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INTRODUCTION AND SUMMARY

The requirements for the Space Shuttle APU dictated the use of a hydrazine gas
generator to drive the turbine and associated machinery. Because of the long
duration requirement for the Space Shuttle APU, the technology of hydrazine gas
generators did not provide sufficient background for accurate prediction of the
life capability of such a gas generator. For this reason, the Lyndon B. Johnson

Space Center initiated a technology program monitored by Mr. R. J. Villemarette.

The objective of this technology program was to establish the necessary base

for the design and fabrication of a flight gas generator for the Space Shuttle
APU. This objective was approached by evaluating critical performance parameters
and stability criteria as well as scaling laws that could be applied in designing
the flight gas generator. The analytical gas generator performance evaluation
was coupled with a test program to provide the necessary design information.

The primary experimental effort in support of the analysis was performed on an
IRGD progfam. 'Based on these results a structural design, including thermal and
stress analysis, as well as material evaluation was made and two gas generators

were fabricated.

These two gas generators were alternately used to evaluate the various critical
parameters including, flight type gas generator performance, thermal distribution
within the gas generator and of the structural members, response, life tests in-
cluding ten mission duty cycles and a comparative evaluation between pulse modu-

lated and pressure modulated performance of the gas generator.

Successful completion of all of the above tasks has provided a comprehensive
basis for the design ahd fabrication of a thermal bed gas generator meeting
the Space Shuttle APU flight requirements and the two gas generators having com-
pleted these tests have been delivered to the Lyndon B. Johnson Space Center for

further testing, if desired.
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CONCLUSIONS

A flight type, thermal bed, hydrazine gas generator has successfully been
designed, fabricated, evaluated, and subjected to ten mission duty cycles as
well as a series of pulse and pressure modulated comparison tests. This fully
tested gas generator has been prepared for delivery to the Lyndon B. Johnson

Space Center.

An analysis and design study was successfully completed providing critical
parameters for scaling of thermal bed gas generators as well as predicting

stability criteria and all other pertinent geometric configurations.

An extensive material evaluation program was completed to establish the effect
of a nitriding atmosphere on high temperature high strength materials. Based
6n these tests, Inco 617 was selected for the high temperature, high strength
material, but due to unavailability, Haynes 188 (second choice) was used and

Inconel 600 was selected for the thermal bed as well as the sleeve containing it.

Design'of the injector and thermal bed resulted in a low total gas generator
fractional pressure drop of 22.8 percent at maximum power level while maintaining
stability beyond the required 10 to 1 throttle range, 33 to 1 ranges were

achieved successfully.

The gas generator did not show any degradation in performance, stability, or
Tesponse after being subjected to a 10 mission duty Cycle life test foliowed by
a five hundred second full power burn.  In fact, the same gas generatcr was used
to perform pulse and pressure modulated comparison tests and was shinned to the

Lyndon B. Johnson Space Center for further testing, if desired.

Extensive testing of the gas generator under conditions of ramp ind step func-
tions from 10 percent power level to 100 percent power level ha.s showﬁ‘that
there is neither over nor undershoot of the chamber pressure ond that the rough-

ness of the gas generator is below the level that could be megwured.
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A series of off—design performance tests was conducted to demonstrate the
sensitivity of the gas generator to specific conditions that might arise in a
vehicle application. The gas generator was totally insensitive to helium satu-
ration of the propellant which might occur during long term pressurization of
the use tank. The gas generator was also oper:ited with hydrazine propellant at
50 and 180 F. The gas generator operated smoothly at these inlet temperatures
over the entire range of power levels. Simulation of altitude starting capabil-
ities were made by placing the gas generator in a vacuum chamber and initiating
firing under vacuum conditions. During these tests heat soakback to the injector
manifold was monitored and the gas generator was restarted at altitude success-
fully with a manifold temperature of 464 F. To provide confidence in the opera-
tion of the gas generator beyond the four different power levels, 10, 30, 50,
and 100 percent, the gas generator was successfully operated over the entire
power level spectrum which was varied continuously from 0 to 100 percent. The
gas generator was totally impervious to any power level or rate of change of
power level insofar as operatiocn was concerned and ran smoothly regardless of
conditions imposed. The final test series of this portion of the program con-
sisted of verifying the start sequence required for the gas generator. Tempera-
ture profiles of the gas generators were obtained during the 30 minute heat up
cycle while heated GN2 flow was monitored. No attempt was made to minimize the
heat up cycle time of 30 minutes, however, a similar gas generator was started in
18 seconds by different start up techniques which were developed on an IR&D

program,

Test with contaminated propellants, water, UDMH, and MMH demonstrated the ther-
mal bed design, unlike the catalytic design, to be insensitive to these
contaminants.

The gas generator used for the 10 mission duty cycles was also used to perform
experimenﬁal evaluations in the performance characteristics between a pulse

modulation and a pressure modulated mode of operation. Comprehensive and high
response instrumentation and was used for this test series and established the
advantages of pulse modulation over pressure modulation from a Specific Propel-

lant Consumption (SPC) point of view. After completing the comparative SPC

R-9690



tests, the gas generator was used to establish acceptable limits of the injector
manifold temperature for restarting purposes. The gas generator was successfully
restarted with the manifold temperature at 548 F, but higher temperatures resulted
in a small overshoot in the manifold temperature after restart. When the gas
generator was shutdown after this temperature overshoot, a pressure spike
occurred, however there was no damage to the hardware. From this it can be
concluded that manifold temperatures above 500 F, for purgeless restarting,
repreéent a risk factor which must be investigated experimentally and analytically

before exposing the gas generator to these conditions.

The total accumulated operating time for this gas generator was 21.9 hours
including 4790 ON-OFF pulses} The gas generator performance does not show any
change relative to its last use in preceding phases of this program. Further-
more, there is no indication of any deterioration which would preclude the

probability of meeting a 1000-hour life requirement.
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PHASE I: GAS GENERATOR DESIGN AND LIFE DEMONSTRATION
During this phase of the program, the flight design of the SS/APU gas generator
was used as the basis for the design and fabrication of a prototype gas generator.
Two gas generators of this design were fabricated to perform the various tests
for this program.

DISCUSSION

Design - Description

The Rocketdyne proposed gas generator assembly for the Space Shuttle APU is shown
in Fig. 1. The assembly consists of four components: a model GGT-171-1000
thermal gas generator, a model GGC-105-320 catalytic initiator, and two JPC P/N
VC4076-T-ZAH shutoff valves,

The thermal gas generator is scaled from a Rocketdyne model GGT-268-560 which is
shown in Fig. 2 and 3. The design incorporates a dual element screen pack, regen-
erative flow dual wall, shower head injector, standoff inlet manifold and adiabatic

insulation.
MATERIALS

Material selection for the gas generator assembly was based upon results of a
1000 hour nitriding environment, material evaluation program. This program
determined the effects of nitriding on strength and ductility properties after
exposure to a 1800 F ammonia gas environment, and included high temperature
tensile tests, bend tests, hardness penetration and microstructure analysis.
It was concluded that none of the high strength materials (yeild strength in

excess of 8000 psi and 50-hour rupture strength in excess of 5000 psi) would

R-9690
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provide a suitably high confidence level for long duration use in an 1800 F
nitriding environment, This necessitated a design which reduced the maximum
structural wall temperature to 1600 F, and thereby minimized material property
degradation. In order to simultaneously achieve a near adiabatic insulation,
a dual wall exhaust gas regenerative design was indicated. Inco 617 was
selected for the structural chamber wall and injector with Hayes 188 as a
second choice. 1Inco 600 (the least dégraded material by the 1800 F nitriding
environment) was selected for the low-stressed thermal bed screens and screen
liner. The standoff injector manifold and tubes are constructed of 304 stain-
less, the insulation blanket is flexible MINfK, HT 1301 x 0.5 inch encased in

cresfoil,

Thermal Control

Thermal characteristics of the gas generator establish steady state and transient
temperature distrubitions which, in addition to affecting material strength

and expansion, influences material property degradation due to nitriding (a
temperature dependent process). Thermal characteristics also affect heat soak-
back following shutdown which may result in excessive injector manifold temper-
atures (a safety hazard due to potential local decomposition) and an excessive
environment for a close-coupled valve. Finally, heat loss to the environment

. and external surface temperatures are thermal considerations which must be

limited by the design.

Rocketdyne's gas generator thermal model, utilizing the DEAP digital program
was used to calculate transient and steady state temperature profiles and heat
flux. This program was used to design the model GGT 268-560 gas generator and
has been correlated against test data to adjust heat transfer coefficients

and other program constants.

A single-wall gas generator design was discarded for the more complex dual

wall construction on the basis of the thermal analysis results, material
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nitriding program, and gas generator test data. It was concluded that a single
wall construction with controlled insulation, could not maintain maximum
structure wall temperatures below the critical range of 1700-1750 F, without
introducing excessive external surface temperatures together with high heat
flux to the environment. Figures 4 and 5 show the thermal analysis‘results,
for the single wall model GGT-191-460, which incorporated a radiation shield
outside the chamber wall covered by an insulation blanket. Maintaining external
surface temperatures below 600 F would result in a chamber wall temperature

in excess of 1730 F. On the other hand, chamber wall temperatures beclow

1700 F would require a thin insulation with external surface temperatures in
excess of 700 F and heat flux in excess of 1600 Btu/hr. A regenerative dual
wall design permits near adiabatic insulation with 1600 F structural wall
temperatures, and held the low stressed inner liner temperatures below 1700 F.
Temperature distribution data for the dual wall model GGT-268-560 design during

mission duty cycle endurance testing is shown in Table 1.

TABLE 1. TEMPERATURE DISTRIBUTIONS MODEL GGT-268-560

100% Flow . 10% Flow
MDC Mo. 1]MDC No. 10} MDC No. 1|MDC No. 10
Exit Gas Temperature, F 1624 1630 1440 1433
Wall, 1.5 inches from Injector Face, F| 1607 1616 1466 1465
Wall, 3.5 inches from Injector Face, F| 1605 1612 1453 1475
Wall, 5.5 inches from Injector Face, F| 1612 1621 1450 1462
Injector Manifold, F 168 123 142 147

‘MDC = Mission‘Duty Cycle
“MDC No. T (Run 48A June 2, 1973)
MDC No. 10 (Run 57B June 6, 1973)

R-9690
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STRESS ANALYSIS

A Rocketdyne digital stress analysis program was employed in the design of the

model GGT-268-560 gas generator.

and strains, enabling calculation of fatigue and creep damage fractions,.

This program calculates displacements, stresses,

These

results together with thermal and materials analysis information were used to

extablish satisfactory design criteria.

A preliminary analysis was performed for the proposed SS-APU gas generator

assembly (Fig. 1) to check feasibility of design and calculate minimum wall

thickness at critical areas.

Analysis results indicate a structurally sound

design, with adequate life to attain 100 missions for both a pulse and pressure

modulated control mode.

Thermal Bed

The thermal bed performs two primary functions in a thermal gas generator:

(1) provides a thermal capacitance which is drawn upon for hydrazine decompo-

sition when hot decomposed gas products are not present in sufficient quantity;

(2) provides a large surface area for ammonia dissociation following hydrazine

decomposition, which lowers both temperature and molecular weight of the ex-

haust products.

Packed screens are used to form the bed which consists of a

dual screen pack, the details of which are shown in Table 2.

TABLE 2. THERMAL BED SCREEN DESIGN
Screen Number Actual ldeal Pack Free
Geometry of Stack Stack Factor,| Void Flow
Mesh x Diamter} Screens|Height, Inches|Height, Inches| Percent|Fraction| Area
16 x 0.035 53 k.05 3.71 91.6 0.56 |0.194
26 x 0.015 128 3.81 3.84 101.0 0.69 ]0.372

R-9690
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The upper screen pack, in the decomposition zone, consists of 4 inches of

16 mesh, 0.35-inches -diameter wire screens; the lower screen pack contains
3.8 inches of 26 mesh, 0.15-inches -diameter wire screens. The packing factor
is defined as the ratio of ideal to actual stack height; the void fraction,

6 =1 - M/4wd, where M = mesh and d = wire diameter (inches); the free flow

area, = (1-Md)°.

Injector-Manifold Assembly

Function of the shower head injector is to distribute the liquid hydrazine
evenly over the cross sectional area of the gas generator, and thereby promote
heat transfer with the recirculating hot gas products in the upper bed section,

rapid vaporization and decomposition.

The GGT-268-560 gas generator contains a 24-hole shower head injector. Hole
diameter is 0,0225 in,, providing a total area of 0,00954 inz. The hole length-
to-diameter ratio is 9.3, and the holes are arranged in three concentric rings.
The outer ring, on a 2,33-inch diameter, contains 12 holes; the middle ring,

on a 1.55-inch diameter, 8 holes; and the inner ring on a 0.776-inch diameter,

4 holes., The flow coefficient of the injector, determined from the relation:
w = Cd A1 5,31 AP

where

Cd = flow coefficient
Ai = total area, 0.00954 in2
AP = injector pressure drop, psi

was measured to be 0.797. The injector manifold is stood off from the injector
face a distance of 3 inches and connected by means of individual tubes to each

orifice.

R-9690
14 ;



/
E
|
g

DESIGN/OPERATIONAL RELATIONSHIPS

During the period frem 1971 to 1973, Rocket-yne was engaged in both IRGD programs
and this NASA contractual program (NAS9013003) to investigate design/operational
relationships of a hydrazine monopropellant gas generator. The following dis-

cussion describes the restults of both the test and analytical investigations,

e e et et Stk bt

and the conclusions drawn regarding critical design parameters of the gas

generator.

ot Rk e TSR

Thermal Bed

R et LN AR Tl

Operational characteristics of a screen packed bed GG are influenced by the
following critical design parameters: wire material, size, mesh and packing
factors, which govern fractional flow area, void fraction and surface area.
There parameters influence certain critical operational characteristics such
as hot gas recirculation in the upper bed section and over all flow resistance.
P Hot gas recirculation of the decomposed N2H4 products (also influenced by the
injector design) is essential for satisfactory heat transfer to incoming liquid
- hydrazine and affects decomposition delay. Overall flow resistance affects

the pressure budget and plays a role in hydrazine stability.

The Rocketdyne design incorporates a dual section bed; an upper section (closest

to the injector) designed to promote hot gas recirculation with sufficient
thermal capacitance, and a lower section to provide sufficient surface area
f with minimum pressure drops. Thermal bed fractional pressure drop, P/P_,

c
f - is the pressure loss, P as a fraction of chamber pressure P.:

p 2
p = RS L(G/Pc)
c ,
where

. . 2,.
unit screen resistance, sec”/in,

L =

bed length, in,

R-9620
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bed loading, lb/sec-in.z

[p]
n

2

chamber pressure, 1b/in.
(downstream of bed)

The unit screen resistance, RS, is a function of screen geometry, Reynolds number,
the integrated average gas temperature over the bed, and the packing factor (or
ratio of ideal to actual bed length). The specific bed loading, G/Pc’ is related
to the gas generator exit throat to flow area ratio and, is a near constant over

the operational range.

Test experience indicates that GG operation is strongly sensitive to screen
geometry at the upper bed section, as it affect the decompositicn process. This
is demonstrated by Fig. 6, in which gas temperature, close to the injector, is
plotted as a function of bed loading.In all cases shown, only the gas generator
bed packing has been changed. For configurations A and B of Fig. 6, a '"wash-out"
(loss of decomposition process) at low flowrates occurred, due to the use of

high resistance, calendered screens, with a packing factor greater than 1.4 in
the decomposition region; i.e., first 4 inches of bed. Satisfactory operation
was attained with Configuration C utilizing uncalendered, lower resistance

screens, more lightly packed for the upper 4 inches of bed.

The exit gas temperature of a gas generator varies as a function of bed loading,
G, and typically will vary approximately 200 F over a 10:1 flow range. When
flow is rapidly varied, the exit gas temperature response will lag the exit
pressure variation due to the thermal capacitance of the bed. This thermal

response of the bed may be described by the relation:

e 3

R-9690
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where

T = first order time constant
Cp = screen specific heat

W = weight of screens

h = heat transfer coefficient
A = heat transfer area

Since the heat transfer coefficient, h, varies approximately linearly with
flowrate, the thermal time constant decreases with increasing power level. A
typical value of T at 100 percent power level is 2.0 seconds (compared with a

pressure response of 0.030 seconds).
Injector
Injector geometry strongly affects both the decomposition process and flow

stability of the gas generator. The critical geometric parameters are flow

resistance, orifice length-to-diameter ratio, orifice density, and orifice

arrangement. .
AP,
Flow Resistance, R = = s
.2
W
where
APi = injector drop, and
w = flowrate;
N
Orifice Density, pi = -Kga
c

R-9690
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where

No is number of injector orifices,

Ac is chamber cross sectional area

The relation between injector resistance and flow stability has been well
established analytically and verified by test. On the other hand, empirical
relationships have not clearly been defined for the effects of injector geometry
on the decomposition process, even though satisfactory designs have been formu-
lated over a flowrange from 0.006 1b/sec to 15 lb/sec, using experience factors

and trial and error approach.

Bed Loading

In addition to the critical design parameters associated with the thermal bed
and injector geometry, additional factors such as bed loading, G, and specific

bed loading, G/Pc’ influence gas generator operation:

bed loading, G = W/AC

Specific bed loading, G/Pc = g/C* (At/Ac)

where

W= flowrate, 1b/sec

Ac = GG cross sectional area, in.2
PAtG

C* = ———- ft/sec
W

At = exit throat area, in.2

g = acceleration of gravity, ft/sec2
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Bed loading influences gas temperatures throughout the gas generator. Increased
bed loading increases the peak decomposition temperature at the upper bed section
due to a decrease in the initial ammonia dissociation which accompanies the
decomposition process. A variation as much as 450 F may result from a 10:1 flow
variation. The location of the peak temperature, generally moves upstream with
increasing bed loading. For example, a 10:1 flow variation might result in a
two to four inch movement of the peak temperature location, with the maximum
flow location as close as 1 inch downstream of the injector. Finally, bed load-
ing influences the extent of ammonia dissociation following initial hydrazine
decomposition. At maximum flowrate, a 250 to 500 F temperature drop, from peak
to exit temperature, may result from the endothermic NH3 dissociation process,
depending upon Mach number and bed geometry. At low flows, this temperature
drop decreases, however, the resultant exit gas temperature is still approxi-
mately 200 F lower, than at maximum flow, due to the reduced peak temperatures.
The effect of bed loading on temperature distribution through the gas generator

is shown in Fig. 7 and 8.

Specific bed loading, G/Pc, is a function of gas generator geometry and is
proportional to the gas Mach number through the bed, which remains nearly con-
stant over the operational range. Fractional bed pressure drop, AP/PC, varies

as the square of G/Pc, as previously shown. Specific bed loading also influences
the decomposition process at the upper bed sections; a high Mach number tends to
reduce peak temperatures, especially at the high flow levels. This is demon-
strated by the curves in Fig. 9 and 10, which shows a substantial decrease in
bceth the injector face and upper bed temperature; 1.0 in. downstream of the face,
due to a doubling of the Mach number in otherwise identical gas generator

configurations.

Response to Load Transients

The overall response of a gas generator generally refers to the elapsed time
from receipt of a valve actuation signal to development of 90 percent of the

resultant change in chamber pressure or flowrate. Neglecting the valve response,
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the major components which make up this delay is the hydrazine decomposition
delay,-rd, and the chamber capacitance time constant, Ter The decomposition
delay represents a dead time between introduction of a step change in liquid
hydrazine into the chamber and the conversion to gaseous flow. The chamber
capacitance represents a lag between a change in generated gas flow and the
resulting change in chamber pressure. A mathematical model of this operation

is shown in Fig. 11. Based on the equations 2, 3, and 5 of Fig. 11, the chamber

capacitance time constant is established by the La Place transform equation:

Pe) o B/
" - TS+ 1

where

T = 1
C .
(W/p) Z

(ﬁ/Pc) = nominal ratio of flowrate to chamber pressure
(in.?2/sec)

Based upon a nominal (ﬁ/Pc) of 8.08 x 10-4 in.z/sec, a volume of 47 inds, and

4

average gas temperature of 2060 R (Z = 8.72 x 10 in.'z), the chamber capaci-

tance time constant, Te is 0.014 secs. The 90 percent rise time can be calcu-

lated based upon the time constant as follows:
0.9 = 1-¢" (/7
where
t = 90 percent rise time

This results in a 0.032-second, 90-percent rise time. Note that the chamber

capacitance is relatively independent of power level, since the gas temperature
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is a weak function of flowrate. Note also that decreasing the value of (W/Pc)
(i.e.; decreasing the exit throat size) increase the chamber capacitance time

constant. An increased chamber volume has the same effect.

Both the decomposition delay and chamber capacitance were evaluated during
several gas generator tests in which "step'" changes in flowrate were generated

by on-off valving and orificing in the feed line upstream of the injector. Close
coupled pressure transducers were located at the injector inlet manifold and at
several locations in the chamber. The decomposition delay was determined by

the elapsed time from initiation of injector inlet pressure change (denoting a
liquid flow change into the chamber) to initiation of a change in upstream bed
pressure. The chamber capacitance is measured by the 90 percent rise time in
chamber pressure downstream of the bed. Figures 12 and 13 show results of a flow
steps increase and decrease on the model GGT-268-560-E single wall gas generator.
Decomposition delays of 10 and 12 milliseconds are indicated during the step
increase and decrease, respectively. A 0.037-second, 90-percent rise time is
shown in Fig. 12. The relatively long 90 percent decay time of 73 milliseconds
(Fig. 13) is due to the lag associated with the injector inlet pressure, and is

therefore not representative of chamber capacitance lag only.
Stability

Gas generator instabiiity is typically in the frequency range from 5 to 30 cps

with amplitudes as severe as +30 percent in some cases. In many cases, instability
is accompanied by a breakdown in the normal decomposition process as denoted by

a severe decrease in decomposition zone gas temperature and/or downstream move-
ment of the decomposotion process. Since the frequency of instability appeared

to be in the range of fluid dynamic time constants, a mathematical model of the

gas generator system can be made without the necessity of including complicated,
high frequency combustion process equations., An analog model of the gas generator
was constructed based upon test data of gas temperature distributions, fluid
resistances, and both fluid and thermal response. The model included a feed sys-

tem with storage tank, feed line and throttle valve.
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Results of the stability analysis identified critical design parameters which
affected flow stability. These are shown in Fig. 14. A stability criterion was
then established relating these parameters, the results of which are shown in
Fig. 15. Each of the three curves shown in Fig. 15 represents a minimum allow-
able fractional feed system pressure drop as a function of fractional bed drop.
For example, a gas generator with 45 in.s of void volume from the injector face
to the exit throat, and operating with a 0.020-second decomposition delay would
require a fractional feed system drop of at least 0.33 with a fractional feed
drop of 0.2 to ensure stability. Decreasing the decomposition delay permits
stable operation with a lower feed system pressure drop. Increasing the chamber

void volume has the same effect.

Test data were accumulated on two GG configurations (GGT-191-460 and GGT-268-460),
which permitted a correlation against the theoretically established stability
criteria. The correlation was made difficult, since the decomposition delay
could not be accurately measured. Only those data were used where the GG was
operated at or close to 0.372 1b/sec, and the value of W/Pc was close to

8 x 10_4. When severe instability occurred along with a drop in average gas
temperature in the bed, the bed fractional pressure drop was evaluated at the
highest stable flowrate. The fractional injector drop was correlated to a
flowrate of 0.372 1b/sec.

Figure 16 shows test data accumulated on GGT-191-460. Although several bed
configurations were used for the tests indicated, the void volume varied only
between 21 and 23 in.s. The decomposition delay was not determined from tran-

sient recordings, and hence a strict comparison with theory was not possible.

However, the data does indicate a minimum fractional ihjector:&P of 0.6 necessary

for stable operation. Comparison with the theoretical stability limit would
indicate that the decomposition delay for this unit may be from 0.020 to
0.025 second.

The chamber cross-sectional area was 5.67 in.z; hence a bed loading of 0.0656

produced a maximum flow of 0.372 1lb/sec. The pressure budget characteristics
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are shown in Fig. 17. The fractional injector pressure drop is nearly linear

with bed loading as can be seen from the relation:

% . e () s
P i\a ) 8¢

t C

where
Ri is injector resistance,

At/Ac the ratio of throat to chamber area, and G is bed loading. Note that

a decrease in C* at low powor level offsets the linear relationship. The bed
fractional pressure drop is nearly constant; a light increase at low flowrates
is due to a Reynolds number effect on friction factor. The regenerative coolant
passage fractional drop is relatively small, 0.028, and constant with flowrate.
The total gas generator fractional pressure drop is 22.8 percent at maximum

power level.

Figure 18 shows test data accumulated on GGT-268-460. The void volume for the
various bed configurations varied from 40 to 45 in.s. The decomposition delay
was measured to be approximately 0.010 seconds. The variation in i:J/Pc was from
5.8 to 12.1 due to a variation in throat area for the tests indicated (the effect
of ‘;I/Pc on stability has not been established). Comparison with the theoretical
stability limit is fairly good. In run 7, instability existed at 80 percent
flow, chamber pressure oscillation amplitude was 2.5 percent. In test 5, the

chamber prssure oscillation amplitude was 2.7 percent at 87-percent flow.
PERFORMANCE CHARACTERISTICS
Performance

Performance of the model GGT-268-560 design developed under this program is

described in Table 3.
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TABLE 3. DELIVERED GAS CHARACTERISTICS

Power Bed Loading Exit Gas NH3 Dis- | Molecular | Exit Gas
Level, c* (9), Temperature, | sociation| Weight, Pressure,
percent| ft/sec lb/s,ec-in.2 F Fraction | gr/gr mole psia
100 4260 | 0.0656 1633 0.615 12.90 565.0
50 4230 0.0328 1577 0.652 12.65 . 280.5
25 4207 0.0164 1512 0.697 12.40 139.5
10 4168 | 0.00656 1438 0.750 12.10 55.3

In Table 3, C* is defined by the relation:

P A
0= c't &
- et

where

Pc is exit gas pressure

At is exit throat area

LIFE TEST
Test Set Up

The life test demonstration of the gas generator was conducted at the propellant
research area (PRA) in Sugar Stand 2. PRA is located in the Santa Susana Field
Laboratories (SSFL). The installation is shown by the photograph in Fig. 19 and
the schematic in Fig. 20 shows both the critical flow components and related
instrumentation. All numbered components are listed in Table 4 giving instrumen-
tation ranges as well as method of recording during a test. The basic facility,
Sugar Stand 2, was developed for both IR§A and other contracts and was modified
as shown in Fig. 20.
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TABLE 4. SUGAR STAND 2 INSTRUMENTATION LIST

Schematic
1.D. Parameter Recorder
1 Tank pressure
2 Tank shut-off valve
3 Pre-valve
4 Filter - 10 microns
S Hydrazine line temp TLFUS 1/C 0-200 F M-H*
6 Hydrazine line pressure PLFUS 0-1000 M-H
7 Hydrazine flowmeter 0.07-0.60 1b/sec E.A. § O-graph
8 Main valve O-graph
9 Purge check valve
10 Purge check valve
11 Throttle valve
12 Manifold temperature TIM C/A 0-1000 M-H
13 Hydrazine inlet pressure PIF 0-1000 M-H & O-graph
14 Injector temperature TINJ C/A 0-2000 M-H
15 Bed temperature upstream Taus C/A 0-2000 M-H
16 Pressure upstream of bed pBUS 0-1000 M-H § O-graph
17 Discharge temperature TC C/A 0-2000 M-H & O-graph
18 Discharge pressure PC 0-1000 M-H § O-graph
19 Wall temperature #1 TWI C/A 0-2000 M-H
20 Wall temperature #2 Twz C/A 0-2000 M-H
21 Wall temperature #3 TWS C/A 0-2000 M-H
22 Bed temperature downstream TBDS C/A 0-2000 M-H
23 Bed pressure downstream PBDS C/A 0-1000 M-H O-graph
24 GN2 Pressure Orifice Discharge PGNZ 0-300 M-H
25 GN2 Pressure Orifice Inlet PGNl 0-300 M-H
26 GN2 Temperature Orifice Inlet TGNl C/A 0-2000 M-H

*M-H~——) Minneapolis-Honeywell strip chart recorder
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Test Procedure

The test procedure developed for this phase of the work, consisted of conducting
first the checkout test, then an acceptance test to determine typical operating
characteristics of the gas generator. The initial acceptance test was then
followed by ten mission duty cycles as described in Fig. 21 and Table 5. After
the tenth mission duty cycle (MDC) a five hundred second full power burn was
conducted followed by the final acceptance test. Comparison between the initial
and final acceptance test as well as between the first and last MDC was used to

determine the effect of the prescribed test series.

Data and Results

At the initiation of the first test; a pressure spike occurred. Testing was

continued until excessive ''chugging" indicated difficulties.

The gas generator was removed from the test facility and visually inspected.
Externally there was no indication of any damage to the gas generator. X-rays

of the gas generator showed that the inner liner had been deformed by the pres-
sure spike so as to conform to the inside of the outer structural shell. This
resulted in the screens being completely loose, providing a large area for hydra-
zine to channel, resulting in a virtual blockage of gas flow through the regener-

ator section, and thereby resulting in unstable operation of the gas generator.

This occurrence was caused by a facility error which resulted in a 150 psia tank

pressure instead of the preset 50 psia tank pressure.

One of the beneficial conclusions which can be drawn from this pressure excursion
is, that this gas generator design is probably one of the most reliable structural
designs that can be incorporated into a small, compact, lightweight, flight sys-
tem. This conclusion is based on the following evaluation, when an overpressure
occurs in this gas generator, the extremely ductile inner sleeve (Inconel 600)
deforms into the regenerative channel, thereby absorbing much of the energy

release and the strong and not very ductile high temperature, high strength outer
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TABLE 5. MISSION DUTY CYCLE SCHEDULE

POWER LEVEL DURATION #

2 SEC

0 -

10% 500

50 : 275

10 800
100% 2

10 100

30 800

10 100
100%* , 100

10 105 ,

0 30 to 300
10% 500

50 275

10 800
100* 2

10 100

30 800

10 100
100% 100

10 105

0 30 to 300

* Power level transitions from 0% to 10% and from
10% to 100% were step changes; transitions to and
from the 30% and 50% power levels took place in
approximately 0.5 seconds, utilizing a preset
delay circuit.

* Total firing time per mission duty cycle
1.546 hours
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‘shell is not exposed to this sharp overpressure. Had this design consisted of
solely a single high strength, high temperature outer shell, it is probable that
the sudden overpressure would have resulted in shattering the gas generator. As
it is, this gas generator should be able to withstand 10,000 to 20,000 psi pres-
sure surges without causing external damage. This is a very important feature

for a manrated unit.

Gas generator No. 1 was cut open and a new inner sleeve was fabricated and welded
to the injector. To minimize delay in this program, the S/N 2 gas generator was
packed and assembled so that it could be installed in the test facility for the

mission duty cycle series.

The first checkout test was conducted successfully. This test consisted of gas
generator No. 2 installed in the standard PRA facility using the facility valve
instead of the throttle valve. Flow and pressure were controlled by changing
tank pressurization levels. Operation of the gas generator was smooth over the
entire range of flowrates. At design point condition a flowrate of 0.378 lb/sec
was reached and the temperature at the discharge of the gas generator was 1674 F
and chamber pressure was 559 psia. Evaluation of the data indicates that the gas
generator was operating satisfactorily and performing essentially at design

conditions.

Gas generator, S/N 2, was used to complete the mission duty cycle phase of this
test program. This test phase, from initial acceptance test, through 10 MDCs, a
500 second full power burn, and final acceptance test was completed satisfactorily.
The gas generator operated smoothly over the entire spectrum of ramp and step
changes from 10 percent to 100 percent flowrates and did not show any degradation

due to the 18 hours of testing.

During the step changes, consisting of operating the gas generator at 10 percent
flowrate and increasing the flowrate to 100 percent at the slew rate of the
throttle valve (20 to 30 milliseconds) there was no overshoot nor undershoot of
any pressures. A typical set of oscillograph traces is shown in Fig. 22 which

shows the data from the last two second full-power step during the 10 MDCs. It
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can be seen that in a step change, pressure upstream of injector) reaches

P (
IF
63 percent of full pressure in 20 milliseconds and full pressure is developed in

approximately 50 to 60 milliseconds.

The total variation in exit gas temperature over the operating range (Fig. 23)
is approximately 20 F. The variation in exit gas pressure (Fig. 24) with flow-
rate was 10 psi, or less than 2 percent of maximum pressure. There was no
measurable variation in injector resistance; however, the bed pressure drop
increased 14 psi, or approximately 50 percent during the tests (Fig. 25), prob-
ably due to bed compaction. With respect to transient performance degradation,
Fig. 22 depicts a typical power 'step' between 10 and 100 percent flowrate
recorded during the last mission duty cycle. There was virtually no difference

between it and a similar step recorded during the first MDC.
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PHASE II PERFORMANCE TESTS
ACCEPTANCE TESTS

All Phase II tests were performed using the S/N 1 gas generator. The Phase I
tests (S/N 2 gas generator) accumulated a total operating time of 18.3 hours, as
compared to 2.48 hours total for the S/N 1 gas generator. Therefore, the changes
between the initial and final acceptance tests of the Phase I program are more
definitive of the small changes in operational characteristics which may occur

with time.
Initial and final acceptance tests were also performed during the Phase II pro-
gram. However, the primary interest was to verify the proper functioning of the

gas generator, rather than to evaluate long time trends.

Experimental Setup

The acceptance tests were performed with the normal test stand installation
shown in Fig. 26 and 27. The pressure, temperature, and flow measurements are
shown there, and duplicate the instrumentation used in the Phase I portion of

the program.

Test Procedure

Frior to performing the initial acceptance test the gas generator was operated
for approximately one hour. Such preliminary operations had also been performed
in Phase I. The purpose of this run (Run No. 61-Table 6) was to permit screen
settling, clearance changes, screen surface changes, and other thermal cycling
effects which might be expected to occur in initial operations. This corresponds,
in a sense, to the break-in cycle for én internal combustion engine. Also, this
test served as a checkout for the proper operation of the test stand and instru-
mentation. At the conclusion of this test, the acceptance test (Run No. 62) was
performed. As may be seen in Table 6, this consisted of four approximate five
minute periods of operation at the 10, 30, 50, and 100 percent power levels.
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At the conclusion of Phase II investigations, a final acceptance test was per-
formed to demonstrate that the gas generator was properly operating and suitable

for any further investigations which might be desired.

Data and Results

The data and results from the initial acceptance test (Run No. 61) and the final
acceptance test (Run No. 68) are summarized in Table 6. It may be noted that the
average c* efficiency for the initial acceptance test was approximately 98 per-
cent, whereas an approximate 96 percent value was computed for the final accept-
ance test. It is not felt, however, that these apparent changes were real but

rather due to instrumentation.

In addition to questions as to the degree of accuracy of the flow measurements,
all tests after Run No. 63 were made with hydrazine having approximately 2.8 per-
cent water. While corrections for this average water content were made, it is
not certain as to the actual pesrcent of water in the fuel for any particular
tests. This results because high water content fuel was added to specification
fuel, and the degree of uniform mixing attained is not known. A final consider-
ation is that the calibrations of tli: pressure transducers may have been affected

by the vacuum pressures they experienced.
Conclusions

The results of the initial and final acceptance tests indicate that the gas
generator was initially, and is now, in good operating condition. The indicated
possible decrease in performance efficiency of about 2 percent is probably the

result of measurement inaccuracies.
HELIUM SATURATION STUDY

The objective of this experiment was to verify the insensitivity of the gas
generator operations to the presence of dissolved helium in hydrazine. The mass
of helium that can be dissolved is very small compared to the mass of the propel-

lant (approximately 0.017 percent by weight at the conditions of this study),
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so it would not be expected that effects on c* efficiency of the gas generator
would be perceptible. However, it is conceivable that the gas bubbles released
from solution in the decompression resulting in passing through the throttle

valve could trigger combustion instabilities.

The conclusions reached from the experimental data were that the gas generator

operation was insensitive to the presence of the dissolved helium.

Experimental Setup

The major details of the test setup are shown in Fig. 28. As shown, the method
used to insure complete <aturation of hydrazine was to atomize it by means of a
spray nozzle, and then to allow the mist to fall through the pressurized helium
atmosphere. A "Spraying Systems" full cone spray nozzle (Number 1/8 GGD1) was

used with an approximate 100 psi differential across it, resulting in a nominal

0.042 1b/sec injectitn rate.

The tanks used for these tests had the following dimensions:

Tank No. 5 (Supply Vessel): 56.5-inch ID sphere with 2.75-inch in wall thickness.
Tank No. 7 (Receiver Vessel): 24-inch ID x 111-inch length, with 1.875-inch wall
thickness. The temperature of the ullage space of both tanks was continually
monitored with iron/constantan shielded thermocouples. Tank No. 5 thermocouple
extended approximately 1 inch beyond the inner surface of the vessel, and

Tank No. 7 thermocouple immersion was approximately 40 inches.

Test Procedure

The method selected to ensure complete saturation of hydrazine with helium was
based on a study of various possible approaches to the problem. It was felt
this method was the most compatible with time and bﬁdget considerations, while
at the same time ensuring complete saturation. The procedures followed are
detailed below:
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A. Preliminary Operations

Both tanks (see Fig. 28) were completely drained, including all pro-
pellant lines.

About 50 gallons of N2H4 were loaded into tank No. 5.

Both tanks were pressurized to approximately 150 psi with helium and
then vented, three times.

With tank No. 7 pressurized to approximately 10 psi with helium, all
valves between it and the gas generator were opened to purge that
portion of the system,

The throttle valve and test stand main valve were then closed. It
should be noted, however, that the tank (No. 7) shutoff valve and the

prevalve were kept open throughout all subsequent operations.

B. Helium Saturation Operations

Tank No. 7 was pressurized with helium to the run pressure level

(780 psig).

Tank No. 5 was pressurized with helium to 880 psig (to provide 100 psi
pressure differential between the tanks.

The fill valve shown in Fig. 28 was opened.

Transfer of hydrazine from tank No. 5 to tank No. 7 through the atomiz-
ing spray nozzle required about 2-3/4 hours.

The fill valve was closed and tank No. 5 was vented. The sight gage
reading made at this time indicated that approximately 40 gallons of

hydrazine had been transferred into tank No. 7.
C. Gas Generator Startup and Run Operations

Heated GN2 flow through the gas generator was initiated approximately
one hour prior to completion of the helium saturation operation.

At the completion of the hydrazine transfer operation, the heated GN2
flow was stopped and the gas generator inlet port was capped.

The test stand main valve was opened, with the throttle valve at

its 1 percent flow setting. Note that the propellant tank was at
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the run pressure level since it was not vented at the end of the
saturation operations.

4. The gas generator heatup with hydrazine was completed by progresive-
ly opening the throttle valve from the one percent to the ten percent
setting.

5. The throttle valve was opened to 10, 30, 50 and 100 percent step set-
tings in increasing and decreasing sequences for steps of sufficient
duration to obtain reasonably stabilized data. In addition, slow
sweeps were made over the full range of throttle valve settings by
means of an auxiliary potentiometer control to investigate the pos-

sibility of performance problems at intermediate flowrates,

Data and Results

The data for this study are summarized in Table 6 as run sequences 63-1 through
63-27. It should be noted that the propellant flowrates listed have a low con-
fidence level since the flowmeter employed showed a tendency to slow down. Later
calibrations were used to attempt to correct the data, but since the frictional
resistance may have varied with time, this approach was not necessarily complete-
ly succezsful. Concomitantly, of course, the computed values of the c* efficien-
cies also have a similar uncertainty. As previously discussed, accurate perfor-

mance evaluation was not of primary concern.

The initial operations showed sizable chamber pressure perturbations not observed
in any of the previous tests. As shown in Table 6, these chamber pressure pulsa-
tions were noted at all of the power level steps (run numbers 63-1, 63-2, 63-3,
and 63-4). During the course of these steps, it was noted that the magnitude and
frequency of occurrence of the pulsations decreased with time. After Run.

No. 63-4, further occurrences were not noted. Examination of the oscillograph
data indicates that these disturbances were the result of entrapped helium gas
pockets in the propellant supply line. Indicative of this was the fact that the
pressure pulsations were extremely variable in nature, with no similarity to the
characteristics of '"'chugging'" disturbances occasionally observed in other ther-
mal bed gas genenators.  Most conclusive, of course, is the fact that after the

first 5.5 minutes of operation, succeeding operations over a period of 20.6
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minutes were free of these disturbances. It should be noted that the propellant
lines were initially drained of all propellant, and that the physical configura-
tion of the lines (i.e., horizontal orientation of most lines, with changes in

line sizes) tended to encourage gas pockets.
Conclusions

1. Helium Saturation Procedure: During the time that hydrazine transfer

between the two pressurized tanks was being performed, monitored temperatures
in the ullage space indicated average temperatures of approximately 95 F for
Tank No. 5 (supply tank) and 89 F for Tank No. 7 (receiver tank). Hydrazine
line temperatures Juring the gas generator operations indicated that the
hydrazine temperature in Tank No. 7 was also 89 F. Therefore, saturation
conditions were not affected by temperature changes.

Reference 1 data indicate that at the temperature and pressure load main-
tained in Tank No. 7, 0.065 cc of helium (at standard temperature and pres-
sure) would be dissolved in a gram of hydrazine. The saturation procedure

followed were felt to be adequate to achieve full saturation.

2. Helium Effects on Gas Generator Operations: The gas generator opera-

tions were not affected by the presence of dissolved helium in the hydra-
zine. This, however, was not unexpected, since hydrazine has a greater
solubility for nitrogen (approximately double-see Ref. 1); and it is likely
that nitrogen saturated condition existed during some of the duty cycles
performed in the gas generator S/N 2 endurance tests and no instabilities

were noted during those tests.
OFF-NCINAL TEMPERATURE TESTS

The objective of these tests was to demonstrate gas generator operation with a
hydrazine supply temperature ranging between 50 to 150 F. Since propellant
temperatures ranging from 46 to 52 F existed for the initial acceptance test and

first three mission duty cycle tests performed during the Phase I firings, the
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low temperature off-nominal condition had already been adequately investigated.
The subject tests, therefore, only concerned themselves with hot hydrazine

conditions.

Experimental Setup

The test stand configuration used for heated propellant investigations is shown

in Fig. 29. All instrumentation remained the same as in other tests (see Fig. 26),
with the addition of water bath temperature and fuel temperature measuremernts
immediately downstream of the throttle valve. The principal system modification
was the addition of the hot water bath system. This system consisted of a 40
gallon drum heated by means of a 6-kw immersed electrical heater. Approximately
230 feet of coniled 1/4-inch OD x 0.035-inch wall, stainless-steel tubing was sub-
merged in the hot water bath to serve as a heat exchanger. The 6-kw heater was

not capable of meeting heat input demands to the fuel at high flowrates; there-

fore, the heat storage capacity of the hot water bath was relied upon.

It should also be noted that a downstream shutoff valve was placed between the
heated hydrazine and the throttle valve to allow startup of the gas generator
with ambient temperature hydrazine. This use of the pilot flow system minimized

demands on the heated hydrazine supply.

Data and Results

The data for the heated propellant tests are summarized as Run steps No. 66-1
through 66-7 in Table 6. These tests consisted of steady state operations for
time durations of one to two minutes at various chamber pressure levels. The
pressure levels ranged from a minimum of 57 psia to maximum of 266 psia. The
maximum chamber pressure attainable was limited by the large flow resistance

added to the system by the heat exchanger tubing ccils.

Smooth operation was demonstrated at all gas generator operational levels. No
anomalous behavior was observed. Fuel temperatures were always in excess of
the 150 F requirements, ranging from a minimum of 1¢4 F to a maximum of 180 F.

The c* values shown in Table 6 are based on the mass flowrates through the
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flowmeter (which were measuring ambient temperature propellant). Obviously, a
corresponding volume of heated hydrazine, of considerably lower density, was

actually supplied to the gas generator.

ALTITUDE START STUDY

The objective of this experiment was to demonstrate the ability of the gas gen-
erator to restart, under altitude conditions, after allowing sufficient time for

heat soakback to maximize the injector manifold temperature,

Experimental Setup

For the most part, the same test‘configuation as shown in Fig. 26 and 27 used,
with the gas generator and its exhaust tube contained within a 3-foot diameter
by 7-foot-long vacuum chamber. An additional valve was placed in the propellant
line, inside the vacuum chamber, to minimize the amount of propellant between a

positive shutoff valve and the gas generator.

Figure 30 is a view of the gas generator installation inside of the vacuum cham-
ber. The added 1/4-inch solenoid valve discussed above may be seen attached to
the port hole cover at the left of the photo. Microfoil insulation was used to

protect the propellant and instrumentation lines against excessive heat pickup.

An external view of the vacuum chamber is shown in Fig. 31.  The exhaust tube
for the combustion gases was centered within the port of the tank bulkhead, and
was slightly submerged to allow for temperature expansion effects. When it was
desired to draw 2 vacuum in the chamber, an air actuated cylinder rotated a soft
rubber gasketed plate over the exhaust port. The pressure differential result-
ing from the vacuum pump operation provided sufficient force to assure a good
seal. Before attempting to open this port, the internal vacuum had tc be broken

by firing the gas generator, resorting to a GN, vacuum chamber purge, or both.

2
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Test Procedure

Operations were begun with the exhaust port of the vacuum chamber open. The
vacuum pump employed was in operation, but a vacuum valve isolated it from the

vacuum chamber.

Initial preheating of the gas generator was performed in the normal fashion, us-

ing heated GN During this time, and at all other times except when a vacuum

T
was being drawn, a low level GN2 purge of the vacuum chamber was maintained. At
the conclusion of the preheat cycle, the heated GN2 system was disconnected at

the vacuum chamber port and the line was capped.

At this time, a low flowrate of hydrazine to the gas generator was initiated to
complete the heatup cycle. This was followed by approximately 2 minutes of
operation at & 44-psia chamber pressure and three minutes at a 193 psia chamber
pressure. The firing was then terminated by closing the propellant shutoff valve
inside of the vacuum chamber. The vacuum chamber purge flow was stopped, the
exhaust port closure plate was rotated into the closed position, and the vacuum
valve was opened. Internal and external gas generator temperatures st this time
were all in excess of 1500 F, with a 135 F injector manifold temperature

(Table 6 - Run No. 67).

The maximum obtainable vacuum was drawh and maintained for approximately 13.3
minutes. The vacuum chamber ambient pressure during this time was 5.60 inches
of mercury, corresponding to a 40,000-foot altitude condition. Post-run in-
spection showed that the inability to attain a higher vacuum resulted because of
the complete collapse of a section of plastic hose joining the vacuum pump to
the vacuum valve. The hose wac reinforced with a nylon coil, rather than a

steel coil, and temperatures encountered were high enough to soften the plastics.

The injector manifold temperatures were monitored during this heat soakback
period, and the hydrazine flow to the gas generator was initiated when the
TIM-l temperature reached 464 F. This did not represent a full stabilization
temperature, since some increasing trend was'still noticeable, but the decision

was made to restart below 500 F temperature.
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The gas generator operation was resumed by opening the propellant shutoff valve
located immediately upstream of the throttle valve. This reinitiated operation

at a 54 psia chamber pressure condition (10 percent throttle valve setting).

At restart the gas generator wall temperatures ranged from 1216 to 1280 F, the
upstream bed temperature was 682 F, and the downstream bed temperature was 1224 F.
Restart was smooth and rapid, not discernably different from step changes per-
formed from one operating level to another in normal steady-state test sequences.
It was observed, however, that some temperature spiking did occur in the injector
manifold. The basic injector manifold temperature measurement used in all tests,
TIM—I’ increased from 464 F to a momentary peak of 482 F. A supplementary mani-
fold temperature added for this test, designated T
408 F to 525 F.

IM-p im Table 6, increased from

Shortly after restart the vacuum valve was closed, the vacuum chamber low purge
was activated, and the air cylinder was pressurized to unseal the firing port.

As soon as the combination of the gas generator combustion gases and the purge
flow decreased the vacuum sufficiently, the port closure plate rotated out of the

way. At this point, the first run step for the final acceptance test was underway.

Conclusions

Previous Rocketdyne work in heated tube flow experiments (liquid side heat
transfer characterizations) with hydrazine indicates a desirability to limit
injector manifold temperatures to a 500 F ceiling. Results of this test indi-
cate that some momentary decomposition activity did occur in the manifold.
While this does not mean that higher temperatures cannot be satisfactorily
accomodated, it would be recommended that a systematic study be conducted (pre-
ferably using only the injector-manifold assembly) to investigate the higher

temperature ranges.
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DUTY CYCLE INSENSITIVITY TESTS

The objective of this experiment was to demonstrate the ability of the gas gen-
‘erator to respond to rapid changes in operational level, without incurring in-
stabilities or other anomalous behavior. Since the mission duty cYcle tests
employed two step changes per cycle, going from the 10 percent level to the 100
percent power level, such perturbations had already been demonstrated many times
without encountering any problems. A somewhat different procedure was used for
these tests. The power level was varied continuously over the entire power

level spectrum from zero to 100 percent.

Experimental Setup

The test installation used during this demonstration is shown in Fig. 29. For
the subject tests, the hot water bath was preheated to approximately 120 F (in
order to reduce the time to attain 170 to 180 F temperatures desired for sub-
sequent heated propellant tests).

.
The throttle valve setting variations were obtained by rapidly twisting a

potentiometer knob, which permitted traversing the full range of valve positions.

Data and Results

The duty cycle insensitivity tests are entered in Table 6 as Run No. 64. The
additional system pressure drop associated with the approximate 230 feet of
immersed tubing in the water bath (see Fig. 29) limited the maximum chamber
pressure to approximately 260 psia. Approximately 40 perturbations were per-
formed, including full sweeps commanding 0 to 100 percent throttle valve posi-
tions, and intermediate sweeps of 25 to 30 percent of full range at various
levels. These operations were entirely smooth in nature, and demonstrated that
the gas generator was always at essentially the steady state operating condition
corresponding to the throttle valve setting. It should be noted that the manual

variations of the potentiometer setting were accomplished in 1 second or less.
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Conclusions

Within the limitations of instrument response, the gas generation was able to
perform smoothly over the entire spectrum of power level changes. Because the
power level changes were ''sweeps' rather than step changes, as in the MDC tests,
complete confidence in this gas generator has been established for all interme-

diate power level changes.

START SEQUENCE VARIFICATION

The procedure for initiating gas generator operations was basically the same
throughout all Phase I and Phase II tests. However, during the Phase I tests,
heated GN2 flowrates were not measured, since the system was simply run at maxi-
mum capacity. The purpose of the start verification demonstration was to com-

pletely define the typical gas generator heatup sequence details.

Experimental Setup

The test stand installation shown in Fig. 26 was ‘typical for these tests. A com-
mercial 12 kw heater was used to heat GN2 to approximately 1250 F. The heated
GN2 line consisted of 1/2 by 0.042-inch wall stainless-steel tubing. A 0.170-inch

diameter ASME sharp-edge orifice was used to measure flowrates.

Test Procedure

Run No. 66 (Table 6) was selected as representative of a typical start procedure.
For this run it may be noted that ambient temperature hydrazine (with an approx-
imate 2.8 percent water content) was employed and the tank was pressurized to

the normal 780-psig level.

Heated GN2 flow was maintained for 30 minutes at an average flowrate of 0.012
1b/sec, with a 130-psig pressure at the gas generator inlet fitting. The hot

GN2 supply temperature was manually regulated to 1200 +50 F.
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After 30 minutes of heating, the temperature distribution in the gas generator

is as shown in the table below:

Bed Temperatures, F Temperature, F

Upstream{ Downstream| Chamber Gas Wall
Time Condition TB u/s TB D/S Tc TW-1 TW-2 TW-3
0 Start GN2 Flow 67 67 67 67 67 67
30 min{ Stop GN2 Flow 712 937 844 742 776 835
30 min| Start Propellant Flow 660 878 486 784 776 831
34 min| Valve Command € 10% 578 1362 1284 1009 1194 1263

During the time required to shutdown the GN, system and to cap the gas generator

inlet fitting, the temperatures decayed somzwhat to the values shown at the
"start propellant flow" time. Propellant flow was initiated with approximate
1.8-percent valve opening, which was maintained for 80 seconds. During the
course of the next 110 seconds, the throttle valve was stepped to the 2.5-percent
open, 4.0-percent open, and finally to the 77-percent open position. At this
time, the gas generator was considered to be started, and continued to run at

this flow step until steady state conditions were reached.

Coniclusions

With the system employed, the typical time for preheating the gas generator was
in the order of 30 minutes. However, no attempt was made to further minimize
flowrate,

this time. Obviously if a more elevated GN, temperature, a higher GN

2 2
or both would be provided, the startup cycl¢ time could be reduced considerably.
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PHASE III PROGRAM

INTRODUCTION

The previously completed Phase I and II programs investigated the efficiency and
stability of the Rocketdyne SS APU candidate gas generator over a wide range of
conditions. These studies were all based upon the type of operations and condi-
tions for which the gas generator was originally designed. The nominal design

operating conditions (full power) for the gas generator are:

Chamber pressure, psia 560 p
Exhaust Gas Temperaturé, F 1650
Flowrate, 1lb/sec 0.37 1b/sec

A proportional flow (throttle valve) control system was used to vary the gas

generator operating power level.

This Phase of the program investigated the applicability of the Rocketdyne gas
generator to the operating conditions of the present Space Shuttle system. For
this program, the gas generator chamber pressure was increased to 1000 psia, and

a pulse rate modulated control system type of operating was adopted.
The objectives of the program were:

1. To obtain experimental data for the gas generator under pulse mode

operating conditions.

2. To determine from this data the efficiency of the gas generator under
such operating conditions, i.e., to ascertain the pulse degradation

factor for each type of duty cycle.

3. To obtain corresponding operating/efficiency data for the gas generator
operating in the pressure modulated (throttled) mode of steady state

operation.

R-9690
73




4. To compare the relative efficiencies of pulse mode operations

with the pressure modulated regime.

5. To further investigate the ability to shutdown the gas generator
(without performing system purging) and to safely restart after
allowing time for heat soakback to elevate the injector and propellant

manifold temperatures.
EXPERIMENTAL PROGRAM

The experimental program was conducted at the Thermodynamics Laboratory test
facilities of the B-1 Division. Initial tests were performed with the S/N 1 gas
generator. However, in the course of the firings some pinhole leaks developed

in braze-joints sealing the injector standoff tubes to the injector body. At

this point, the S/N 2 gas generator was installed, and used throughout the remain-

der of the program.
TEST SETUP

The major features of the test installation are shown in Figure 32, Two propel-
lant supply systems were provided for the gas generator. For normal operations
in the throttle mode, which usually had long durations, the main hydrazine tank
was used. This tank had a capacity of 98 gallons. For such operations, both the .
isolation and the main valve were opened, and the gas generator was operated from

a very low idle level (<15 psia) to full power at the maximum flowrate by

remotely controlling the throttle valve pintle position. In this system the

flowrate was measured with a turbine flowmeter.

A second propellant supply system was provided for the pulse mode test operations.
The tank storage capacity was approximately two gallons. This capacity was
sufficient to allow 13 of the longest duration pulses with a single filling, and

hundreds of pulses for most of the other, shorter, durations.

The auxiliary fuel tank was filled from the main tank. The fuel transfer took

place by first opening the auxiliary tank vent, and then opening the isolation
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valve, while keeping the downstream main valve closed. For use, the isolation
valve was closed, the auxiliary tank vent was closed, and the valve in the line

joining the ullage spaces of the two tanks was opened.

The auxiliary tank was suspended from a load cell to allow the measurement of the
propellant consumed during a given set of pulses. In order to accommodate this
weighing system, flexible metal tubing was used between the tank and the rigid
line systems. The load cell itself was attached to its support channel beam and
to the auxiliary tank by means of flexures in order to minimize potential load
measurement errors. - These flexures consisted of 1/16 diameter sections of drill
rod, approximately two inches long, brazed into drilled bolt heads. Details of

this tank installation can be seen in Figures 33 and 34.

Gas Generator Preheat System

The thermal bed heater reactor system shown in Figure 32 was used during the
first eight tests. In use, it was designed to operate at full tank pressure,

‘with fuel flow controlled by means of a solenoid valve.

The heater reactor itself is shown in Figure 35. This was a ball packed thermal
bed hydrazine gas generator, which was electrically preheated to reach hydrazine

decomposition initiation temperatures.

The thermal bed consisted of 1/16-diameter, type 400C stainless-steel balls in

a 0.5-inch ID chamber approximately 4 inches long. The injector consisted of

two 2.5-inch-long hypodermic tubes (0.042-by 0.012-inch wall) welded to the
injector face of the chamber and to an orifice fitting. 1In order to provide

some mechanical strength, while maintaining a high degree of thermal isolation
between the gas generator and fuel supply line, a section of 0.25- by 0.042-inch
wall stainless steel tubing was perforated with drilled holes and welded to these

components (see Figure 35).
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The hot gas outlet line was a section of 0.25-inch OD by 0.065-inch wall,

type 321 stainless-steel tubing. The heater reactor nozzle throat was sized to
provide a chamber pressure of 1000 psia. This 0.052-inch-diameter throat was
incorporated into the connector fitting used to couple the heater reactor assembly

to the hot gas inlet part of the main gas generator.

The above described pilot gas generator preheat system encountered a number of
problems during the course of the initial tests. Once it was recognized that a
significant problem did exist, the decision was made to switch back to a hot GN2

preheat system, as used in all of the previous testing at the Propulsion Research

Area test site at Rocketdyne.

The GN2 electrical heaters employed can be seen in Figure 33. They consisted

of a 10-foot length of coiled, 3/4-inch OD stainless-steel tubing enclosed in

an asbestés board box. Low voltage current, at high amperage level, was conducted
through the tubing to maintain it at a high temperature level. A number of these
units were paralleled, to result in a capability of absorbing 50 kw of electrical
power. The actual power level attained was regulated by adjusting the output
voltage of a variable transformer. The power level used during the gas generator
preheat was estimated to be approximately 25 kw. The GN2 flowrate was adjusted

to result in a 1200 F output temperature.

Gas Generator Test Configuration

The gas generators used were developed and tested during the preceding phases of
this program. The only modifications performed were to remove the original

outlet tube throat section and to replace it with a revised section. This new
section provided a capability for flush mounting a Photocon transducer, to permit
high response rate chamber pressure measurements. In addition, the new throat
diameter was reduced from a nominal 0.333 inch diamefer to a 0.243 inch diameter
in order to increase the operating chamber pressure to 1000 psia, while maintain-

ing the design 0.365 1b/sec flowrate. Figure 36 shows the design details of the
modified throat section.
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The gas generator assembly was completed by welding a 3/4 by 0.065 wall
stainless-steel tube to the end of the gas generator outlet fitting. This tube
was approximately 1-foot long. The exhaust gas outlet tube ducted the gas genera-
tor decomposition products into a continuously evacuated 30-inch diameter pipe.
The exhaust gas outlet tube penetrated a flange cover through a close fitting
hole, to allow free thermal elongation of the outlet tube without permitting sig-
nificant inflows of air into the exhausting system. This outlet tube and other

installation details can be seen in Figure 37.

The most straightforward method of using a heated GN2 thermal bed preheating
system was to physically disconnect the GN2 line at the gas generator hot gas
inlet port, and then capping the inlet port, at the completion of the preheating
cycle. This was desirable in order not to increase the gas generator connected
void space which would have to be pressurized by the gas generator decomposition
products. Obviously, such accumulator effects would significantly affect the

response characteristics of the gas generator to step changes.

To minimize all possible personnel hazards, the gas generator was enclosed within
a length of heavy-walled steel pipe. This pipe was welded to the top of a steel
table, effectively enclosing the bottom end of the gas generator. The upper end
of the steel pipe of course had to be open, but the gas generator support struc-

ture tended to block much of the area.

Heat losses from the gas generator were minimized by use of an insulation blanket
fabricated from '"MIN-K, HT 1301'" material.

Valves and Controls

The valving systems and pressure regulating systems employed are shown in the
Figure 32 schematic diagram. The direct control of the gas generator operating
conditions was effected by means of the throttle valve and main valve shown in
Figure 32. These valves are visible in Figure 37, with the throttle valve being

the uppermost valve and the main valve being the closest to the gas generator.
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The throttle valve pintle position could be remotely controlled over the range
of approximately 1 percent open to 100 percent open. Varying the level of the
signal voltage to the controi system resulted in corresponding variations in the
valve position. A pintle position meter indicated the percentage of full flow

that the valve position would allow.

The throttle valve was used to control all steady state operations, with the main
valve remaining open throughout the test. However, for pulsing tests the throttle
valve was commanded into its full open position and the main valve was pulsed.
The reasons for using the main valve (in addition to the throttle valve) were
that the throttle valve was not guaranteed to be a tight shutoff valve and was

not as adaptable for the incorporation of a water cooled jacket.

To minimize system volumes in general and propellant holdup volume between the
valve and injector in particular, the main valve was located as close to the gas
generator as possible. The distance between the main valve and the injector
manifold was approximately 2.5 inches. In order to prevent the valve from attain-
ing temperatures which might be high enough to damage its components, aluminum
plates incorporating milled passages for water coolant flow were bolted to both
sides of the valve body. This water cooling was required particularly during the
gas generator preheat cycle since during this time temperatures in the order of
1000 F were maintained at the injector for durations of 30 to 40 minutes. During
this operation no propellant was flowing through the valve to take away heat,

and activating the GN2 purge through the valve body would have dumped cold GN2

gas into the gas generator.

The pulsing rate of the main valve was controlled by means of two solid state
digital timers. One timer was set for the time representing the cycle period.
As it started its period it would also start a second timer which was set for the
“valve "ON" time. This "ON" time controller supplied the 24 volt D.C. electrical

signal to the valve.

A "Vacco" 1/2-inch solenoid valve, with a nominal 10-mjilisecond openinrg and

closing time, was used as the main valve.
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Exhaust Evacuation System

Since tests in the Thermodynamics Laboratory facilities at the B-1 Division are
conducted in essentially closed bays, all exhaust gases are contained and
exhausted through a 30-inch piping system. The exhaust ducting is continuously
evacuated by means of a 25 1b/sec air-driven ejector system or by a high-capacity
vacuum pump system. This also enables the simulation of altitude conditions, if
required. To case operation at this facility all firings were conducted with

an exhaust duct pressure of 1 psia (60,000 feet altitude).

Instrumentation

A list of the parameters monitored during the tests, the transducer types and
ranges, and the recording system employed are shown in Table 7. Figure 38 shows
the locations and the nomenclature for the measurements pertaining directly to

the gas generator.
Transducers

Pressure measurements were in most cases made with Transducers Inc., pressure
transducers. These transducers were not close coupled to the measurement loca-
tion because of the necessity to isolate them from the high local temperatures
associated with the gas generator. In addition, the use of a protective shield
around the gas generator resulted in some further increase in the lengths of

the connecting tubing. These pressure lines (1/8 OD by 0.032 wall thickness) had

the following approximate lengths:

Chamber Pressure, Pc1, 30 inches

Upstream Bed Pressure, P 33 inches

BUS’

Downstream Bed Pressure, 40 inches

Paps”
The high response rate pressure transducers used were Model 307-2560 water cooled
Photocons. These transducers were flush mounted to maximize the response

characteristics. The transducers themselves had a diaphragm resonant frequency
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TABLE 7.

INSTRUMENTATION
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ASTRO§ OSCILLO-] VISUAL
PARAMETER TRANSDUCERS RANGE BRUSH | DATA | GRAPH GAUGE
PL|NE TRANSDUCERS, INC. 0-2000 PSIG - X - -
TLlNE C/A THERMOCOUPLE 0-150F - - -
W FeP 1/2-4 0-0.5 LB/SEC - X - -
PINTLE
PISTON - 0-100% - - - X
E - 0-30 VOLTS - - X -
I - +2 TO -2 AMPS] - - b -
PIF TRANSDUCERS, INC. 0-1500 PStG - x X -
PIF PHOTOCON 0-2000 PSliG - - X -
IYB 0/S C/A THERMOCOUPLE 0-2000F X X X -
Tw_] C/A THERMOCOUPLE 0-2000F - X - -
Tw_2 C/A THERMOCOUPLE 0-2000F - X - -
TW_3 C/A THERMOCOUPLE 0-2000F - X - -
TB D/S C/A THERMOCOUPLEZ 0-2000F X X X -
PB D/S TRANSDUCERS, INCL 0-1000 PSIG - x - -
Pos PHOTOCON 0-2000 PSIG - - X -
Pc-l TRANSDUCERS, INC. 0-1000 PSI1G x X X -
PDELTA CEC 0-50 PS! b - - -
TC C/A THERMOCOUPLE 0-2000F X x X -
TIM—I C/A THERMOCOUPLE 0-1000F - x - -
TIM—Z C/A THERMOCOUPLE 0-1000F X X - -
PT-I TABOR 0-2000 PSIG - X - X
PT—Z TRANSDUCERS, INC. 0-2000 PSIG - x X X
TH C/A THERMOCOUPLE 0-2000F - - - X
PBU/S TRANSDUCERS, INC. 0-1000 PSIG - X - X
F BLH 0-50 LB - X - X
ASEENESSNSN—— I U W U—— —




of 46,000 Hz. Figure 36 shows the geometry of the Photocon port for the chamber

pressure measurement (Pc_z). The PI Photocon installation was made by welding

F
a 1/4 inch AN boss to the 1/2 inch propellant line joining the propellant main
valve outlet port to the gas generator injector manifold. The Photocon port
centerline was approximately two inches downstream of the main valve, and 7/8

inches upstream of the injector manifold.

All temperature measurements were made using chromel/alumel thermocouples with a
150 F reference junction. Gas temperatures were measured with either 0.040 or
0.0625 0D, stainless-steel sheathed (0.010 wall thickness), closed end, and
grounded junction thermocouples. The thermocouple wires had a 0.005-inch

diameter.

Surface temperature measurement thermocouples similarily used 5-mil CR/AL wire
and had their junction spot welded directly to the surface (in the case of the
manifold temperature Tm_1 and Tm—z) or held against the surface in the case of
the gas generator exterior wall temperatures (Tw—l’ w-3)' These wall

temperature thermocouple junctions were clamped against the wall, with a layer of

Tw—2’ and T

high-temperature insulation between the clamping agent and the thermocouple. Spot
welding of the thermocouples to the Haynes 188 alloy gas generator walls is
proscribed because of the local changes in the alloy that could result. This
could compromise the high strength-long service life characteristics of the gas

generator.

A Baldwin-Lima-Hamilton, 50-pound (single precision, Model U3G2) load cell was

used as the basis for the auxiliary fuel tank weighing system.

A Fischer-Porter 1/2-4 turbine flowmeter was used to monitor flowrates when the

main fuel tank was supplying the hydrazine.

The remaining measurements were electrical in nature, and consisted of the main
valve current and voltage signals and the throttle valve pintle position. The

main valve electrical signals provided a valve signature which could be inter-

preted to define the opening and closing time characteristics. The pintle

position was a meter which allowed visual indication of the relative flowrate
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which the degree of valve opening would allow. This pintle position was not

recorded on any of the data acquisition systems.

Recording Systems

As shown in Table 7, three data recording systems were used. The primary data.
acquisition system was the digital "Astrodata' system. This system recorded all
data other than the extremely high response rate data. A complete data survey
sweep was performed at intervals of 4 milliseconds. Data printouts obtained
consisted of a complete data dump (i.e., all data at 4-millisecond time intervals)

and an arithmetic average of these data readings for 0.113-second intervals.

A Minneapolis-Honeywell "Visicorder" oscillograph was the primary recording
method for high frequency response measurements. Paper speeds of approximately

100 in/sec were used to secure data for detailed time response analyses.

The Brush recorder was used for those parameters of special interest in monitor-
ing the gas generator startup procedure and for adjusting pressure operating
level. These records constituted ''quick look" data and normally were not used
for the determination of accurate values of the parameters measured. A paper

speed of one millimeter per second was normally used.

Due to the extreme time durations of many of the tests, the intervals of opera-
tion which were not of real value for data purposes, only the Brush recording
furnished a full and continuous recording of the runs. The Astrodata and oscillo-

graph recorders were activated intermittently to sample appropriate data.

Calibration Procedures

All calibrations were performed using secondary or tertiary standards traceable
to the U.S. Bureau of Standards. Pressure transducer calibrations were per-
formed using an appropriate Heise gauge.  The flowmeter was calibrated using
water and a "catch and weigh' system. ' The tank weighing load cell was calibrated

in place, pressurized to normal run pressure levels, by applying weights to a
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pan attached to the bottom of the tank. The calibrating weights were of the

"Class C'" type with a weight tolerance accuracy of +0.01 percent.
TEST PROCEDURES

As previously indicated, all tests were conducted with a continuously evacuated

duct system used to remove the exhaust products.

The operation of the duct vacuum was initiated prior to the start of any other
test procedures. An internal water spray system, inside of the 30-inch duct,
was aimed at the general wall area upon which the gas generator exhaust gases
impinged. This water spray system was activated intermittently to cool the duct

walls.

Gas Generator Preheat Operations

The initial series of tests employed the heater reactor assembly shown in

Figure 35. With this test configuration, the pilot gas generator was first pre-
heated to a nominal 1400 F temperature. Three 200-watt tubular electrical heaters,
with their current supply regulated by means. of a variable output voltage trans-
former, were used for this purpose. Normally, the voltage was regulated to

80 percent of full voltage to increase the life expectancy of the heating

elements.

When the heater reactor reached the appropriate temperature level, the electrical
heating was stopped, the main propellant tank was pressurized to the level
required by the main gas generator, and the valve in the heater reactor propellant
supply line was opened. The pilot gas generator operation was permitted to con-
tinue until the upper bed temperature reading (TBUS) reached the 1400 F. At this
point, the hydrazine supply valve for the heater was closed, and the propellant
main valve was given short pulses (with the throttle valve in the approximate

one percent flow position). If gas generator bed temperatures showed an increase
response, the main valve was then opened permanently. When bed temperatures
reached approximate stabilization, the pintle valve was opened to the desired

setting for the test operation.
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During most of the tests, no attempt was made to minimize the heatup time cycle.
However, the fuel consumed during the approximately 24 minute duration heatup
cycle of Run. No. 7 was computed. This heatup cycle consumed approximately

7.6 pounds of hydrazine.

After the first heater reactor failure was encountered, the startup procedure

was revised. Subsequent heater reactor operations were initiated with a supply
tank pressure in the order of 100 psig, and the tank pressure was slowly increased
to a maximum of 800 psig. The main gas generator chamber pressure and bed tempera-
ture parameters were continuously monitored, and the behavior of these parameters
was used as a guide as to the suitability of increasing the heater reactor supply

pressure.

A second failure of the pilot gas generator was encountered and at this point a
heated GN2 preheat system was adopted in order to eliminate further putential

program delays.

The heated GN2 system used 120-psig nitrogen supply pressure. The voltage to

the electrically heated stainless steel tubes was slowly adjusted to the level
required to maintain the gas temperature at about 1200 F. When the gas generator
appeared to stabilize, in the general vicinity of 1100 F, hydrazine flows were .
initiated in exactly the same manner as described for the heater reactor startup
discussed above. The hot GN2 preheating required time intervals in the order of

30 to 40 minutes, but here again the heatup time was not minimized.

Pressure Modulated Tests

The pressure modulated test series was performed with the auxiliary tank hydra-
zine system (see Figure 34) disconnected from the main propellant supply system.
This was done to ensure proper flow measurements. The pintle valve was progres-
sively opened, using approximate 10, 30, 50, 75, and 100 percent flow settings.
Each condition was maintained for three minutes, to ensure maximum data stabili-
zation, with full data recordings made near the end of each period. Date

stabilization did not actually require 3 minutes, but such a procedure was
conservative.
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Pulse Mode Tests

The pulse'mode tests utilized both of the propellant supply systems. The first
operations involved transfer of hydrazine from the main tank to fhe auxiliary
tank. The load cell millivolt output reading was monitored to determine when

the auxiliary tank was filled to the desired level. To transfer fuel, the
auxiliary tank pressurization valve was closed, the auxiliary tank vent valve

was opened, and the isolation valve (Figure 32) was opened. At the completion of
the transfer, the auxiliary tank vent valve was closed, and its pressurization

valve was opened.

At this point, with the throttle valve in its full open position, the main valve
was opened for a full power firing of 10 to 30 seconds duration. Fuel for this
operation was supplied from the main fuel tank. This 100-percent firing served
as a claibration to indicate possible gradual changes in instrumentation and to
secure- gas generator bed temperatures that would be essentially the same for

every group of pulse tests.

When the 100-percent firing interval was completed, the isolation and main valves
were closed. This terminated the firing and ensured that the auxiliary tank
would furnish the fuel during the pulsing portion of the run. Just prior to the
initiation of the pulsing operations, an Astrodata recording was taken of this
pre-run zero condition. The primary data of interest here was the initial

(loaded) auxiliary tank weight.

The pulse sequencer was activated at this time. It opened and closed the main
valve with a preset "ON'" time and pulsing frequency. Oscillograph and Astrodata
recordings were made of the initial group of cycles (in most runs approximately
10 pulses), a middle cycle group, and then a final group of cycles at the end

of the run. The total number of cycles performed was selected to exhaust the
major portion of the tanked propellant. This was usually in the range of 10 to

11 pounds of hydrazine.

At the completion of the pulsing test the main valve was closed. and the data

recording systems again were activated to secure a postrun zero. The auxiliary

-R-9690
a2



propellant tank and all lines remained pressurized, and no venting was performed
prior to the recording this zero. This data were used to determine the total
propellant consumption during the run, and by dividing the total weight change

by the number of pulse cycles, the average propellant consumption per pulse.

The same sequence of events detailed above was performed for each pulsing

sequence performed.

Restart Tests and Shutdowns

At the termination of test activities, the normal shutdown sequence followed was
to close the main valve, activate the GN2 purge of the gas generator, vent the
propellant tanks, and finally to close all system valves. GN2 purging of the
gas generator was the most rapid way of reducing bed temperatures below the
level at which rapid hydrazine decomposition would occur. Purging was stbpped
at bed temperatures in the order of 300 to 400 F. Stopping at this point mini-

mized possibility of condensing moisture out of the GN, purge, which would tend

2
to rust the service nitrided Inconel 600 screens. At this time the test bay was

cleared for entry by personnel.

The final portion of the experimental program investigated the shutdown practices
currently envisaged for the Space Shuttlie APU system, Operations were always
stopped without performing any system purging, and after allowing a sufficient
length of time for heat soakback to raise the injector manifold to the tempera-

ture level desired, the gas generator was restarted.

Initially, the gas generator was operated at the 100-percent flow level for about
150 seconds to get the bed temperatures to the maximum obtainable level. At

that point, the throttle valve setting was decreased to the 20-percent power
level, resulting in a 120-psia chamber pressure level. All restarts then were

at this reduced power level condition, in order to conform to the actual vehicle

system conditions.
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"After the main valve was reopened, it was maintained open for approximately one
second. All recordings were examined for signs of pressure spikes, and in the
absence of any significant perturbations, the manifold temperature was allowed

to increase to a higher level for the next restart experiment.
DATA AND RESULTS

Pressure Modulated Tests

The summary of the data obtained during the pressure modulated tests (Run 7) is
presented in Table 8. The S/N 1 gas generator was used in this test, with an
0.243-inch-diameter throat in the exhaust tube. This resulted in a 1000 psia

chamber pressure condition at the design 0.365 lb/sec flowrate.

The chamber pressure versus hydrazine flowrate and exhaust gas temperature versus
flowrate profiles are shown in Figure 39. These curves exhibit expected charac-
teristics and are comparable to similar data obtained in preceding phases of this
program. Agreement between these data and previously obtained data is well within

limits of experimental accuracy.

Examination of the 10-percent power condition data shows that the turbine flow-
meter exhibited significant drag at this flowrate. Consequently the computed
flowrate is too low, resulting in indicated c* efficiencies in excess of

100 percent, and shifting the associated chamber pressure data point slightly off
the Figure 39 curve. It may be noted that the flowrate was below the range for

which this flowmeter would be recommended.

Pulse Mode Tests

The data for the pulse mode tests are summarized in Table 8. These tests are
listed as Run Numbers 10-A through 10-R. These 18 runs were divided into 10 runs
performed following a furnished pulse scheduie for the high inertia macﬁine, and
8 runs following the low inertia machine schedule. The last two power levels

for the low inertia machine (20 and 10 percent) were not performed because the
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propellant main valve did not open when the sequencer was programmed for those
particular "ON'" times. The relative '""ON" times and pulse frequencies for the
various power levels are shown in Tables 9 and 10 urder the "PROGRAMMED" headings.
These power level schedules are also shown in Figures 40 and 41, with the

fractional "ON" times plotted as a function of the pulse frequency.

Tables 9 and 10 show that the power level schedules actually accomplished during
the tests deviated from the requested schedules. This resulted because a spring
loading adjustment in the ''Vacco' main valve apparently changed. Initial tests
indicated valve opening and closing times in the order of 10 milliseconds. How-
ever, the valve adjustment changed in such a manner that a long induction period
prior to start of valve opening motion resulted. Valve closing times apparently
were not affected. This induction period delay in the valve opening cycle
(approximately 67 milliseconds) is shown in the Figure 42 oscillograph traces.
The change in the valve operating characteristics was not noted ¢éuring the course
of the 3.5-hour continuous series of tests which produced all of the Table 9

and 10 data. As a result, all of the valve "ON" periods were effectively short-
‘ened by approximately 67 milliseconds, as compared to the times that were

actually programmed by the sequencer.

Figure 43 is similar to Figures 40 and 41 and may be compared to them. It shows
the actual pulse test schedules performed. It should be noted that here, and

in Tables 9 and 10, the valve "ON' time has been taken as the total time interval
from the start of valve opening to the end of the valve closing cycle (as deduced

from high response rate measurements recorded on the oscillograph).

The power level that each of the test pulse series would produce cannot be
computed without knowledge of the performance characteristics of the '"high inertia
machine'" and ''low inertia machine'". Since such information was not available, a
somewhat idealized machine power-valve fractional '"ON'" time relationship was
assumed for discussion purposes. This was done by adopting the fractional 'ON"
time for the 100 percent power level (as listed in the NASA provided schedules)
and assuming a direct proportionality between "ON" time and the power level.

This results in the curves shown as Figure 44. These proportionalities were
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TABLE 9. HIGH INERTIA MACHINE SCHEDULE TESTS

PROGRAMMED *TEST DATA AND RESULTS

POWER PULSE | PULSE | POWER |PuLSE | PULSE | PULSE NO OF

LEVEL WIDTH | FREQ LEVEL | WIDTH | FREQ EFF SPC TEST

PERCENT| SEC Hz PERCENT | SEC Hz . P LB/HP-HR. | PULS ES
10 0.200 1.0 12 0.1 | 1.0 .903 2.47 156
20 0.210 1.25 19 0.ikz | 1.25 .935 2.38 171
30 0.250 1.45 28 0.183 | 1.45 | .953 2.33 132
4 | 0.290 | 1.65 5 |0.223 | 1.65 | .967 2.31 14
50 0.340 1.7 50 0.273 1.7 974 2.29 102
60 0.400 1 61 0.333 1. .979 2.28 86
70 0.475 1. 74 0.408 | 1.7 .984 2.27 71
80 0.625 1.25 75 0.558 | 1.25 | .996 2.26 . | 53

90 1.050 0.8 84 0.983 | 0.8 | .987 2.26 33

- 100 3.100 0.3 98 3.033 | 0.3 -997 2.24 13

i

|

* CHANGES IN THE OPERATIONAL CHARACTER!ISTICS OF THE VALVE BEING PULSED REDUCED
THE EFFECTIVE PULSE WIDTH AS SHOWN. THE TEST POWER LEVEL SHOWN 1S THE RATIO
OF THE FRACTIOMAL 'ON'' TIME OF THE TEST PULSE COMPARED TO THE FRACTIONAL '‘ON'
TIME GIVEN FOR THE i00 PERCENT POWER LEVEL SCHEDULE.
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TABLE 10.

LOW INERTIA MACHINE SCHEDULE TESTS

PROGRAMMED ATEST DATA AND RESULTS
POWER PULSE PULSE POWER PULSE |- PULSE | PULSE NO OF
LEVEL WIDTH FREQ LEVEL | WIDTH FREQ EFF SPC TEST
PERCENT| SEC Hz PERCENT | SEC Hz . P LB/HP-HR | PULS ES
10 0.075 2.9 - - - - - -
20 0.075 3.8 - - - - - -
30 0.080 4.35 .123 | 0.028 4,35 | .849 2.63 1086
4o 0.100 4.75 .161 | 0.034 4.75 .903 2.47 566
50 0.100 5.0 .166 | 0.033 5.0 .900 2.48 595
60 0.120 4.9 .261 | 0.53 4.9 .933 2.39 455
70 0.125 k.65 .270 | 0.058 4,65 .932 2.39 425
80 0.150 4,35 .361 | 0.083 k.35 .950 2.35 311
90 0.200 3.95 .522 | 0.132 3.95 .969 2.30 221
100 0.250 3.5 .598 | 0.17 3.5 .974 2.29 165

* CHANGES IN THE OPERATIONAL CHARACTERISTICS OF THE VALVE BEING PULSED REDUCED

THE EFFECTIVE PULSE WIDTH AS SHOWN.

THE TEST POWER LEVEL SHOWN IS THE RATIO

OF THE FRACTIONAL ''ON'' TIME OF THE TEST PULSE COMPARED TO THE FRACT!ONAL ''ON

TIME GIVEN FOR THE 100 PERCENT POWER LEVEL.
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also used to arrive at the Tables 9 and 10 listings of "Power Level Percent"

under the '""Test Data and Results' headings.

Data Analyses and Results

Representative data from each of the various pulse cycles performed with the

S/N 2 gas generator operating at approximately 515 psia chamber pressure, and a
10 percent power level cycling test previously performed with the S/N 1 gas
generator at a 992-psia chamber pressure, were used to compute pulse cycle
efficiencies. The derivation of the equations used in the pulse efficiency
computation and a listing of the G.E. Timeshare program that was written to per-
form these computations are given in Appendix A. These analyses consider the
energy available for use by the turbine and then compute the relative power that
an ideal turbine could derive from it as compared to the energy content available

with the gas generator operating in a steady state condition.

The reference steady state gas generator output conditions used by the computer
program were obtained from the 100 percent power level high inertia pulse tests.
Well stabilized data from the last pulse in these series was averaged to obtain
these reference chamber pressure and temperature valves. The tabulated valves
presented in Table 11 were used to compute these average values. It should be
noted that each value listed in the columns is already the result of a previous

averaging of 30 data points by the Astrodata data reduction performed.

The results of these computations are listed in the pulse cycle efficiency
columns of Tables 9 and 10. These results are also incorporated in Figure 45
with the pulse efficiencies plotted as a function of valve '"ON' time. These
results follow the trends to be expected, showing decreases in the pulse

efficiency as pulse on times are reduced.

Not included in Table 11 is the single set of pulse data obtained with the S/N 1
gas generator operating at a 992-psia chamber pressure. This "high inertia
machine" schedule point had a 0.180 second "ON" time and a pulse frequency of
0.99 Hz. The computed pulse efficiency for this ﬁulse cycle was 0.930. This

point falls very closely to the curve plotted for the '"high inertia machine" in
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TABLE 11. 100 PERCENT POWER LEVEL (HIGH INERTIA MACHINE)
STABILIZED TEST DATA
AVERAGED CHAMBER AVERAGED EXHAUST
TIME SLICE PRESSURE GAS TEMPERATURE
SEC PSIA F
129.230 - 29.343 515.165 1601.65
29.347 - 29.460 515.782 1600.93
1 29.464 - 29.577 515.970 1600.00
29.581 - 29.714 515.458 1599.239
29.718 - 29.831 515.316 1599.32
29.835 - 29.947 514.947 1599.50
29.952 - 30.065 514,442 1599.52
30.069 - 30.201 514.337 1599.60
30,206 - 30.318 514,262 1599.68
30.323 -~ 30.435 513.991 1599.50
30.440 - 30.552 514.488 1599.73
30.557 -~ 30.689 S14.442 1599.62
30.693 - 30.806 514.586 1599.70
30.811 - 30.923 514.028 1599.73
30.927 - 31.040 513.796 1599.86
31.044 - 31.157 513.939 1599.68
31.161 - 31.294 513.999 1599.99
31.298 - 31.411 514.450 1600.22
31.415 - 31.528 514.209 1600.12
31.532 - 31.645 514.254 1600.03
31.649 - 31.782 514,074 1600. 24
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Figure 43. This result is of great interest since it demonstrates the
applicability of the results obtained with the S/N 2 gas generator at 515 psia

to the 1000 psia operating conditions initially planned for this program.

Gas Generator Response Characteristics

The high response rate instrumentation, recorded on the oscillograph, Figure 42,
permit measurement of the response characteristics of the gas generator in the
test configuration. The results of analysis of a typical start transient during

the pulse tests is given below:

Injection Pressure Buildup Start Rise 0

(Photocon PIF) 90% Rise 15 milliseconds
100% Rise 17 milliseconds

Chamber Pressure Buildup Start Rise 10 milliseconds

(Photocon PC) 90% Rise 30 milliseconds

100% Rise 36 milliseconds

Chamber Pressure Buildup

(Bonded Strain Gage 90% Rise 43 milliseconds
Transducer)
Valve Opening Time ‘ 11.5 milliseconds

The reference zero time for all tabulated items above was the start of rise for
the P1F measurement. Necessarily, with the start of opening of the fuel valve,
the gases in the propellant line between the valve and the injector manifold
would start to be compressed. It should also be noted that the valve opening
time is a very significant portion of the time required for the injection pres-

sure (PlF) to attain its 90 percent level.

The chamber pressure buildup to the 90-percent level required an additional
15 milliseconds after the injection pressure had reached that l'evel. This time
lag is a result of the sizeable void volume which must be pressurized, and the

time required to reattain temperature equilibrium. During such times when more
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heat is being abstracted from the chamber gases than normally is required to

satisfy heat losses, the chamber pressure will be lower due to this cooling.

" The chamber void volume was derived by measuring the amount of fluid required to

fill the assembly. This indicated volume is 52.5 cu in. The additional volumes
associated with pressure transducer lines and the fuel line between the main

valve and the gas generator increase the total void volume to 53.1 cu in,

Heater-Reactor Performance

The pilot thermal bed hydrazine gas generator shown in Fig. 35 was used for tests
No. 1 through 8. Preheat times for the main gas generator in the order of
24 minutes were noted,. but a higher temperature level was attained than with the

heated GN2 system. No attempt was made to minimize the preheat period.

The first heater reactor assembly was used successfully during tests No. 1 and 2,
and then failed during the third test. This chamber explosion occurred immedi-

ately after hydrazine flow to the chamber was initiated. A photograph of the gas

-generator after this explosion is presented as Fig. 46. It should be noted that

no other significant damage to the test installation components resulted because

of this failure.

The pilot gas generator was repaired by replacing the body section, and repacking
with fresh 1/16-inch-diameter, stainless-steel balls. A chamber pressure measure-
ment for this pilot gas generator was added to the instrumentation complement in
order to shed some light on the problem area encountered. However, the transducer
experienced a pressure excursion during Run No. 5, resulting in a diaphragm fail-

ure and hot gas leakage out of the transducer housing.

Additionally, after encounter of the initial pilot gas generator system failure,
the startup technique was modified. Instead of instituting an abrupt propellant

full flow start, the fuel tank pressure was reduced from 1200 to 100 psig.

For Run No. 6, the pressure tiransducer was disconnected and the pressure pickup

line was capped. This run was aborted by another failure; this time a rupture
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Figure 46.

Pilot Heater Gas Generator After Explosion
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occurred in the 1/4-inch 0D tube ducting the hot gases out of the generator.
This tubing was replaced by a heavier walled tube (0.065-inch wall instead of
0.042). Subsequently, the heatup cycle for Run No. 7 was performed without

incidence.

The final heater reactor failure occurred during the course of Run No. 8. This
failure resulted in reverting to the hot GN2 heatup technique used in previous
phases of the program. In this instance, a failure of the heater gas:generator
body occurred, resembling the initial chamber failure (Fig. 46) very closely.

The piloﬁ gas generator had been operating for several minutes, and the propel-
lant tank pressure had been gradually elevated from 90 to 650 psig (800 psig
would have been the maximum use level), when the explosion occurred. These fail-
ures were interpreted to be the result of pressure spiking encountered at certain
chamber pressure levels. Since it was impractical to embark upon a development
effort to eliminate these problems, further use of the heater reactor was

abandoned.

Restart Tests

A series of 11 hot restart tests was performed. Each time the gas generator
operation was shutdown, heat scakback was allowed to elevate the ir“actor mani-
fold temperature to the point desired for that particular restart :itempt. At

no time were any system purges performed.

MAN-2
propellant manifold for this series of tests were as follows: 115, 115, 167,

298, 335, 389, 469, 495, 508, 548, and 565 F.

The successive temperature levels (T in Fig. 38) which existed at the

The gas generator was always restarted at the 20-percent flowrate, and the flow
was maintained for about 1 second prior to shutdown. Longer operating dura-
tions would cool down the propellant manifold excessively (insofar as progres-
sively higher temperatures were “equired for the investigation) and also would

not be representative of pulse mode type operations.
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Prior to the last restart test, no significant spiking was discernible inr either
the Photocon pressure measurements or in any of the temperature measurcments.
During the last test, a small overshoot in the manifold temperature cccurred,
immediately following the initiation of fuel flow. This temperature incisase

was from 565 to 591 F., Shutdown occurred after approximately 800 milliseconds.

At that time, the indicated manifold temperature was 513 F. This shutdown resulted
in a manifold explosion. The results of this explosion were to stretch the
threaded sections of the two 10-32 NF bolts used to fasten the propellant inlet
line fixture to the manifold (see Fig. 38), and thus relieve the excess pressure

condition. No damage was incurred by the gas generator or the facility.

R-9690
112



DISCUSSION OF RESULTS

GAS GENERATOR OPERATIONAL MODE EFFICIENCIES

The primary objective of the Phase III program was to evaluate the efficiency of
the gas generator under steady state and pulsing modes. These basic results are

embodied in Tables 10 and 11 and in Fig. 45.

In order to compare the relative efficiencies of the two modes of operation,
further calculations were performed. These calculations were based on the
standard thermodynamic relationships relating enthalpy changes to output power
for ideal turbomachinery. Accordingly, specific fuel consumption (SPC) was

computed using the formula below:

6
} 1.98 x 10 _
SPC = T /Y] (b, /HP-HR)

(778) (€ (1) [1-2y/2))

The specific fuel consumption computed using this relationship were increased,
by dividing by the pulse efficiency @1p) previously determined, for each type
of pulse mode operation. In the case of the steady state runs (pressure modu-

lated operation) no such adjustment was required.

As may be seen in Fig. 47, the pulse mode operations reflect a higher operational
efficiency at most power levels. At the 100-percent power level, of course, the
pressure modulated type of operation has a slight margin of better performance.
It should be re-emphasized at this point, that the power level percentages shown
as the Fig. 47 abscissa refer back to the Fig. 44 relationship which assumes an
ideal turbine. The specific fuel consumption for an actual machine would have to

be increased by its nonideality factor for each range of power level operation.

The relationship beatween the specific fuel consumption for the pulse modulated
operations and pressure modulated operating modes are shown in Fig. 48, in which
all points above the line of equal performance represent lower SPC for pulse

modulated units.
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SPC as a Function of Power Control-Pulse vs
Throttling and Machine Inertia
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Pressure vs Pulse Modulated Relationship at

Varying Power Levels

Figure 48
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The penalty for operating the gas generator in the pressure-modulated mode, as
compared to the two pulse-modulated schedules experimentally evaluated, is pre-
sented in Fig. 49. The power level variable is again based on the supposition of
an "ideal" turbine. This, of course, has no effect on the relative efficiencies
of the two operating modes evaluated, since the same assumption holds in all

cases.

The explanation for these relative differences in operating efficiencies is, of
course, the energy degradation associated with operating at lower pressures and
temperatures. Pulse mode operations essentially are at full chamber pressure,
except for a relatively short period of time when pressure buildup is occufring

at the start, and tailoff pressures when the fuel‘vélve is closed. It should

also be noted that the high thermal inertia of the gas generator tends to main-
tain the exhaust gas temperature within a rather narrow band. For example, data
from the 10-percent power level, high inertia machine schedule, shows a difference

of 1.5 percent between minimum and maximum temperature readings.

In the pressure modulated opeations, fuel flow is throttled and thus result in

lower chamber pressures an¢ lower associated exhaust gas temperatures,

Propellant Consumption Comparisons

The tank weighing system allowed the measurement of the total propellant consumed
during the performance of each individual pulse mode test. The average fuel
consumption per pulse was then computed by dividing the change in tank weight
(plus the weight of the compressed nitrogen pressurization gas replacing the

expelled NZH volume) by the total number of pulses performed.

4
The Appendix A computer program calculates the specific energy per pulse rather
than propellant weight, so no direct comparison of the measured versus the cal-

culated quantities was possible.

To compare the computer program weight results with the measured values, it was
necessary to time integrate the pressure history of a pulse, and derive an aver-

age chamber pressure. The c* relationship was then used to complute the fuel
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flowrate which is required to generate that chamber pressure. For example, for
the 60 percent high duty case, measured weight for 86 pulses was 8.551 pounds.

§§%§l- = ,0994 pounds. The time-iﬁtegrated average pressure

Weight per pulse is
P = 312.6 psia for a typical pulse. Chamber temperature varied over a range of
1561 to 1598 F during the pulse. Time integrated average temperature was approxi-
mately 1585 F which corresponds to a c* of 4265 ft/sec. Then, from the relation
T = PAg )
T*
average flowrate during the pulse is

312.6 x 0.0866 x 32.2 _
4965 , = 0.2044 1b/sec.

Pulse duration was 0.5939 second; hence, propellant weight per pulse is

0.2044 x 0.5939 = 0.1214 pounds. This represents a weight consumption 22 percent
greater than that indicated by the tank weighing system. Since very carefull and
accurate tank measurements were taken, this leads to a conclusion that there was
significant varieties in either integrated pressure, throat area, or c* over the

86 pulses to negate use of a single typical pulse.
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GAS GENERATOR RESPONSE CHARACTERISTICS

As previously noted, the chamber pressure rise to 90 pércent of the full value,
required approximately 30 milliseconds after the main valve began to open. The
time lag between the injection pressure (PlF) 90 percent point attainment and

the corresponding chamber pressure rise was determined to be 15 milliseconds.
This time lag is attributable to the void volume of the gas generator system.

A calculation, using the General Gas Law (PV=WRT), shows that approximately

22 milliseconds at the design flowrate would be required to provide the mass of
gas required to pressurize this void volume. However, since exhaust gas outflow
through the nozzle is occurring simultaneously, an even longer P. rise time might
be expected. The much shorter P, rise time noted (15 milliseconds) results from
the higher fuel flow rutes which occur with decreased chamber pressure, and

some bed temperature readjustments during the valve "OFF" period. The tendency
for bed temperature to become more uniform increases the upstream bed tempera- 4
tures to levels higher than exist at the steady state 100 percent power condition.
Consequently, the initial pressure buildup rate is accelerated by virtue of
absorption of some of this excess temperature, resulting in higher gas tempera-

tures and pressures than would otherwise exist.

It should be pointed out that the gas generator tested was designed and developed
for use with a pressure modulated control system. The ability to operate very
stably over a wide range of chamber pressures was an important consideration and
resulted directly in the present design. It is very possible that for a pulse
mode type of operation, where stability at a rather high chamber pressuré would

be the sole stability requirements, a smaller chamber might be satisfactory. This
would reduce the void volume proportiovnately and thereby increase the chamber pres-

sure buildup rate.

A gas generator of essentially the same bed configuration as the heater reactor
was operated at a bed loading of 0.143 lb/in.z-sec, Ref. 2. The operating chamber
pressure in this program was 8000 psia,
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This bed loading can be contrasted to the 0.068 lb/in?-sec bed loading of the
subject Space Shuttle APU gas generator. As a first approximation it would
appear that the smaller chamber diameter that would be required to increase the

bed loading to a similar value would halve the 15 millisecond P. rise time noted.
HOT RESTARTS

The results of the hot restart tesfs indicate that propellant manifold tempera-
tures in excess of 550 F are not acceptable. The statistical nature of ignition
phenomena is such that a successful start at a 548 F manifold temperature does
not guarantee that other attempts at this temperature would not encounter '

explosions.

It should be noted that the explosion which occurred with the 565 F manifold
temperature would not have happened if the firing had been continued. The mani-
fold explosion occurred because the hydrazine velocities were reduced to
essentially zero, while the manifold temperature was still high. A longer period
of operation would have decreased the manifold temperatures to a safe level. It
might be noted that portions of the fuel ignition passages in the Ref. 2 and 3
programs were in the 1100 F temperature range, without causing any apparent

problems.

Perhaps the most direct solution to the hot manifold problem would be to monitor
the manifold temperature and to maintain propellant flowrate until this tempera-

ture decreased to some acceptable level.
THERMAL BED PREHEATING

The ball packed thermal bed pilot gas generator used during part of this program
had a previous history of satisfactory operation undér somewhat different operat-
ing conditions. The Ref. 3 program demonstrated the gas generator operation over
a range of chamber pressures of 50 psia to 600 psia. In the Ref. 2 program,
chamber pressure conditions in the range of 6,000 psia to 9,000 psia were

investigated.
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The failures encountered during this program occurred at chamber pressures
intermediate between these previously tested ranges. The spiking phenomena
encountered would appear to indicate the formation of a relatively low temperature
bed zone near the injector, at these particular flowrates, with the possibility of
some accumulation of undecomposed hydrazine vapors. The 1/16 inch diameter balls
packed in a 1/2 inch I.D. chamber, result in sizeable interstitial void volumes.
This would suggest that the use of much smaller balls in the initial portion of
the gas generator bed, or the substitution of a fine mesh screen pack for that

region would be desirable.

The use of a pilot gas generator for the startup of a larger gas generator was
demonstrated in the Ref. 4 program. In this case a catalytic gas generator was
used for the pilot stage for the sake of convenience. The pilot gas generator
exhaust gases were injected radially into the 1.92 inch I.D. gas generator at four
equally spaced ports. The plane of injection was as close to the injector face

as was possible.

The time between initiation of the pilot gas generator flow and the point where
' the main gas generator operation was completely self-sustained was reduced to a
total of 18 seconds. Operations with shorter heatup times were not attempted,

so the minimum startup time probably would be somewhat shorter.

In principle, this startup technique attempted to create a shnort bed zone near the
injector that was preheated to the temperature condition thiat would exist under
steady state operating conditions for the'N2H4 flowrate which would be used on
start. In addition, of course, the four hot gas injection ports would act as
igniters during the period of time that both gas generators were operating

simultaneously,

The Space Shuttle APU gas generator was not designed to be compatible with this
injection technique. A single 3/16 inch diameter tube, whichlled the hot gases
through the injector body, was used. This resulted in the necessity for the entire

injector to become heated to rather high temperatures before effective heating of
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the thermal bed could start. In addition, the single port entry of the hot gases
resulted in rather slow diffusion of the heat in the radial directions. These

factors result in a longer heatup time than for the Ref. 4 system.

It is not believed that the startup time with pilot gas generator preheat system
in the configuration employed during the present program could be reduced
appreciably below ten minutes. This is in contrast with the demonstrated

18 second startup in the somewhat smaller gas generator used for the Ref. 4 tests.

The use of the pilot gas generator preheat system resulted in a deterioration of
the S/N 1 gas generator. The heater-reactor output gas temperatures were in the
order of 1600 F. These temperatures were sufficiently high to result in localized
temperatures, in the vicinity of the hot gas injector port, that reduced the
strength of the '"Ni-Oro'" braze joints between the injector body and the propellant
feed tubes.

Test No. 9, with the S/N 1 gas generator, was aborted when it was noted that at
high chamber pressures a small amount of propellant leakage was apparent at the
injector. This was the result of the braze porosities that had developed. Fur-

ther testing was conducted with the S/N 2 gas generator.
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CONCLUSIONS

As noted above, the S/N 1 gas generator is still functional, but seepages now
occur at a number of tube braze joints. Prior to its use in the present program
phase, this gas generator had accumulated 2.48 hours of use, with the last opera-

tion on 10/22/73. The present total accumulated time of operation is 3.78 hours.

The S/N 2 gas generator was used to complete the Phase III program. Its accumu-
lated operating time was 18.3 hours, and its last use was on 6/12/73. The gas
generator was stored without any special effort to maintain control of humidity
or other environmental factors. Its next use, in the present program, was on
11/23/74.

The total accumulated operating time for the S/N 2 gas generator is now 21.9 hours.
This includes 4790 "'ON-OFF" pulses of varying durations accumulated during the
pulse mode tests, The gas generator performance does not show any change relative
to its last use in preceding phases of the gas generator demonstration program.

In addition, there is no indication of any deterioration which would preclude the

probability of meeting a 1000 hour life requirement.

R-9690
123/124




REFERENCES

Pressurization Systems Design Guide, Volume III, '"Pressurant Gas Solubility

in Liquid Propellants,' prepared for NASA Contract NAS7-548, McDonnell Doug-
las Report No. DAC-60510-F1, July 1968.

NASA Letter, "Review of Rocketdyne Test Plan for Performance Evaluation of
the Hydrazine Gas Generator, Contract NAS9-13003, Modification 5S," dated
16 May 1974.

Speeds, J. and L. Kusak, '"Feasibility of High-Pressure Hydrazine Gas Genera-
tor," AFRPL-TR-74-69, November 1974,

Kusak, L., "Preliminary Evaluations of Pilot Hydrazine Gas Generators for
the Space Shuttle APU Application," Internal Memorandum No. C&P 73-1,
8 January 1573.

Kusak, L., "Preliminary Evaluation of Rapid Start System for the Space
Shuttle APU Gas Generator,'" Internal Memorandum No. C&P 73-22, 22 August
1973.

R-9690
125/126



APPENDIX A

PERFORMANCE DEGRADATION OF A MONOPROPELLANT GAS GENERATOR
IN A PULSE RATE MODULATED MODE OF OPERATION

INTRODUCTION

An APU gas generator system necessarily incorporates a speed control valve to
regulate hydrazine flow in order to match turbine power against the varying APU
load. Liquid hydrazine flow to the gas generator is either modulated or pulsed
to achieve the required regulation. Continuous flow modulation (throttled opera-
tion) results in a performance degradation at reduced APU power due to the reduc-
tion in both turbine inlet pressure and inlet temperature. These contribute to
an increase in specific propellant consumption (SPC) because of the reduced head

of the fluid being furnished to the turbine.

Pulse modulation of hydrazine flow does not suffer from this type of performance
degradation, since, under ideal pulse conditions, flow through the turbine only
exists at maximum head (maximum inlet temperature and pressure) conditions. The
problem arises from the fact that ideal pulse conditions do not exist. The
turbine inlet pressure rise and tail off is affected by the chamber capacitance,
valve travel time, and hold up volume between valve and injector. The turbine
inlet temperature is affected primarily by thermal capacitance of the bed and
possibly by a variation in gas properties due to time dependent variation in

ammonia dissociation.
DISCUSSION
Evaluation of power level performance degradation due to continuous modulation

is straightforward and involves only the ratio of actual turbine head at reduced

power to turbine head at maximum power or:
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r- -
LIV PR ) b
¢ (performance degradation) = MW 1Y-1 L P J
T,

MWM' YM—l I PM

where

T = turbine inlet temperature
P = turbine inlet pressure
Y = ratio of specific heat
MW = mol. weight
Po - ambient pressure

(subscript M refers to maximum power conditions)

Evaluation of power level performance degradation due to pulse modulation involves
knowledge of the time dependent variation of flowrate, gas pressure, temperature,
and chemical properties. An exampie of an ideal and actual pulse characteristic
is shown in Fig. A-1. Pulse performance may be defined as the ratio of the energy
delivered to the turbine per pulse to the pounds of propellant consumed during

a pulse. This ratio is the pulse specific energy.

E Specific Ener = E /W
sp P gy) p/ b

where

Ep = energy content of a pulse, Btu
Wb = propellant consumed, lbs

The energy content of a pulse,

t=0

t=0
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where

Ah = instantaneous isentropic head, Btu/lb
w = instantaneous flowrate, 1lb/sec
ep = pulse period, secs

The isentropic head,

R

The flowrate may be calculated as follows, assuming a choked condition

PA -
o)

=
[t}

where
RY {universal gas constant)
R = -
Molecular weight
Ae = effective turbine inlet nozzle area

Pulse performance degradation is defined as the ratio of the pulse specific

energy, Esp to the ideal pulse specific energy (ESP)_. The ideal pulse specific
i

energy assumes a square wave in turbine inlet pressure, temperature and flowrate

2

(See Fig. 1); then

Ah. wt Y.-1 P v-1/v
(E. ) = e x ON _ Ah. = B—T. 1. 1 -2
sp’ . wt i J i\ Y3 P,

i ON i

where the subscript, i denotes ideal square wave conditions.

If it is assumed that during a pulse, the deviation from ideal exit gas condi-

tions does not result from a significant variation in ammonia dissociation, then
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the gas properties may be considered time independent. Assuming, also that the

turbine inlet nozzle effective area is time independent. Then

Finally, the pulse perfomrance degradation may be written:

/‘ t'—"ep (pO)Y-l/Y
P'\/T 1 - T dt

t=0

T P Y___l t=6p
T. |1 - (—"-) Y / P 4t
1 P.
i 0 T

T
P

Computer Program

A computer program was written for the GE Timesharing system in order to evaluate
the pulse degradation function (ep) given above. A listing of the program is

included in this report as Table A-1.

The variables listed in the line 160 "Read' statement are defined as follows:

P - atmospheric pressure for GG exhaust, psia
P1 - chamber pressure, ideal (steady state), psia
Tl - exhaust gas temperature, ideal (steady state), F

- Gamma function

- 'YON" time - sec

SO - Total time (cycle period) - sec
Cﬂﬁhgnv ,
or PaagLngGE IS R-9690
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X - For an input of C, program calcualtes a uniform time increment

between data points, utilizing other input information

For an input other than 0, a variable time interval between data
points is assumed and these intervals are entered along with the

other data

Y - Number of data points
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TABLE A-1. PULSE DEGRADATION COMPUTER PROGRAM

HULLOE

INalal
110
120
130
140
150
1 &0
170
180N
19N
200
210
PoN
23N
can
o250
A0
270
220
20N
30N
a1n
as2n
330
340
dnn
3Jen
370
ason
390
«np
410
490
aln
L4q0
450
4 R0
470
arn
490N
SNN
S10
urn
30
ban
HH0
HSeN

PRINT "APL GG PULSE PERFORMANCE DEGRADATION®
PHIN |

PRINT "UNTTS @r INFUT PrESS AND TEMP ARKe PSI ABS ANU
PRINT "MAX NO. OF DATA FPOINTS IS 8ON'

PIIN

FRINT

READ PoPls 11506, 5, 8N,X,Y

LE1 GN=¢G-13/6G

LET P=Cl1+a6MxCl=C(P/F1)TGEN)

PRTNT P ATMY, e TLFALY, T TLOEAL"Y, "GA44A"

PREINT PoF1,TI1,G

PEINT

PRINT CN TIME"™, "TOTAL T THE “"INCILEMENT " “FCINT S
Tk X=0 IHEN P&0

PKINT S5 S0 "VARKLAFILF*, Y

R 10 280

LET S1=850/¢Y-1)
PRINT S, 50, 81,Y
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NEXT 1

FOR I=1 TO Y
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LET NCI)Y=PEcTHRS5QRI(TCII IR I=-CP/PCTIY)) 1 (O)
LET DCDY=EPCI/Z/SQICTCI)
NEXT I
LET Q=0 Or
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FOK T=1 TO Y-1 %,
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-t]LP

, 2 o) Aep
[F X=0 IHEN 450 00“1616 Lo

KEAD SC ) J

CO TR ae6n

LET SCI[)=51

IF I>1 THEN 49N
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LET N=(RCPY=DC1)XY/75¢C))
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NEXT 1

LElT E=Q/ (BxR)

FRINT "PULSE FERFORYMANCE DEGRADATION ="E

GO 10 140
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APPENDIX B

THERMAL BED PACKING PROCEDURE

Bed Compaction

Early IR§D and contract tests, conducted with various screen packs, resulted in
compaction of the screen pack during operation of the gas generator. In some
instances it was observed that compaction increased with successive firings.
The most extensive compaction was observed after a successful series of tests
with the same gas generator. In this case, a 2-inch void had formed at the in-
jector end of the gas generator. Although the test was successful, changes in
the bed are undesirable since a gap at the injector end could be hazardous and

performance might become unpredictable.

Packing Procedure

To eliminate bed compaction during operation, a packing technique was developed
that has eliminated bed compaction even after 10 MDC's, acceptance tests and a

500 sec full power burn, (18 hrs of operation).

This procedure consists of mounting the gas generator in a tensil tester and
applying a predetermined load to the screens as they are packed. The load ap-
plied to the bed is a function of contact area between screens and screen
settling load and spring rate. Yield was established experimentally at

30,000 lbf, settling load at 3000 lbf and spring rate at 527,.000 1b/in. Based
on stress-strain curves and anticipated thermal expansion, the gas generator
Model 268-560 was packed using a 3000 1b applied force with a ''not to exceed"
500¢ 1b limit. The actual bed packing dimensions for gas generator Model 268-
560 S/N 02 are shown in Table B-1., These dimensions were established as follows:

R-9690
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1
p.f. = —
La
where:
p.f. = packing factor
'LI = length ideal
LA = length actual

for regular weave,

Ly = 2 (Dw)(n)'
P (2W)(n)
A .
where:
D = wire diameter

number of screens

For 16 mesh x 0.035 in. dia. screen

L, = [2_80_9%_3-5-)]11 = (0.0737)n

*p.f. is based on experimental data

Therefore, for a 4-inch bed with 16 x 0.035 screens

Ly

0737 = §4 screens

n =
It should be noted that bed length (LA) is measured after the load has been
released.

R-9690
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TABLE B-1.

BED PACKING DIMENSIONS

Design Measured
Screen Screen Stacking Stacking Applied Load,
Screen Size, in. | Quantity Height, in. Height, in. 1b.
16 by .035 10 0.74 1.300 3000
20 1.48 2.060 3000
30 2.22 2.800 3000
40 2.96 3.560 3000
50 3.70 4.300 3000
53 4.00 4.530 3000
26 by .015 20 4.61 5.130 3000
40 ‘5.22 5.730 3000
60 5.83 6.330 3000
80 6.44 6.940 3000
100 7.05 7.580 3000
120 7.66 8.120 3000
128 8.03 8.340 3000
R-9690
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APPENDIX C

GAS GENERATOR DESIGN EVOLUTION

The initial design of the gas generator for this program consisted of a 1.89 in.
diameter bed by 8 inches long with a stand-off showerhead injector. This gas

generator was used to evaluate initiation methods. Three different methods were

investigated.

1. Internal electric heater
2. External electric heater

3. Hot gas supply

INTERNAL ELECTRIC HEATER

Successful initiation of a flight-type gas generator was demonstrated. Utilizing
500 watt electric power, the upper portion of the bed rose to 810 F in 10 minutes;
see Fig. C-1. This is sufficiently high to start hydrazine flow. The injector
face rose to a maximum of 250 F in that time and the chamber wall to 500 F. The
problem associated with this initiation approach involves gas generator steady-
state operating characteristics over the power range. Installation of the heater
and fins caused the front bed section to be ineffective by inhibiting hydrazine
decomposition. This resulted in a very low bed pressure drop and instability as
well as high exit gas temperatures. A number of tests were conducted that
exhibited chugging. After the final test, during start of purge, hydrazine
detonated in the upper end of the chamber. Based on the poor operational

characteristics of the gas generator, the internal heater was discarded.

EXTERNAL ELECTRIC HEATER

Based on previous IRED testing, it had been established that approximately
35% of the electric power is convertéd into useful heat energy to raise the

temperature of a fully insulaced gas generator assembly. With respect to a

R-9690
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flightweight design, it is estimated that approximately 1.25 KW of electric

power would be required to raise the bed to 700 F in 15 minutes.

HOT GAS SUPPLY

Initiation of the gas generator through the use of hot gas injection into the
bed had been demonstrated during IRED testing in which heated nitrogen gas was
introduced through an opening in the injector. The upper bed section was
brought to 670 F in 20 minutes with nitrogen gas heated to 1000 F. Nitrogen
flowrate was 0.185 1b/sec. Approximately a 250 to 300 F temperature drop
resulted from heat losses prior to reaching the.chamber bed. Based on this data
a bed time constant of approximately 9.0 minutes was calculated. Using a pilot
flow rate of 2% of maximum power flow, i.e., 0.0074 1b/sec, at 1600 F, an upper

bed temperature of 700 F can be attained in 12.7 minutes.

Based on the demonstrated initiation technique with heated gas, a 1.91 inch
diameter bed by 8 inches long was assembled for MDC* testing. The same style
stand-off injector was used with a gas inlet substituted for the internal

heater.

The gas generator performed satisfactorily for 4 MDC's. During the fifth MDC,
an explosion occurred. During these tests, the screen pack settled (compacted)
resulting in a 2-inch void at the injector end of the gas generator. Bed com-
paction occurs progressively, thus one must conclude that the gas generator
operated properly with void spaces ranging up to 2 inches. Therefore, the
explosion cannot be attributed solely to bed compaction. This chamber was fab-
ricated with Inconel 600 which is a very ductile material and does not embrittle
due to nitriding. It was postulated that progressive bulging of the chamber oc-
curred during test until a sufficient pocket (channel) was formed where unde-
composed hydrazine could accumulate and then explosively decompose. Based on
these results, the flight-type gas generator described in this report was

designed using Haynes 188 as the structural chamber wall.

*MDC — Mission Duty Cycle

Rk-9690
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APPENDIX D
THROTTLE VALVE

The proposed space shuttle APU incorporated a pressure modulated control system.
Therefore, the gas generator requirements included operation over a 10:1 turn-
down ratio which was achieved by incorporating a throttle valve. Investigation
of suitable throttle valves resulted in purchasing two throttle valves from
Moog, Inc. under this program and one throttle valve from E-Systems, Inc. for
an IR§D effort.

The two Moog throttle valves, delivered with the gas generators to the Air
Force, are of the rotary band type. These valves were bench tested while gas
generator testing was continuing with the E-System valve. Both valves met all
the required specifications. Typical results from these bench tests are shown

in Fig. D-1.

R-9690
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