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ABSTRACT

Ablation cooling was successfully used in a rocket engine at a
nominal chember pressure of 4000 psia (272.2 atm). Both the chamber
liner and the nozzle were constructed of a silica phenolic ablative
meterial., Linear ablation rates at the nozzle throat for thirty-six
firings were computed from run data. The overall average rate obtained
was 0.0861 in/sec (0.219 cm/sec). The linear ablation rate obtained
for the chamber liner was 0.071 in/sec (0.180 cm/sec) at the nozzle
entrance end.




I. SUMMARY

Ablation cooling was successfully used to cool a rocket engine
at high chamber pressure (norminal 4000 psia, 272.2 atm). The pur-
pose of the research was to investigate the performance and the
combustion stability characteristics of the engine. Therefore, a
comprehensive analysis of ablation was not accomplished. Instead,
the present report is concerned with a qualitative presentation of
the results of this application of a specific ablative material.

The material used was a silica phenolic ablative, Both the
combustion chamber liners and the nozzles were constructed of this
material., As part of the performance and stability studies it was
necessary to measure prefire and postfire nozzle throat diameters.
Since run durations were known as well for each firing, it was pos-
sible to calculate corresponding linear ablation rates from these
data,

Data reported herein include run duration, mixture ratio,
chamber pressure, pulse-no-pulse, injector tube diameters, number
of firings on a nozzle, runs numbers corresponding to the firings
on a nozzle, and the nozzle throat linear ablation rate. These
data were analyzed using several different methods.

Examinations of cross-sections of the nozzles and chember liners,
after use during firings of the engine, revealed a significent
difference in their respective char layers. The char layers extended
relatively deeply into the walls of the chamber liners and the inside
valls were coated with silica melt. In contrast, the char layers in
the nozzle cross-sections were very thin and no silica melt could be
seen. This difference between the char layers was attributed to the
difference in silica fiber orientation for the two engine parts. The
fibers were oriented parallel to the engine axis in the chamber liners
vhereas the fiber orientation in the nozzles was perpendicular to the
axis line of the engine.

The overall average linear ablation rate obtained at the nozzle
throat was 0,0861 in/sec (0.219 cm/sec). One measurement was per-
formed on & chamber liner at the nozzle entrance end which yielded an
ablation rate of 0.071 in/sec (0.180 cm/sec).



II. INTRODUCTION

The purpose of this report is to record the results of an appli-
cation of ablative material in a high chamber pressure (4000 psia,
272.2 atm) rocket engine. The primary objective of the experimental
program was not to evaluate the material but rather to study the per-
formance and cambustion stability of a high pressure engine. It was
felt, however, that the performance of the ablatives used under these
conditions might be of interest to others working in the high pressure
area. The investigation of the consistency of results, described
herein, was undertaken in sn effort to establish a correlation between
ablation rates and heat transfer.

Ablation cooling has been successfully applied to many reentry
vehicle and rocket engine heat transfer problems. Ablation cooling
involves the use of a protective material to cover the exterior part
of a structure which is subjected to & high heat flux. The protective
material thermally degrades and the products of this degradation are
carried away by the external fluid flow. This type of cooling is
necessarily limited in the amount of total heat flux protection it
gives due to the loss of material from the surface, The thermal pro-
tection is gone once the ablative material has been consumed. The
total heat flux protection offered by a given system is affected by
the heat transfer mechanism, by the thickness of the ablative material,
and by the properties of the material itself. There are many different
materials that qualify as candidates for ablative cooling. The parti-
cular application dictates what type of material is actually used.

In the present report, attention is focused upon a particular
class of ablative materials known as the charring ablator. Charring
ablators generally consist of a basic structural material, such as
nylon or fiberglass cloth, impregnated with some type of bonding
material (e.g. phenolic resin).

III. EXPERIMENTAL METHOD

Nozzle throat ablation rates were measured in an ablatively cooled
high pressure rocket engine. The ablative material used was Western
Backing 2230 which is a composite consisting of silica cloth impregnated
with phenol aldehyde resin. The material contains approximately thirty
per cent resin by weight. The nozzle material was produced by flat
stacking of layers of silica cloth upon one another, with the weave on
each new layer rotated 90° to the weave of the previous layer, impreg-
nating the cloth with resin, and then baking the composite to cure the
resin, The nozzles were then machined from this material such that the
plane of the silica cloth was perpendicular to the nozzle axis. The
ablative chamber liners were produced in an analogous manner except
that the silica cloth was wrapped around a c¢ylindrical mandrel before
impregnation and curing. The resulting liners had the plane of the
silica cloth parallel to the axis line of the engine.



A. Apparatus

The rocket engine used developed approximately LO0O pounds (1815 kg)
of thrust with a design.chamber pressure of 4000 psia (272.2 atm). Fig-
ure 1 is a cross-sectional sketch of the engine. The nozzle and chamber
liners were constructed of the ablative material. The engine was of the
liquid bipropellant type using nitrogen tetroxide and Aerozine-50 as pro-
pellants. The injector was a T quadlet tube injector with like-on-like
flow impingement within the individual quadlets (Figure 2). Data recording
equipment utilized included eleven strip chart recorders, a twenty
channel oscillograph, a digital data recording system, and an analog data
recording system.

B. Test Procedures

Fifty firings of the engine were performed as part of a performance
and combustion stability study. Of these fifty firings, thirty-six were
successfully completed (i.e. complete run performance data were obtained).
The data, presented later in this report, were taken from these thirty-
six runs. The reported data include linear ablation rate, run duration,
mixture ratio, chamber pressure, injector configuration, pulse-no-pulse,
number of runs on each nozzle, and the engine firing numbers in which a
given nozzle was used. The ensuing discussion will explain how these
data were obtained.

The throat ablation rate data resulted from nozzle throat diameter
measurements made both before and after each run, in order to analyze
the performance data. The throat diameter was measured with a micro-
meter at four circumferential locations, each location being spaced at
45° to the previous measurement location. Throat ablation occurred
unequally sround the circumference of the throat, as shown in Figure 3
(produced by directing light through a nozzle and then through a ground
glass plate, tracing the outline of the throat shown on the glass plate,
and enlarging the tracing using dividers). The throat diameter used
in computing ablation rate was the average of the micrometer measurements
taken at the throat. The linear throat ablation rate was calculated
using: ’

ablation rate = postfire throat dia, - prefire throat dia. (1)
2 (run duration)

Run duration was determined from the oscillograph trace of chamber
pressure for each run and was defined as the length of time between
attainment of one-half of the steady state run chamber pressure during
startup and the drop to one-half of the steady state pressure at shut-
down (Figure U4).

Propellant flow rates were measured with turbine meters whose out-
puts were recorded on the oscillograph.

'Chamber pressure was measured-with a capaeitance transducer and with



a strain gage pressure transducer. The transducer outputs were recorded
on the oscillograph, the digital recording system, and the analog tape
recording system. A typical oscillograph trace of the photocon chamber
pressure measurement for a pulsed run is shown in Figure L.

Other data reported were dependent upon the engine configuration
for a given run and the purpose of the run. These included pulse-no-
pulse, nozzle run number, and injector configuration. The engine was
pulsed during some firings using a pulse gun ghargedwith 56.4 grains
of RDX waffers, as part of the combustion stability study. The re-
sulting pulse-no-~pulse data simply indicates whether the engine was
or was not pulsed during a given run.

Nozzles were utilized for up to four firings each. Nozzle usage
was limited by throat growth due to ablation. The engine run numbers
for which a particular nozzle was used as well as the number of runs
on a nozzle are reported.

Injectors used consisted of seven quadlets with like-on-like im-
pingement (Figure 2). Two different sizes of fuel and oxidizer tubes
were used as part of the performance and combustion instability pro-
grams.,

C. Test Results

The data are presented in Table 1. An overall average linear
ablation rate of 0.0861 in/sec (0.219 cm/sec) was obtained at the
nozzle throat. The linear ablation rate was measured for one chamber
liner and was found to be 0.071 in/sec (0.180 cm/sec) at the nozzle
end of the liner. Pictures of cross-sections of a chamber liner and
several nozzles are shown in Figure 5. Examination of the liner cross-
section, 5a, reveals a discoloration zone along the inside perimeter
wvhich extends through approximately 20% of the thickness of the re-~
meining liner wall. Partial pyrolysis of the ablative wall has occured

.in this region. Also shown in 5a is a thin light colored layer, at the
inside perimeter of the cross-section, which is silica melt. The

other three photographs, 5b, 5¢, 5d, show various cross-sections of the
ablated nozzle material. In contrast to the chamber liner, there is
relatively little char zone and no silica melt layer can be discerned.
This difference is to be expected, due to the difference in orientation
of the silica fibers with respect to the engine axis between the nozzle
and chamber liner. The rate of heat conduction apparently was greater
in the chamber than in the nozzles as evidenced by the difference in
char depths.

Total usage time for the nozzles was limited by a allowable throat
diameter growth of about 10% and amounted to approximaetely 2 seconds.
Chamber liners were used up to 5 seconds total time which resulted in
a 30 to 50% loss of liner material.



IV. DISCUSSION OF RESULTS

The data were studied in an attempt to find a correlation between
the ablation rate and the various measured paremeters as part of an
effort to correlate ablation rate and heat transfer. Four different
approaches were used in studying the data. These approaches are dis-
cussed subsequently and will be referred to as the inspection method,
the linear coefficient method, the correlation method, and the non-
dimensionalization method.

1. Inspection Method. This method simply consisted of an organized
parametric grouping of run data sets. The deta were grouped such that
corresponding data in a given group had similar values, within limits,
except for one variable (e.g. mixture ratio or chamber pressure). In
this manner it was hoped to study the individual effect of each data
parameter upon the ablation rate, however, due to the wide variastion in
run conditions obtained no useful information was acquired with this
method.

2. Linear Coefficient Method. In this method systems of simultaneous
linear equations were formed from the run data by arbitrarily selecting
a group of run data sets, the number of sets in the group being equal
to the number of parameters being considered. The parameters in each
of these data sets were then multiplied by a given set of unknowns, the
resultant products were summed by data set, and the sums were equated
to the linear ablation rate reported in each set. The objective here
was to solve a large number of cases and obtain a representative set of
unknowns for all the data that could be used to predict ablation rate.
The solutions, however, from a large number of cases revealed no repre-
sentative set of solution numbers.

3. Correlation Method. In this method the ablation data was input
to a statistical data correlation program (21). This program computed
correlation coefficients relating all the parameters to the ablation
rate. The computed correlation coefficients had values, for the most
part, of less than .5.

i, Nondimensionalization Method. The ablation rate was considered
to be a function of run duration, chamber pressure, local mass flux,
and throat diameter. Application of the Buckingham Pi Theorem yielded
two nondimensional parameters. The data were plotted using the two
dimensional variables as coordinates. No trends were found in the plot
to indicate the effect of the data parameters upon the ablation rate.

The primary reason for the lack of correlation among the ablation
data is thought to be the short durations of the engine firings. The
actual length of steady state engine operation for most firings was .2
to .3 seconds accounting for only one~third to one-half of the total
test length as set on sequence timers. Therefore, startup and shutdown
transients had a significent effect upon the performance of the ablative
material.




V. SUMMARY OF RESULTS

Ablation cooling was successfully used to cool a liquid bipropellant
rocket engine at a naminal chamber pressure of 4000 psia (272.2 atm).
The ablative material used was Western Backing 2230, a composite of silica
cloth and phenol aldehyde resin. The average overall linear ablation
rate obtained at the nozzle throat was 0.0861 in/sec (0.219 cm/sec). Abla-
tive nozzle life time for the material was limited by an allowable throat
diameter growth of about 10% and was approximately 2 seconds. Ablative
chamber liners would accomodate about 5 seconds total usage. One linear
ablation rate measurement was performed on a chamber liner at the end
next to the nozzle and was found to be 0.071 in/sec (0.180 cm/sec). The
orientation of the silica fibers, which was parallel to the engine axis
in the chamber liners and perpendicular to the axis in the nozzles, had
& pronounced effect on the depth of the char layer obtained.
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OUTLINE OF ABLATED NOZZLE
THROAT (ENLARGED)

AR "

FIGURE 3. TYPICAL CROSS-SECTION OF
ABLATED NOZZLE THROAT
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FIGURE 5O.

5b. NOZZLE

CROSS SECTION OF
ABLATED MATERIAL
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5¢c. NOZZLE

5d. NOZZLE

FIGURE S5,CONT. CROSS SECTION OF
ABLATED MATERIAL
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