0 fail temperatures employed provides a means of

evaluating the importance of this effect. The values of pressure

were chosen to enable accurate interpolation to the pressures at the

various nozzle locations. Similarly, sufficient B' values were

computed to ensure accurate interpolations in each surface thermo-

chemistry table. The complete matrix of cases is summarized in

Table 1.

The elemental compositions of the boundary layer edge gases

were defined for each mixture ratio and are presented in Table 2.

To define the compositions of the pyrolysis gas and char constituents,

data from References 7 and 8 were obtained and compared. A consis-

tent set of data for the WBC 2230 silica phenolic was not attained.a
However, the compositions of char and pyrolysis gas were computed

by making several reasonable and experimentally substantiated assump-

tions. These are:

Reinforcement molecular composition	 02Si

Resin molecular composition- 	 Cs H6 O

(	 Resin residual molecular composition	 C

Fraction of resin remaining as residual (by mass) 	 0.40

Fraction of virgin material which is resin (by mass) 0.31

The calculated relative elemental composition for the pyrolysis gas

and char are presented in Table 3. It should be noted that these

compositions are within the apparent experimental error of the avail-

able data.

The thermodynamic data required as input to the ACE computer

program is as follows:

Heat of formation at 298 0 
Sensible enthalpy rise from 298 0  to 3000 OK
Curve fit constants (G , W]* P ) to evaluate2
specific heat (Cp) froR Cp =	 + 0 1 T + T
where T is temperature in deg.Ko. 	

2

Entropy at 3000 0  and 1 atmosphere
Species phase designation
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4. Equilibrium Surface Thermochemistry Results

In this section, a few of the more interesting ACE results

are discussed. First, in the range of ablation where t he solutions
were found, the surface species was always silica, Oa Si*, and in

most cases it was being failed mechanically. The selection of the

fail temperature for Oa Si.* of 3600 0  and 4200 0  caused silica to

fail from the surface -- for- values of B' 
char above	 0.01 for all

mixture ratios considered.

By inspection and comparison of several ACE results, the pri-

mary mechanisms of surface removal were qualitatively defined for

both non-failing and fail allowed cases. When the silica species

is allowed to fail, the carbon in the char is consumed through the

attack by the H2O diffusing from the boundary layer edge, in an

amount necessary to achieve the specified B'char' To obtain the

same E' 
char without allowing failing, the silicon species are re-

moved either by vaporization (0
a 
Si vapor) or by reduction of the

O2 Si* to OSi (vapor), most notably by the following reaction:

02 Si*+C*--^ OSi +CO

For either of these reactions to occur, however, the surface temp-

erature and enthalpy must be increased above-the fail allowed value,

and the relative amount of energy required to obtain a given ''char

solution is increased. Hence, as expected, a given energy input re-

sults in a higher recession with fail allowed than with no fail allowed.

A second point of interest concerns the effects of assuming

equal diffusion on the ACE results. From the above discussion, for 	 +_s

a failing silica surface, H2 O diffusion would be expected to affect

the surface recession. However, since there is an excess of H2O

available at the surface for all mixture ratios, a small change of

H2 O diffusion rate would not be expected to alter the resulting abla-

tion rates. In addition, because O a Si* remains as the controlling

surface species for the fail temperatures specified in these systems,

carbon consumption does not affect the recession except aP it alters

the energy events at the surface.	 {-
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f5. Input to the Transient Material Ablation Prediction

The transient in-depth heat conduction plus pyrolysis gener-

ation performed by the CMA computer program requires as input the

following property data:

Thermal conductivity of virgin and charred materials

Specific heats of virgin and charred materials

Heats of formation at 298 0  for virgin material,
char and pyrolysis gas.

Sensible enthalpy of pyrolysis gas above 296 OK

Virgin and residual densities of three decomposition
components

Resin volume or mass fraction

Kinetic constants in the three decomposition reactions

Layout of nodal network

Surface boundary condition specification

The values of these variables utilized in this analysis are presented

and discussed in Section 5.1.

For this study the surface boundary condition was defined by

coupling the in-depth response to a surface energy balance calculation.

The input required for this option is as follows:

Surface thermochemical energy terms as a function of
pressure, B'	 and B'	 (computed by the ACE proy^•aia)

.A. - gas	 • chur
Heat transfer coefficient

Ratio of heat to mass transfer coefficients

Surface emissivity and view factor

Incident radiation heat flux

Boundary layer edge gas recovery enthalpy

These input quantities are described in Section 5.2.

z -	 -
5.1 In-depth Response Computation Input

The property data required to solve the in-depth conduction

and decomposition problem were supplied by Reference 7. Thermal con-

ductivity and specific heat values for both virgin and fully charred

materials are presented in Figures 1 and 2. Heats of formation of

virgin material, char and pyrolysis gas are summarized below:
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Material

Plastic
Char
Pyrolysis Gas

Heat of Formation at 298 0 
(Btu/lb)

-4875.0
-5670.0
-2000.0

The resin mass fraction was 0.31

Pyrolysis gas sensible enthalpies and decomposition kinetic

constants were also provided by Reference 7 but slight adjustments

were required to obtain a consistent problem formulation. As noted

in Section 3, the composition of the pyrolysis gas was recalculated.

The equilibrium variation of enthalpy with temperature for the revised

composition was utilized in the material response predictions. A

linear variation of the sensible enthalpy increase above 298 0  was
assumed. At 5500 0R, the enthalpy increase was 6800 Btu/lb. The

heat of formation value given above was not altered.

In a few initial CMA calculations where kinetic constants

from Reference 7 were utilized, a substantial portion of the resin

was not pyrolyzed at temperatures where complete charring should

have occurred. When the nondecomposed resin enters the surface node,

computational as well as physically unrealistic prcb lems are encounter-

ed. Since only char material with a density of 59.2 lb/ft 3 can leave

the surface (computational constraint) and since the incompletely

charred material is substantially moue dense, than the c?ia?-; a net build.

up of material on the surface occurs until the computation becomes un-

stable. In order to insure that complete pyrolysis would occur,

kinetic decomposition data reported in Reference 10 was utilized with

density values specified by Reference 7. The two sets of data are

compared in Table 4. Also, typical density versus temperature curves

generated using the two sets of kinetic data are compared in Figure

3. It is apparent that the kinetics of Reference 10 produce faster

decomposition above 2000 0R.

The nodal network utilized in the CMA predictions was selected

so that stable solutions were ensured. A stability criterion utilized

to deterraine node sizes is discussed in Reference 1. A typical nodal

network used in this study is shown schematically in Figure 4.
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5.2 Surface Energy Balance Input

The equilibrium surface thermochemistry tables were generated

utilizing the ACE computer program as described in Sections 2 and 3.

The net radiant energy efflux from a given nozzle location

to cold surfaces was defined by Reference 7 as,

Qr = PVT

where F = the view factor from the nozzle location to all
cold surfaces (fuel injector and exit plane)

c

t
	 c w = surface emis:>ivity = 0.95 (Reference 7)

u = Stefan-Boltzmann's constant

T  = surface temperature

The radiant energy interchange between two hot nozzle locations is as-

sumed to be zero. The table below summarizes the radiation view factors

defined by Reference 7.

r

Location Area Ratio Finjector Fexit Ftotal

Chamber -1.4 0.279 0.084 0.363
Throat 1.0 0.082 0.272 0.354
Exit- 2.0 0.0 0.738 0.738

The heat transfer coefficient values defined by Reference 7

are presented in Figure 5- as a function of normalized axial pressure

drop for both 1000 psia and 500 psia chamber pressures. These transfer

coefficient values from Reference 7 were evaluated utilizing the sim-

plified Bartz equation (Reference 11 ). For this analysis, it was

assumed that heat and mass transfer coefficients were equal, thus

substantially reducing the computational requirements for the program'.

Note that errors introduced by this assumption are within the uncer-

tanties introduced by the Bartz approximation.

The boundary layer edge recovery enthalpy was defined by adding

the static enthalpy at the sonic location to a recovery factor corrected

kinetic energy term for tine entire range of mixture ratios, according

to the following foriaula:

hr = h  + (Pr) 1 /3Cp ( T 0-Z's)

where hr is recovery enthalpy

Page 149

i

i

i



Appendix E, Attachment 1

h  is static enthalpy at sonic locat-f.on

To is total temperature

Ts is static temperature at sonic location

For each mixture ratio computed, total temperature was defined as

the adiabatic flame temperature of that mixture. The recovery en-

thalpy is presented in Figure 6 as a function of mixture ratio. The

recovery enthalpy was assumed independent of nozzle location.

6. Presentation and Discussion of Transient Ablation•Predictions

Table J) presents a summary of the results of all transient

CMA predictions. 	 For all predictions, the surface temperature, re-

cession rate, and B'char rise within a few seconds to a value which

remains fairly steady for the problem duration.	 The surface temper-

ature values given in Table 5 are at a duration of 25 seconds. 	 The

recession rate 
(save)

was defined as the total recession divided by	 =_

the duration, and the average B' char
(BI 

ave) 
was defined by:

B ,	 pcharsave
ave

peUeCh
o

A better overview of the surface recession variation with mix-

ture ratio is given in Figures 7a, b and c ( throat, exit and chamber

locations, respectively). The graphs show the very stron g dependence

of B' aVe on the mass fraction of oxygen in the boundary layer edge gas

(Ko ). Figures 8a, b and c, again for throat, exit and chamber loca-

tiops, show the surface temperatures (at 25 seconds) for the same

cases and reveal, again, a strong dependence on Ko	 Figure 8, also
e

demonstrates where the Specification of 0 a Si* fail temperature effects

ablation prediction. When surface temperature is below the specified

fail temperature, only thermochemical ablation occurs. For solutions	 ~'

at the specified fail temperature, melt removal occurs.

Both the strong BI 
char 

and surface temperature trends with Ko
e

are primarily due to the same effect: the model utilized to define

the edge gas recovery enthalpy caused the recovery temperature to rise

drastically with Ko (probably at a linear rate suggested by the	
rE

e
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slope of the lines in Figure 8). The energy input to the surface

is, of course, strongly dependent on the edge recovery temperature.

Moreover, this effect is substantiated by a brief inspection of the

ACE output at a typical surface solution point. Even at a mixture

i	
ratio of 2.50 (Yo = 0.714), ample oxygen in the form H`,0 is avail-

able at the surface for oxidation of all carbon in the char and pyrol-

ysis gases. In a given problem, the recession rate is therefore de-

pendent on the energy available to melt and remove the 0 Si* surface,
a

because the carbon in the char is screened and protected by the silica

flit the surface. In the problems that are strongly transient, pyrolysis

gases also tend to inhibit char carbon oxidation.

In this respect it may be noted that detailed study of the

CMA output indicates that the results for cases where recession rates

are low (B' char < 0.02) represent highly transient situations (even

though the wall temperature is fairly steady), whereas for B' char >0.05

the prediction approaches a quasi-steady state solution.

An interesting and important steady state reference ablation

rate (B'	 ) is derived in Appendix B.	 The analysis-is  based on the

assumption s that carbon (C*) and not silica (O Si*) is the controlling
a

t-	 surface species, and that the carbon is only allowed to ablate by com-

bination with oxygen at the surface to form carbon monoxide gas (CO).

This would occur if all 0 Si* at the surface were required to be mech-

anically removed. The analysis requires that all elemental oxygen

diffusing to the surface must consume free (non oxidized) carbon. Thus

ablation is limited by the rate of oxygen diffusion. The result is as

follows:

ti

B1  = 2.62 K ss	 e

Figures 7 and 8 reveal another important conclusion: predicted

recession rates in the range of mixture ratios studied is a strong

function of the assumed fail temperature. As explained earlier, the

assumed fail temperature strongly effects the surface energy terms.

}	 In the analysis of materials whose melt temperatures are accurately

knoum, this situation can be accepted with equanimity. With silica,

however, there is no single temperature where a total phase change

occurs. Rather, the material becomes gradually less viscous over a

range of temperatures between 3400 °R and 4400 °R. Without a fixed
i
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melt temperature, the actual surface melt phenomena are determined

by complex liquid-layer physics and probably cannot be very well

simulated by the fail temperature approach. Thus the selection of the 	 -_

fail temperature for silica almost requires that the surface tamper-

ature "answer" be known in advance.

Fortunately, for silica phenolic the "answer" is known. Firstly,

observations of the temperature of silica phenolic surfaces during

ablation in oxidation environments tend to cluster at around 4000 °R

to 4200 °R. Secondly, there is abundant evidence that the silica and

carbon in the char begin to react rapidly at around 4000 °R (References

12 and 13). This destroys the carbon matrix in the neighborhood of 	 - ì
the surface and allows the silica to flow away. Thus a reasonably

accurate estimate fora silica fail temperature is 4200 °R. To define

the effective recession extremes, several calculations were alsc done

for 3600 °R fail temperature and for no failing (infinite fail temper-

ature). The expected ablation answers, however, are in the neighbor-

hood of the 4200 °R results.

t
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Table 1

Matrix of ACE Tables Generated*

Fail Temperature
( 0R)

Mixture Ratio Pressure

( atm)

CO 4.0I 16.0
60.0

4200. 3.75 4.0
16.01
60.0

3.25 4.0
16.0I
60.0

3.00 4.0

!
16.0
60.0

2.75 4.0
16.0
60.0

I 2.50 4.0I 16.0
60.0

3600. 3.75 4.0
16.0
60.0

3.25 4.0
16.0I
60.0

2.75 4.0
16.0I 60.0

* Each ACE Table Includes an 8.x 11 B' 9, B' C matrix
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Table 2

Elemental Mass Fractions of Edge Gas Systems

Element Mixture Ratio

3.75	 3.25	 3.00	 2.75	 2.50

Hydrogen, H 0.211 0.236 0.250 0.266 0.286
Oxygen, 0 0.789 0.761 0.750 0.734 0.714

Table 3

Elemental Compositions of Char, and Pyrolysis Gas*

Element Elemental Mass Fractions

Char	 Pyrolysis	 Gas

Hydrogen, H - 0.107

Carbon, C 0.151 0.611

Oxygen, 0 0.452 0.282

Silicon, Si 0.397 -

* WBC 2230, Silica Phenolic:
31 % resin fraction, 40°^ residual mass, C H 0 resin formula

s s
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Table 5

Summary of Ablation Prediction Results

a) Silica Fail Temperature of 4200 OR

Mixture
Ratio

K
°e

Location 9
ave

mils/sec)

B'
ave T

25 sec.

(°R)

Local
pressure

(atm)

Local
UChp e e

(lb/ftasec)

High Pressure

3.75	 0.789 Throat 26.95 0.1425 4200. 38.4 0.933
3.25	 0.765 15.32 0.0811 4200.
3.00	 0.750 6.25 0.0330 4200.
2.75	 0.734 0.390 0.0021 4037.
2.50	 0.714 0.045 0.00024 3783.

3.75	 0.789 Exit 10.90 0.1228 4200. 8.06 0.438
3.25	 0.765 2.98 0.0336 4199.
3.00	 0.750 0.532 0.0060 4078.
2.75	 0.734 0.120 0.0014 3874.
2.50	 0.714 0.025 0.00028 3650.

3.25	 0.765 Chamber 10.49 0.0804 4200. 58.8 0.644
2.75	 0.734 I 0.161 0.00123 4008.
2.50	 0.714 0.013 0.0001 3757.

Low Pressure

3.75	 0.789 Throat 14.97 0.1605 4200. 19.2 0.459
3.25	 0.765 6.63 0.0714 4200.
3.00	 0.750 0.678 0.00727 4174.
2.75	 0.734 0.115 0.00125 3950.
2.50	 0.714 0.019 0.00020 3710.

3.75	 0.789 Exit 2.500 0.0571 4200. 4.03 0.216
3.25	 0.765 0.250 0.0057 4025.
3.00	 0.750 0.0894 0.00204 3867.
2.75	 0.734 0.026 0.00059 3690.
2.50	 0.71.4 0.0006 0.00001 3494.

3.75	 0.789 chamber 10.16 0.1430 4200. 29.4 0.351
3.25	 0.765 4.26 0.0600 4200. I I
2.75	 0.734

I
0.050 0.00071 3912.
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Table 5 - concluded

b) No Fail Allowed

Mixture
Ratio K a 

•

Location gave
j mils
\	 sec.,

Bave Twall
@2.5 sec.

( °R)

Local
Pressure

(atm)

Local
p U Ce e ho

(lb/ft2 sec)

High Pres sure

3.75	 0.789 Throat 5.85 0.0310 4759. 38.40 0.933
Exit 2.91 0.0328 4473. 8.06 0.438

I Chamber 7.76 0.0594 4988. 58.80 0.644

Low Pressure

3.75	 0.789 Throat 2.89 0.0310 4625. 19.20 0.459
I Exit 0.918 0.0210 4274. 4.03 0.216

Chamber 1.959 0.0276 4680. 29.40
I

0.351

c) Silica Fail Temperature of 3600 OR

t

Mixture
Ratio

•

K 0 Location Aave
mils

(s7 ,

Bave T allWall
^ 25 sec.

( °R)

Local
Pressure

(atm)

Local
p U Ce e ho

(lb/ft2:

High Pre ssure

3.75	 0.765 Throat 39.92 0.21D70 3600. 38.40 0.933
2.75	 0.734 I 16.19 0.0855 1 1 1

3.25	 0.765 Exit 16.38 0.1840 36C0. 8.06 0.435
2.75	 0.734 9.98 0.1120

Low Pressure

3.25	 0.765 Throat 18.78 0.2020 3600. 19.20 0.459
2.75	 0.734 1 10.62 0.1142 1 1

3.25	 0.765 Exit 8.29 0.1895 3600. 4.03 0.216
2.75	 0.734 2.68 0.0612

i

t
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APPENDIX A

THE DESCRIPTION OF RELEVANT COMPUTER CODES

1. The Aerotherm Charring Material Ablation Program (CMA)

1.1 General Description

The CMA program is a coded procedure for calculating the in-depth-

thermal response of a charring, ablating material. The basic physics

included correspond to simple charring of the form

plastic -, char . + _ gas

according to a three component Arrhenius rate law where

and

i
2p	

= B. p
	

Pi-prl	 exp (-E /RT)	 (2)89	 i of 
po.	 ai

Y	 ^

Usually components A and B represent constituents of the resin or

plastic binder and r is the vAume fraction of resin in the composite

material, while component C represents a more refractory reinforce-

ment. Initial versions of the program were det3cribed in Reference 1,

and subsequently a more complete description of the physics and

mathematical treatment was given in Reference 2.
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The jarogran, is an it;;plicit, finite-difference computational
proc edure for coa-,putinJ the one-dimensional. transient transport of

thermal energy in a three-di.:eensional isotropic material which can
r

ablate from a front surface and which can decompose in depth. De-

composition (pyrolysis) roaccions are based on a three-component

move].. The program permis up to eight different backup materials
of arbitrary thickness. The back wall of the corcposite r:iaterial m.;;y
transfer energy by coiivection and radiation.

The ablating surface boundary condition may take one of three

f orals

OPTION 1 - Film cooffi.cient r,-,odel convection-radiation heating
with couple d raass -. transfer, includin g the effects o^

unequal heat and mass transfer coefficients (non-

4nity Lewis nurwer) and unequal mass diffusion co---,'-
ficients. Surface therr:.ochemistry com p utations ne --F
not presu-i:e chemical equilibrium at the surface.

OPTION 2 - SpecifieG surface terr:peratur.e and surface recession
rate.

OPTION' 3 - Specified radiation view factor and incident radi=_-

tion flux, as functions of time, :for a. stationary

surface.

Any colrb:_n4tion of the first three options nay be used for a
single col:lJutat..ien. Optior, 3 is appropriate to cooldo -vin after ter-

mination of convective h e—&t- input and is often useful in conjunct i.an

with Options 1 are 2.

5 
The program perr.,?.ts the s pecifi.cai.ion of a nun-be r o f gV'o :.°'. ries

including plan=, cyl.i.nerical or annular, and spherical. In the r^.O t
general c^so, area m-a y vary arnit.rarily with depth.
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The rear surface of the last node may be specified as insulated,

or may experience convective and radiative heat transfer to a

"reservoir" at a specified reservoir teraperzt f- l ire if a rear surface
convection poefficient and an emissivity are input.

Material properties such as thermal conductivity, specific heat,

and emissivity are input as functions of temperature for virgin

plastic and char. For partially decomposed material, the program

performs an appropriate averaging on density to determine effective

material properties.

The basic solution procedure is by a finite difference approach.
For each time step, the deconpositien relations are solved and then

the in-depth energy fluxes constructed in general terms. These are

then harmonized with a surface energy balance (if a surfz^-.e energy

balance option is being used) and the in-depth temperatures deter-

mined. New i,i terial property values are set up and the solution is
ready for the next tine increment.

The C1,LA program outputs instantaneous mass ablation rates and

blo::ing parar::eters for char ant, pyro' sis gas, total integrated mass
ablation of char and pyrolysis gas, L,)tal recession and recession
rates of surface, of tt.e char line, and of the pyrolysis line. It

also outputs the surface energy flux terms, namely, the energy con-

vected in, energy radiated in, energy reradiuted out, chemical genera-

tion, anti conduction away 
(g cond ) ' Further, it describes ho,..., the inp•:.=

energy 
Of cone

a	 is "accomnnodat:ed" o7' "par - itioned" in the Solid =• 
, material. Part of the energy is consumed in decomposing the plastic,

part is consumed in sensible ent',alpy changes of the solid, and part

is "p;.c^:ed Lip" by the pyrolysis rases as they pass throucgh the cigar.

Thermocv,-,ple and isotherm ou't '-put. can also be called for. .

1.2 Some Surf ^e Energy Balance Details

in calculations un,?er option 1, the in-depth solution is couplet:

to a general film-coefficient boundary condition. The following sketch
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shows the v,iious energy fluxes of intorestz

Qdi, f	 °-rad	 grad	 (a ') w w
in	 out

{
m ^	 m h

i	 c C

	 9s 4
°•cored

Since the surface control volume is attached to the receding surface,

there is an apparont flow of char_ material into the control volume

and an associated energy flux fachc .	 The pyrolysis gases flow into

the control volume from below, bringing an energy flux mg hg . There

is a diffusional energy flux in from the boundary layer; this is de-

noted quiff' There is a corrective energy flux away from the surface

in the gross motion due to mass injection: pv whw . An additional im-

portant gross motion energy flux is denoted q*.in the sketch; this

term represents energy carried away in the removal, through mechanical

action, of condensed phase materials. Other terms in the energy bal-

ance are the obvious radiation terms and conduction into the material.

In the course of the transient in-deptb solution, which essen-

tially is providing the term gcond' it is necessary to evaluate all of

the other surface energy balance flux terms. , This in turn naturally

requires some sort of surface thermochemical state solution. For this

purpose it has proved expedient to prepare in advance, using suitable

ablation thermochemistry codes, a series of tables which include all

the surface mass transfer and chemical relations. The in-depth solu-

tion may then be coupled co the surface events through the surface

energy balance. For example, when chemical equilibrium is achieved

at the ablating surface the development presented in Reference 6 de-

scribes the means for obtaining the thermodynamic state of the gas at

the ablating urface in terms of theg	 pressure, and char and pyrolysis

off-aas rates.
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Thermodynamic state = f(Bg,%,P) 	 (3)

where

Ih g
Bg = P U C	 (normalized pyrolysis off-gas rate)

e e M

ih
., C

B 1 _	 (normalized char recession rate)
P e U e 

C 
M

P = boundary layer edge pressure

The thermodynamic state includes definition of surface temperature

and gas molecular composition. This, in turn, enables evaluation of

the various quantities appearing in the boundary layer driving poten--

tial for heat and mass transfer (References 1 and 6). Tables rep-

resenting solution to the functional relationship represented by

Equation (3) are generated for a complete map covering the range of

% B^ and P, of interest. These tables are usually generated with

the Aerc.therm ACE program (References 5 and 6). The following sec-

tion describes the ACE program in more detail.

As an example of the surface energy balance procedure, suppose

a table is prepared which, for a parametric array of dimensionless

char erosion rates (B^), dimensionless pyrolysis off-gas rates (%),

and pressure, presents the relevant ablating surface temperature and

requisite boundary layer composition and enthalpy quantities. During

each time step in the course of the in-depth soluticn the program gen-

erates a pyrolysis gas rate Bg and computes the rate at which energy

is conducted into the material from the surface. With Bg and the

pressure known, the input parametric tables then serve to define that

B' which yields temperature and enthalpy quantities which provide a

balanced, harmonized set of energy fluxes at the surface.
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2. The Aerotherm Chemical Equilibrium Program (ACE)

The preceding section has described the surface energy balance

performed, by the CMA program during the transient solution and indicated

that it obtains the necessary enthalpy data from tables of surface

thermochemical solutions. These solution tables are prepared in ad-

vance by the Aerotherm Chemical Equilibrium Program (ACE). For a

given BcI , Bq, and P, this program solves the following set of equations:

Physics

Elemental mass balances

Thermochemi_ca 1 gas phase
equilibriuma equations

Thermochomical surface con-
densed phase equilibrium
equation

Fail. or melt temperature con-
straints'on Candidate surface
materials (candidate cannot be
surface material above it's
input fail temperature)

Sum of partial pressures equals
input pressure

Number of Equations

K - 1

I - K

1

N

1

where

I = Number

K = Number

N = Number

and finds the following

Unknown

Total I+N+1

of gasphase species - number of elements

of elements

of condensed phase species

set of unknowns

Number of such Unkno%ms

Parial pressure of gas phase	 I
species at wall

WaJ_1 temperature 	 1

Failing rates of fail temperature
constrained materials	 N

Total I+N+1

Ii	
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With these unknowns determined, the ACE program can compute

secondary unknowns needed for the surface energy balance: the en-

thalpy of the gas adjacent to the wall and the energy being carried

away by the failing or melting species.

With this ACE output.infortration provided as a function of the

independent variables %, Bg, and P, the CMA program can construct

the surface energy balance by interpolation, solving by iteration for

that B^ which, for a given P (input) and B9 (provided at each instant

by the in-depth procedure), yields a surface energy balance, thus

determining the surface temperature.

1

{i
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APPENDIX B

Derivation of Steady State Response

In this analysis, a reference ablation rate (B' ) limit is

defined by a mass balance analysis of the "steady state d surface

off-gas composition. In the analysis it is assuined that the surface

recession is controlled by the rate at which the free carbon in the

pyrolysis gas and char can be consumed by oxygen diffusing to the

surface from the boundary layer edge. "Free carbon" is the carbon

in the char and pyrolysis gases, which has not aquired an o;cygen

molecule from the material decomposition products. Note that it is

t	 assumed that the silica (02 Si) in the char does not dissociate and

flows (melts) off of the surface. The amount of free carbon avail.--

able is defined by assuming that "steady state" material heating and

ablation occurs. This corresponds to the situation where the surface,

char, and pyrolysis zone recession rates are all equal and constant

with time. To conserve mass in-depth, therefore, the composition of

material_ leaving the surface must be identical to that of the virgin

material. The "steady state" assurrition is discussed further in Ref-

erence 14.

For equal diffusion coefficients the diffusional flux of

oxygen to the surface is given by

mO - peveCM Koe

where K  is the mass fraction of oxygen in the edge gas
e

and p CUeCM is the mass transfer coefficient

The mass flux of free carbon in the virgin material is de-

fined as follows;

Ch = m Kc	 v c

ti
Where K is the mass fraction of free carbon in the

c virgin material

and fhv is the mass flux of virgin material

Since carbon and oxygen conbinc in a one to one ratio by mole, the

U!
	 ratio of carbon mass to oxygen mass must be 12.011/16.000 %;a 0.75
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for complete carbon consumption.

Therefore,
N	 N

]h
c	

]hvKc	 K

rin	 C M~	 Btotal R-
	 - 0.75

o	 peU a Ko	 o

	

e	 e

where Btotal	 'hv/peUeCM

But since,

Btotal = Bchar + Bgas = Bchar(l+Bgas/%har)

Then	 0.75 K
0 

N
css (1+Bgas/Bchs;d Kc

For steady state ablation the ratio of Bgas to Bchar can be found

from virgin and char densities as follows

Bgas = gas = pgas	 pvirgin 'char = pvirgin _ 1

Bchar	 char	 pchar	 pchar	 pchar.

Therefore, for WBC 2230, silica phenolic p virgin = 85.5 lb/ft3

pchar = 59.2 lb/ft3

85.5

	

Bgas/Bchar -	 _ 1 = 0.442
59.2

The mass fraction of "free carbon" in the virgin material may

be evaluated as follows:

Resin Composition

Reinforcement Composition

Resin mass fraction

Cs s O
0 Si

0.31 lb C6 a O/lb virgin

The following formula, therefore, represents the virgin material

C H 0(0 Si).
s s	 a	 x
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where x is found as follows:

P
C H O - 94.114 lb C6 H6 O/lb mole C6 11 O
6 6

mvirg . = 94.114/0.31 = 303.5 Ib virgin/lb mole CB HO

r m0 Si = 209.4 lb 02 Si/1b mole C6 H O
2

x0 Si = 3.48 lb mole O Si/lb mole C H O2	 2	 6 6

Therefore, since the single 0 in the material will attach itself to

one of the C's, we can write schematically

C6 H0(O2Si) 3.48 --t' C6 + 3H + CO + 3.84(0 Si)

Thus, the mass fraction of free carbon is

K = 60.055	 = 0.198c	 303.5

Therefore,

B'	 = 0.75K /(1.442)(0.198) = 2.62K
css	 °e	 °e

B'	 = 2.62 K	 '
css	 °e

where the following assumptions-have been made:

1. Steady state ablation

2. Surface recession controlled by oxygen availability
rather than any energy consideration

3. Virgin material composition as defined above

4. All oxygen diffused to the.surface is consummed
by all of the available carbon to form CO

5. All silica (0 Si) is melted off the surface
a

6. No hydrocarbons are formed
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THRUST CHAMBER PERFORMANCE DATA
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Appendix F

The method of determining vacuum specific impulse efficiency was identi-
cal to that utilized in the NAS 3-2555 Thrust Chamber Development Program.(14)

Table XXI is a list of symbols while Table XXII is a listing of signifi-
cant parameters and performance data for all steady-state testing. Figure
No. 70 is a plot of specific impulse efficiency versus over-all thrust chamber
mixture ratio at the two chamber pressure levels tested. No significant per-
formance difference is evident. These data agree with performance data
obtained in the NAS 3-2555 contract. However, it should be noted that the
nisp 211 is not representative of the efficiencies that can be achieved at
high area ratios (i.e., in Contract NAS 3-2555, an nIsp of approximately 94%
was shown for an e  = 40).

(14) Barsotti, R. J., et al, op. cit.

(15) Ibid
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TABLE XXI

LIST OF SYMBOLS, THRUST CHAMBER PERFORMANCE

M.R. Over-all thrust chamber mixture ratio
(Weight flow oxidizer/total weight
flow fuel)

TfJ Average of two fuel injector temperatures
- OR

Isp (measured) Measured sea level specific impulse -
lbf-sec

lbm

Summary Time Period through which data is averaged -
sec

Pc (face) Injector face chamber pressure - psia

At Average throat area during summary time
(based on 12 throat diameters - in 2)

E E Nozzle expansion ratio ( exit area/average
throat area)

hIsp Enthalpy correction factor due to warm
hydrogen

Isp (Vac, theo @ 	 E ) Theoretical vacuum specific impulse at
calculated nozzle expansion ratio and
measured over-all thrust chamber mixture
ratio - lbf-sec

lbm

Isp (Vac.theo)( C- ,h) Theoretical vacuum specific impulse
calculated nozzle expansion ratio times
enthalpy correction factor - lbf-sec

lbm
y^
'`Isp 2:1 Specific impulse efficiency for 2:1 area

ratio nozzle	 (Isp (Vac)/Isp (Vac. theo)
( (-,h) - %

Geom. Loss Loss attributed to the loss in thrust
caused by the discharge coefficient of
the throat and the loss in thrust re-
sulting from non-axial exit momentum -
lbf-sec

lbm
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TABLE XXI (cont.

Isp (Vac) W/0 Geom. Loss	 Measured sea level specific impulse
corrected to altitude plus nozzle
geometry loss - lbf-sec

y^	

l bm

.`Isp 2:1 W/0 Geom. Loss 	 Specific impulse efficiency for 2:1 area
ratio nozzle without nozzle geometry
loss (Isp (Vac) W/0 Geom/Isp (Vac. Theo)

^^jj	

(6 h) - %

"[C*	 Characteristic exhaust velocity efficiency
(measured characteristic exhaust velocity
based on nozzle losses/theoretical
characteristic exhaust velocity at over-
all thrust chamber mixture ratio) - %
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