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ABSTRACT

The feasibility of a catalytically ignited space-
craft reaction control system using cryogenic
(hydrogen-oxygen) propellants vas experimentally
demonstrated. The system studied utilized pro-
pellant conditioners to prepare the incoming
propellants to a temperature and pressure accept-
able to the thrustor. A portion of the propel-
lants at a mixture ratio of 1.0 was passed through
a catalyst bed. Additional oxygen was injected
into the hot fuel-rich gas. Experimental results
for the thrustor and conditioner subsystems and a
system demonstration are presented. Design criteria
for the ultimate development of an operational sys-

tem are also presented.
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The feasibility of a cryogenic reaction control system for spacecraft
applications was experimentally demonstrated. Design criteria for the
ultimate development of an operational system were developed. The analy-
sis and conceptual design efforts are reported in Volume I of this report
(Ref. 1 ). Experimental results for thrustor and conditiomer subsystems,

and the results of 1 system demonstration test are presented in this

volume.

The cryogenic reaction control system studied consisted of a thrustor

and a subsystem to condition incoming propellants to a pressure and tem-
perature acceptable to the thruster. The 20-pound-thrust thrustors oper-
ated at a chamber pressure of 10 psia and a mixture ratio (o/f) of 2.5.

A portion of the propellant (at a mixture ratio of 1.0) passed through a
catalyst bed. Additional oxygen was injected into the resulting 1500 F,
fuel-rich gas. The conditioning subsystem used catalytic gas generators
to produce hot gas which was recycled and used to increase the temperature
of the incoming propellants through a heat exchanger. On-off pressure
control was used, although a flight system would probably utilize a more
sophisticated propurtional type control system.

THRUSTOR SUBSYSTEM

The design and operation of the thrustor, and conditioner gas generators,
were based on criteria defined in Volume I of this report (Ref. 1).
Additional operational information determined during the course of the

program are listed below.

1. The catalyst bed length is determined by the propellant residence
time required to ensure reliable ignition. In this program, a
time of 0.1 millisecond, calculated using densities based upon
preignition temperature and pressure of the propellants, was

found satisfactory.
1
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3.

A flame arrestor device just upstream of the catalyst bed cam
prevent flashback as well as accomplish final fine mixing of the
propellants. Beds of I/B—inch—diameter copper shot for the
thrustor experiments, and 1/16—inch—diameter steel ball bearings

in the gas generator experiments were successfully used.

The injector must provide a gocd gas-gas mixing region to prevent
hot spots and high mixture ratio streaks. Further, the gas
velocity in the mixing region must be sufficiently high to pre-
vent flashback of the reaction in the catalyst bed to the injector
face. Velocities of approximately 30 ft/sec were found

satisfactory.

Catalyst pellet diameter mdst be small compared to the reactor
diameter to prevent channeling of the gas along the outside
periphery of the reactor. A ratio of eight or greater combined
with antichanneling turbulator rings was found to be a satis-

factory design.

Preinjector, manifold, and line volumes should be in the same
ratio of the volumetric flowrates of the two propellants. This
design constraint minimized mixture ratio variations during the

start-up and shut-down transients.

Injection of additional oxygen into the fuel-rich catalyst bed
gas may be used to increase the overall chamber mixture ratio
and specific impulse. This additional propellant must be very
uniformly distributed to prevent uneven mixture ratio distribu-
tion resulting in low performance and severe heat transfer prob-
lems. It was also found that additional oxygen would not react
with the fuel-rich bed effluent, unless the resulting mix temper-

~ture was above approximately 1260 F.



10.

11.

The injector orifice pressure drop should be maximized consist-
ent with system pressure budget. Mixture ratio and total flow-

rate perturbations are minimized 1f sonic injection is utilized.

To minimize pressure and flowrate oscillations and perturbations,
the pressure drop across the injector orifice should be maximized.
On the other hand, it was found the pressure response was fasgest
at minimum injector pressure drops such that the chamber (nozzle)
throat became the flow-limiting orifice. To allow higher injector
pressure drops, the pressure loss across the catalyst bed should

be minimized.

The thermal mass of the catalyst bed support structure should be

minimized to obtain most rapid thermal response.

Performance and heat transfer characteristics were measured under
altitude conditions (~100,000 feet) using a lightweight nickel-
chamber. The thrustor c* performance ranged from 89 to 91 per-
cent after achieving thermal equilibrium. The heat transfer

rates were found to be several times larger than expected, prob-
ably due to recirculation patterns set up by the -downstream
oxygen injector. This decrepancy could, however, have been par-
tially due to a radial mixture ratio gradient and/br a poor esti-
mate of the local flame temperature. The heat transfer character-
istics appear to be compatible with a refractory chamber and
nozzle. %
Repeatable, reliable catalytic ignition was obtained with a i
catalyst bed temperature above 360 to 410 R with cryogenic (250 R)
propellants at a 10-psia chamber pressure (2 psia prior to ig- :
nition). This constrasts to previous results at higher pres- :
sures (~100 psia) where reliable ignition was found at bed

temperatures as low as 200 R, This suggests a pressure-temperature

interaction on the ignition limit. %
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Two key response parameters were evaluated; pressure (or thrust)
and temperature (or specific impulse). Pressure response times
on the order of 40 milliseconds were experimentally obtained
with a pressure-controlled feed system. Significantly longer
response times were obtained with a flowrate controlled system.
Specific impulse response tiwe was significantly long. Although
response times of less than 1 second have been analytically
predicted, experimental results for a cold catalyst bed start

condition yielded :“sponse times from 2 to 3 seconds.

CONDITIONER SUBSYSTEM

The propellant conditioner is a gas generator-heated liquid heat exchanger

which converts liquid propellants to gaseous propellants. This system

has the following principal components for each propellant:

1.

2.

3.

A hot-tube heat exchanger to supply energy to the incoming liquid

An accumulator to store the conditioned gas and attemuate the

pressure and temperature fluctuations of the conditioned propel-

lant from the heat exchanger

A catalyst gas generator using propellants from the accumulators

to provide hot gas to the heat exchanger

A control system to control both temperature and pressure in

the accumulator

The gas generator designs employed herein utilized applicable thrustor

designs,

It was found that the use of sonic throats at the gas gemerator

exit minimized the effects of downstiream pressure perturbatiéns on gas

generator operation. The results of pulse-mode testing indicated that

the gas generators should be oversized by approximately 50 percent and

operated

in a pulsed mode to reduce the likelihood of ice formatiom at

the hot gas exit of the heat exchanger.



A heat exchanger design was desired which resulted in a low pressure drop
and a minimum pressure-flowrate oscillation due to boiling (boiling in-
stability). The design utilized in the program was found satisfactory.

A helical coil of tubing was placed in an annulus. The hot gas was flowed
inside the coiled tubing and the propellant through-the annulus. The

hot gas heat transfer coefficients were found to be two to three times

higher than originally estimated.

0ff-on control systems were used for both propellants. This was something
less than satisfactory and resulted in lgzge pressure and flow oscilla-

tions. This in turn caused mixture ratio and fiame temperature variations
in the catalyst bed. Accumulators were used to help control the pressure

and temperature oscillations.

The heat and material balances accomplished on the conditioner subsystem-
revealed that approximately 23 percent of the total propellant flow was
required to be diverted to the gas generators for conditioning purposes.
This could result in a severe penalty on specific impulse. For the de-
sign selected for the system demonstration (liquid propellants conditioned
to 410 R), this loss may be as high as 130 seconds. Reducing the temper-
ature of the conditioned propellant to 200 R will reduce the loss to less

than 75 seconds.

The major okjective of achieving automatic and concurrent operation of
both propellant systems was successfully achieved. The most difficult
step in this task was the establishment of the gas generator feed-back
loop, which involved a substantial orificing effort to ensure proper
flow control to the gas generators. Freezing of ice in the hydrogen heat
exchanger was prevented by changing the exchanger operation from counter-

current to cocurrent.




SYSTEM DEMONSTRATION

The system demonstration was the first of its kind reported in the open
literature. Liquid propellants (LOX and an) were "conditioned" to gas

at -50 F under flowing conditions and were fed iuto a small bipropellant
thrustor which employed noble-metal catalysts for ignition. This system
could deliver a specific impulse of 367 seconds based upon the efficiencies
measured in this program. The system losses consisted of a 9-second
water removal loss, a 30-second gas generator combustion loss (due to
venting excess hydrogen in the hot gas) and a 34-second loss due to com-
bustion inefficiencies in thrustor and gas generator. The integrated
system was hydrogen limited because the conditioning system was originally
sized to deliver propellants to the thrustor at 260 R. As a result, the
hydrogen gas generator was undersized for the required flowrates and re-
mained on throughout thrustor operation. Good correlation was obtained
between the expected values and experimental results for the mass and

energy balances.

The lightweight thrustor failed (chamber wall burnthrough) during the
second test series directed at demonstrating combustion performance.
This was due to mixture ratio (2.74 instead of 2.5) and chamber pressure
(12.9 psia instead of 10 psia) excursious. Notwithstanding this ocurr-
ence, the demonstration of the cryogenic reaction control system concept

was a success,
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INTRODUCTION

The purpose of the second phase of this program was to experimentally
investigate the feasibility of a cryogenic reaction control system for
spacecraft applications, and to generate basic system design data that
could be utilized during the ultimate development of an operational sys-
tem. Accordingly, a 16-month program was conducted to evaluate the po-
tential for a reaction control system utilizing the cryogenic oxygen
hydrogen proéilent combinations. Analysis and conceptual design were
reported in Ref. 1 . Component design and experimental results are pre-

sented in this report.

In Ref. 1, system applications were compiled to identify usefal propul-
sion systems and possible operating constraints. Possible applications
were identified as: propellant settling engines, stage recovery power,
attitude control, and secondary propulsion for orbital tankers. The most
useful range of thrust was found to be from 20 to 100 pounds, and chamber
pressure levels were indicated to be either i0 or 100 psia. Existing
computer programs were used to calculate the theoretical performance in
terms of the thermodynamic state and compositions of the exhaust products,
and to cbtain estimates of probable compositional freezing during the ex-
pansion process. The cryogenic reaction control system was divided into
two distinct component subsystems such that the experimental study would
be comsistent with the very general nature of the program goals. One sub-
system was designed to condition the propellants to a given thermodynamic
state regardless of the inlet state; the other subsystem consisted of the
thrustors. Based on the overall reaction control system application ana-
lysis, the low-pressure (10 psia) system was selected for experimental
investigation in this program. The selectisn of such a system concept
utilizing main tank propellants was also based on the lack of existing

technology at this pressure level for both the conditioner and thrustor.




Analysis of the conditiomer operations showed pressure control to be crit-
ical in maintaining the thrustor catalyst bed temperature in a range which
prevents bed burnout. However, even a small relaxation in the pressure
requirement (i.e., increasing maximum thrustor operating pressures by
several psia) may markedly alter the criticality of the control problems.
Tae thrustor propellant inlet feed temperature of 200 R was selected as
the design point to ensure reliable ignition withoui oxygen freezing.

To prevent freezing, both propellant temperatures should be maintained

in excess of 115 R.

Experimental concept evaluations are presented below as two subsystems;
the thrustor subsystem and the conditioner subsystem. Evalaation of the
thrustor was accomplished by further division into subcomponents associ-
ated with thrustor design. Experimental results are described for each
subcomponent of the thrustor. The subcomponents were then integrated

into a single thrustor subsystem configuration. In a similar manner the
conditioner was evaluated by applying the subcomponent technique for both
the hydrogen and oxygen propeilant sides of the flow system. The subcom-
ponents also were then integrated into a single conditioner subsystem con-
figuraticn. The subsystems were then assembled together and operating

feasibility was demonstrated as a single system unit.



THRUSTOR EXPERIMENTAL EVALUATJONS

The conditioner and the thrustor subsystems were separated for evaluation
from both the control and energy transfer standpoints. Thus, the dynamics
of each system could be studied without interaction effects. No previous
experience was available for thrustor design criteria at the low tempera-
ture and pressure combinations selected for evaluation during this pro-
gram. Therefore, the thrustor was divided into subcomponents for experi-
mental evaluation. These subcomponents were defined in accordance with
‘the areas uf- expected operational problems within the thrustor. The de-
sign operating conditions for the thrustor subsystem were selected from

the results described in Ref. 1 , and are as follows:

1. Chamber pressure: 10 psia
2. Mixture Ratio: 2.5:1

3. Thrust: 20 pounds

The low chamber pressure was consistent with the selection of a cryogenic
reaction control system which would utilize propellants obtained from the
main tankage of a vehicle. The mixture ratio is near optimum from the
standpoint of specific impulse based on a predicted frozen-flow expansion
of the combustion gases. The thrustor configuration was the conventional
cylindrical combustion section with a convergent-divergent nozzle. This

choice was based primarily on the fact that existing data were available

only for this type of configuration and any change would introduce new L

5

variables.

A workhorse thrust chamber assembly was utilized to conduct initial experi-
ments associated with each subcomponent section. The results from these

experiments were then employed in the design of a lightweight‘thrnstor which
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was fabricated for the purpose of obtaining demonstrated chamber heat
transfer and delivered impulse data under simulated environmental alti-
tude conditions of approximately 9G,000 feet. The thrustor was tested

as a separate subsystem (as described previously) for the altitude per-
formance demonstration and, thus, ncn-preconditioned gaseous propellants
were used. Demonstrated operation feasibility of the integral conditioner
and thrustor subsystems as a single unit is described in the System

Demonstration Section of this report.
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THRUSTOR EXPERIMENTAL APPARATUS AND PROCEDURE

EXPERIMENTAL HARDWARE

The schematic of the thrustor presented in Fig. 1 illustrates the various

subcomponent sections, which include the following:

1. The propellant manifold
2. The injector-mixer

The catalyst bed reactor

-

The downstream oxygen injector

The downstream combustion chamber

W

The thrustor consisted of a number of identical rings, each with 12 instru-
mentation ports, connected with two longitudinal bolts. The rings were
maintained under compression by two Belleville washer assemblies. These
washer stacks also accommodated the thermal growth of the thrustor.
Alignwent of the rings was accomplished by two tool steel guides extend-
ing from the support assembly, which also provided overall longitudinal
support for the assembly. The sealing of eash individual ring was ac-
complished through compression supplied by the washer assemblies to the
lapped mating surfaces on the individual rings. The longitudinal force
exerted on the rings by the washers was 4000 pounds, which was far greater
that the axial thrust load. Additional sealing aids used for the com-
pression method were thin copper washers and/or Permatex, the latter being
used during all of the downstream injection experiments. The instrumenta-
tion ports on the individual rings were contained in two spirals, each

spiral containing six pbrts. These spirals vere diametrically opposed

1
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so that at any axial location there were two ports, 180 degrees apart,
which could be used to measure a pressure and a temperature. Am overall

view of the workhorse thrustor is shown im Fig. 2.

The design allowed catalytic beds to be prefabricated as an assembly so
that upon completion of an experimental matrix, a new configuration could
be readily installed. The individual ségnent lengths were each 1/2 inch.
Therefore, the shortest catalytic bed was 1/2 inch in length.

i Also included was an aliowance for reducing the diameter of the catalyst

x
¥
;
s

bed. This was accomplished by fabricating additional segments with a
2.00-inch ID and with the same outside diameter as the regular seguments.
An additional section was used between the injector and the entrance to
. the bed to accomplish a smooth flow tramnsition. The exit section of the
bed exhausted directly into the larger diameter chamber. In this manner,
. it was possible to vary the L/D ratio of the catalyst bed while holding
the catalyst mass constant to study the pressure drop parameter. Theo-

retically, the L/D ratio should have little effect on the thermal response.

The design also provided for flexibility imn thrustor length. The wmaximum
obtainfcble length was governed by the length to which the end pla.z28s can
be spread (13 inches), and could be increased, if mecessary, by providing

longer support bars.

Injector-Mixer

The basic function of the injector-mixer is to introduce the propellants
to the catalyst bed as a homogeneous mixture. A 4-on-1, fuel on oxidizer,
injector configuration with a 60-degree included angle between opposite

fuel streams was chosen (Fig. 3 ). This configuration had been used
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Figure 2. Side View of the Workhorse Thrustor (Showing the
Instrumentation Ports in the Chamber)
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Face Pattern
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successfully during previous hydrogen/oxygen work at Rocketdyne. For
orifice sizing, the momentum criteria of Elverum and Morey (Ref. 2 )

was employed:

D) -

where

Lo
]

1 total mass flowrate through all hydrogen orifices
Al = area of one hydrogen orifice
§2 = total mass flowrate through all oxygen orifices

A2 = area of one oxygen orifice

Although the preceding equation is based on liquid-liquid system data, it
is the most relevant available.

The resulting orifice diameters were:

Fuel, 0.0998 inch

Oxidizer, 0.203 inch

The first two experiments were conducted with a void mixing section length
of 2 inches between the injector face and catalyst bed. Imnsufficient mixing
probably occurred, the result being flashback to the injector face. 1In am
effort to eliminate the occurrence of flashback, a high heat capacitance
mixing bed was installed. The bed was fabricated from copper pellets 1/16
inch in diameter, was 1/2 inch in length, and was placed just upstream of

16
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the catalyst bed. Th¢ bed served two purposes in the prevention of flash-
back: (1) the heat :apacitance of the copper could absorb heat from the
gas stream during incipient flashback, thus quenching it, and (2) the
velocity of the geses flowing forward through the bed would be increased
(for a given volumetric flow), possibly well above the flame front velocity
in the gas downistream of the bed. An additional advantage of the copper
bed is that iﬁ'tends to promote mixing of the flowing propellants. The
copper shot Méd was successful in preventing flushback, and was used
during all mhbsequent experiments. The copper shot capsule was identical

to the catalyst bed capsule shown in Fig. & .

Catalyst Bed

The riesign of the catalyst bed was governed by (1) allowable pressure
drop, (2) the required mass flow, (3) the degree of reactivity required,
and (4) types of catalyst configurations available. In additiom, while
still meeting the preceding comstraints, it was desired to minimize bed
weight. Based on the preceding criteria, a 3-inch ID bed employing 1/16-
inch MFSA catalyst was selected. Toward the end of the program, 1/8-inch
MFSA catalyst also was employed. A variable bed lenjth was included in
the design. An example of a catalyst capsule is presented in Fig. 4 .

Bed Supports. Three screens and an end plate were used for support and
contaimment of the catalyst and diffusion beds. At first, light Nichrome
(30 mesh, 0.0114-inch-diameter wire) screens were used upstream and down-
stream of the diffusion bed, and a heavy Nichrome screen (16 mesh, 0.032-
inch-diameter wire) was used downstream of the catalyst bed. As an addi-
tional downstream support, a 1/% inch stainless-steel end plate was used

(Fig. 5). Problems were encountered as a result of the screens- slipping

17
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LIGHTWEIGHT RETAINING

PLATE USED IN CONJUNCTION
WITH THE DOWNSTREAM CATALYST BED CATALYST BED
OXYGEN INJECTOR
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STREAM END OF THE
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Figure 5. The Retaining Plates and Screen Used in the Thrustor Catalyst Bed Section
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out of position which allowed catalyst and copper shot to migrate between

the segments, and resulted in leaks. This was overcome by spot welding the
screens to the dividers with the catalyst or copper shot in place. The
screen material used in these instances was a very light tantalum. However,
oxidation and embrittlement occurred after a few runs, causing the screens
to fail (FPig. 6 shows the catalyst capsule after a hot firing). Light,
stainless-steel screen was then used in place of the tantalum. This arrange-

ment worked well for the remainder of the rums.

It was observed, however, that during a run the screens would tend to bow
outward allowing th: catalyst to redistribute itself leaving a visible

gap vhere channeling quite probably occurred. This was corrected by plac-
ing another heavy plate upstream of the diffusion bed.

During the downstream injector evaluation runs, it was observed that the
measured temperature downstreem of the catalyst bed was considerably lower
than that measured in the catalyst bed. This was attributed to the large
thermal capucitance of the end plate. Substitution of the large mass end
plate with a lighter one eliminated this discrepancy.

Turbulator Rings. An additional design change was made for the performance

runs. During the workhorse experiments, tkere was a strong indication from
the mass flowrates that channeling was taking place. Turbulator rings were
added within the catalyst bed to curtail this action. The rings were stan-
dard snap rings fabricated from stainless steel. They were placed 1/k inch
apart and protruded 1/8-inch into the catalyst bed. The groove positions
that accommodate the snap rings are clearly shown in Fig. 7 . One ring is
also in place to demonstrate the amount of ring protrusion relative to the
catalyst bed.

20
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Bed Packing. To ensure random bed packing, the following procedure was
used; The lower support screen was installed and the catalyst was poured
over it. A very light (1-1/2 ounces)hammer was used to tap the sides of
the reactor causing the pellets to settle. More catalyst was then added
and the chamber was again tapped. This procedure was followed until the
tapping vould produce no further pellet movement. At this time, the upper
support screen wvas installed.

Catalyst Activity Measurements

A small-scale laboratory glassware evaluation was conducted to measure the
relative catalyst activity. This allowved comparison of activities with
catalyst used during previous programs and an indication of activity degra-

dation with use. The evaluations were conducted as described in Bef. 3

The results are summarized in Table 1. The percent conversion as shown
in Table is not to be taken as indicative of performance of actual
thrustors. These numbers are for this particular test and are for com-

parative purposes. The conditions of the "standard test" are shown.
Downstream Iajector

The downstream injector was designed to provide for homogeneous mixing of
the injected oxygen and the effluent stream from the catalyst bed. This
wvas required both from engine performance considerations and to prevent
hot spots within the chamber which could result in chamber burnout.

Materials of construction that would withstand high temperature oxygen
contact vere selected.

23




TABIE 1

REIATIVE CATALYTIC ACTIVITY

Percent Conversion

Sample 25 C -196 C

1/16-Inch MFSA, Unused, Lot Number 118-7-1~130 9.0 70.2
1/16-Inch MFSA, Used During Buns No. 7 Through 11, 60.6 37.9
Lot Number 118-7-L~130

1/16-Inch MFSA, Unused, Lot Number C3776 91.8 75.2
1/16-Inch MFSA, Used Dzring Buns No. 5 aad 6, 89.2 68.4
Lot Number C3776

1/8-Inch MFSA, Lot Number 10008 95.5 59.8
1/8-Inch MFSA, Lot Number c3229 93.0 73.5

Standard Condition::

112/02 molal ratio }3. 1

Carrier gas dilueant nitrogen

Catalyst weight 5 grams
Theoretical yield 0.3969-percent water
Duration of run 1¢ minutes

For details see Ref. 3.

e AL .0 L e A" Y p T



SRR e o U IR SRR B RO SEOS e

The design selected is shown in Fig. 8 and 9 . The 12 radial tubes are
fabricated from Hastelloy W. There are 72 elements in the downstream injec-
tor through which the secondary oxygen flow is introduced. Sawcut injection
elemeats were positioned such that the flow would be evenly proportioned
over the chamber cross section. The radial tubes are fed through an annulus
which allows for propellant feed from two locations 180 degrees opposed.

The peripheral anpulus is very large compared to the main diameter of a
spoke. This provided for equal pressures to all spokes and, thus, an even
flow distribution. The spoke main feed area was 10 times greater than the

total spoke outflow area, again helping to ensure an even flow distribution.

Downstream Combustion Chamber

The combustion chamber diameter was set by that selected for the catalytic
bed. During the initial experiments, which were only concerned with in-
jector-mixer and catalytic bed invé?tigations, the length of this section
was set at 1-1/2 inches. During tg; later experiments with the downstream
injector, the length was increased to 2 inches and then, during the last
four experiments, to 2-1/2 inches in an effort to allow for more complete
downstream mixing and combustion. Because it was noticed that the thermo-
couple farthest downstream still indicated the highest temperature, thé
length of the combustion chamber for the performance engine was increased

to 6 inches to allow for even more downstream mixing and combustion.

The downstream injector has smooth surfaces on both sides which joined
with the lapped surfaces of the two adjoining segments to form a seal.
This seal was aided by using Permatex on the two sealing surfaces. The
seal was absolute in that, with 30-psig helium in the chamber, no leakage
could be detected using the "soap bubble test."

o5
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A View of the Downstream Injector (DSI) From the Thrustor
Throat Side



Nozzle

The nozzie assembly shown in Fig.1l0 was fabricated from 300 series stain-
less steel. The wall thickness at the throat section was 1.4 inches. Pro-
visions for obtaining a pressure measurement downstream of the throat were
incorporated in the design. The nozzle contraction ratio was 6:1 and the
divergent sections had an expansion ratio of 2.3 and a conical half angle
of 17-1/2 degrees.

Workhorse Hardware Details

Thrustor Wall Dimensions. The workhorse hardware was designed for use in
experiments where the desired run time would be on the order of 10 to 20

seconds. This duration would allow a steady-state condition to be achieved.

A heat transfer analysis was used to determine rum duration limits. This

analysis utilized:

1. Heat transfer characteristics as predicted in the analytical
portion of this program and reported in Volume I of this report
(Ref. 1 )

2. Standard transient heating charts for hollow cylinders where the
temperature history in a function of the Fourier number, a'r/a2,
and the Biot number, ha/k (Ref. &)

The wall thicknesses in the chamber and nozzle sections were sized for runm
durations an order-of-magnitude larger than the desired 10 to 20 seconds.
A summary of the dimensions and pertinent parameters for the workhorse

thrustor are presented in Table 2.



Figure 10, A View of the Nozzle Section of the Thrustor From the
Upstream (Injector) End



TABLE 2

WORKHORSE THRUSTOR DESIGN DETAILS

Chamhie¢r Pressure, psia

Thrust (F), pounds

Mixture Ratio

Nozzle Expansion Area Ratio (¢)

Nozzle Contraction Area Ratio (Gc)
Reactor Internal Diameter (Dr)’ inches

Combustion Chamber Internal Diameter (Dc),
inches

Catalytic Bed Length (L), inches
Diffusion Bed Length (LbB)’ inches
Mixing Section Length (IHS)’ inches

Combustion Chamber Cylindrical Length (L c),
inches ¢

Distance between Catalyst Bed and Downstream
Injector (L), inches ‘

Nozzle Material

Reactor Material

10
20
2.5:1

2.3:1

2— 2.5

0.5

Stainless
steel

Stainless
steel

NOTE: These dimensions were those during the last thrustor

component evaluation experiments.

«
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Instrumentation and Recording Facilities

The recording systems are characterized with a response time of approx-
imately 25 milliseconds which was adequate to monitor the steady-state
operation of the conditioner subsystem. The temperatures (~10-millisecond
response) was measured by bare-wire thermocouples with the thermocouple
type being dictated by the temperature range to be measured. A Rosemont
bulb (~100-millisecond response) calibrated to liquid hydrogen tempera-
tures was used to monitor liquid hydrogen flow into the heat exchanger.
Pressure measurements (~10-millisecsnd response) were principally obtained
from Tabor or Statham vacuum transduers because the experiments were con-

ducted below atmospheric pressure conditions.

The data were monitored during the experiments on Dynalog circular recorders
or Easterline Angus strip recorders. These data were principally used to
determine the success or failure of a test in a qualitative manner because
of the slow response of the recorders and the difficulty in reducing the
data. A Beckman data acquisition unit was used to record the majority

of the data. The results from the Beckman unit were reduced on an IBM

7094 computer and presented in graphical form on cathode ray tube plots.

The thrustor design contained provisions for inclusion of extensive in-

strumentation for pressure and temperature measurements. A schematic
showing placement of the instrumentation is presented in Fig. 11. A

photograph of an instrumented thrustor is shown in Fig. 2 .

Lightweight Engine Hardware

The design of the hardware for this phase of the experimental effort was
substantially different from the workhorse configuration. This was
principally caused by the difference of design goals. Here, the emphasis
was placed on simplicity, ease of fabrication, and maximization of per-
formance. The valves, manifolds, and injector for the lightweight thrustor
were those used in the worlkhorse studies. The catalytic reactor section

was fabricated from a section of stainless-steel tubing. This was welded
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to the injector-manifold assembly to eliminate sealicg problems. The
internal diameter of the tube had provisions for nine snap rings. The
snap rings provided support for the screens used to separate and ‘or main-
tain the catalyst and diffusion beds. Three extra rings were installed

in the catalyst bed section as turbulators. These three rings were to
prevent channeling of the propellants down the chamber wall, thus promot-
ing higher performance. The thrustor used the lightweight screen supporet,
shown previously in Fig. 5. Additionally, a longer combustion section
downstream of the downstream injector was incorporated into the light-

weight design.

The upstream section or catalytic reactor was welded to the downstreanm
injector and the downstream section of Tyvpe 270 nickel nozzle. The down--
stream combustion section was designed to provide adequate length for
complete downstream combustion to occur and to provide heat transfer data.
The choice of nickel was based on the following: (1) good high-temperature
strength compared tc stainless steel and copper, (2) good thermal conduc-
tivity compared to stainless steel, and (3) woderate density, thus provid-
ing a lightweight chamber.

The combustion chamber wall thickness was 1/8 inch. To provide some forrm
of thermal isolation to limit the longitudinal and circumferential modes:
of heat transfer, saw cuts to within 0.020 inch of inside surface, form-
ing 172- x 1f2-inch isolation blocks, were made. Eight of these blocks
were machined on the external surface of the nozzle, providing eight
temperatures to_ obtain thermal data. The thermocouples were welded to

the center of each block, thus providing a good physical contact for

accurate temperature measurement.

The nozzlie expansion ratio of 5:1 was used to prevent nozzle separétion

at the simulated altitude.
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A summary of the pertinent dimensions and parameters of the lightweight
thrustor is presented in Table 3. A schematic of the thrustor is pre-

sented in Fig. 12,

Experimental Systems

Workhorse Experiments. The propellant supply system shown in Fig. 13 was

designed to provide propellant at temperatures to 200 R at low pressures
and at the flowrates consistent with the thrustor operation (~ 0.05 lbfsec).
Ambient temperaturé oxygen and hydrogen were cooled by a liguid nitrogen
heat exchanger to the desired temperature. Flowrates were measured using

a calibrated venturi meter (hydrogen) and a calibrated metering orifice

(oxygen).

A description of the individual components is presented in Table k.
Basically, the facility system consisted of: (1) high-pressure supply for
both hydrogen and oxygen, (2) prevalves (not shown) for on-off operation,
(3) sensitive pressure regulators (not shown) to give "fine" mixture
ratio control, (&) filtering and drying systems to eliminate oil and
other minor impurities which might deactivate the catalyst, (5) cali-
brated venturi or orifice flow measuring devices, (6) shell and tube

heat exchangers, and (7) sonic orifices to ensure that thrustor pertur-

bations would not disturb the flow system.

A nitrogen-driven diffuser was used to obtain altitude prior to each test,
and to maintain sonic flow at the thrustor throat during each test. The

facility is shown in Fig. 1% .

Lightweight Experiments. The tests were carried out at Component Test
Laboratory 4 (CTL-4), which had altitude simulation capability of above
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TABIE 3

LIGHTWEIGHT THRUSTOK DESIGN DETAILS

Chamber Pressure (Pc), psia

Thrust (F), pounds

Mixture Ratio

Nozzle Expansion Area Ratio (€)

Nozzle Contraction Ratio (ec)

Reactor Internal Diameter (ﬁr), inches
Combustion Chamber Internal Diameter (Dc)’ inches
Catalytic Bed Length (LbB), inches

Diffusion Bed Length (IDB)’ inches

Mixing Section Length (L-s)’ inches

Combustion Chamber Cylindrical Length (Lbc)’ inches

Distance Between Catalyst Bed and Downstream
Injector (L), inches

Combustion Chamber-Nozzle Material

Reactor Material
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TABLE 4

DESCRIPTION OF FACILITY COMPONENTS

Component Supplier Remarks
Regulators Grove Pressure loaded from blockhouse
H_ and 0 H,: GS 306-04

2 2 2
0,° WBX 305-N4
Filter Unknown 10-micron, 6- x 1/2-inch OD
Dryers In-house Fabrication Molecular sieve for H2 system

Heat Exchangers

H2 Venturi

02 Orifice

Prevalves

In-house Fabrication

Flow-Dyne Engineering, Inc.
Fort Worth, Texas

In-house Fabrication

Marotta

16- x 2-inch 0D
Charcoal for H, and 02 systems
15- x 3-inch Oﬁ

Four 1/k-inch copper tubes for pro-
pellant

1- or 1-1/h-inch outside shell
6-foot long
P/N: V240600-SA

1/2-inch MV 583
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100,000 feet. The lightweight thrustor system (Fig.lS ) differed from

that employed for the component evaluation experiments in several ways:

1. The feed systems employed were static rather than dynamic in
that the system did not require an exteuded run duratiom with
bleeds to obtain run conditious. This allowed pressurization
directly upstream of the valves prior to main valve actuation
and, also, eliminated the pneumatic filling or equalization time
for the line between the main valve and the bleed valve used in

the dynamic system for the component tests.

2. The downstream injector had a separate oxygen source. This de-
coupled the downstream injector system and allowed independent
downstream injector pressurization control which also eliminated

an excessive pneumatic fill time for the downstream injector

deed system.

3. The heat exchanbers were eliminated since ambient propellants
were used.

TEST FROCEDURE

. Workhorse Thrustor Experimental Procedure

The test procedure for each test was initiated by starting the nitrogen
driver. The system was then primed in a dynawmic manner to obtain the
requisite flows before opérating the thrustor main valves. The hydrogen
and oxygen pressures were set at the desired level with the flow diverted
through the bleed valves. The liquid nitrogen was then pressurized and
fed through the heat exchangers to chill both propellants to the required
gtate. The total run duration was limited by the ligquid nitrogen supply

which would last approximately 2 minutes.
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The flow was diverted to the workhorse thrustor whem the propellant tem-
peratures had reached the desired values. Initially, it was necessary
to adjust the pressures during the firing to achieve a nominal mixture
ratio of 1.0 through the catalyst bed (for a temperature of ~1500 F).
During the downstream injection operation, the downstream injector valve
was not activated until the thrustor reached steady-state conditions with
flow through the catalyst bed. Opening the downstream injector valve
generally resulted in a diversion of a portion of the oxygen flow from
the catalyst bed. This was corrected by increasing the oxygen pressure
until the nominal bed flowrate was achieved. The shutdown procedure was

the reverse of that for startup.

Lightweight Thruster Experimental Procedure

Three valves were operated during a run (two main propellant valves and
two dowvnstream injector valves actuated simultaneously, Valve operation
was monitored on both a strip recorder and an oscillograph. All runs

were accomplished at altitude with the hyperflow operating.

For. the initial run, the hydrogen injection pressure was first increased
until the desired flowrate was reached, and the oxygen flowrate through

the catalyst bed was increased until the desired bed temperature and mass
flow were reached. The oxygen flow through the downstream injector was
then initiated and increased until the desired flowrate was obtained. The
valves were secured in the following sequence: (1) main oxidizer, (2) down-
stream injector, and (3) main fuel. The regulators were not vented; rather,

the regulated settings remained for the duration of the experiments.
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The procedure for subsequent experiments was as follows: the propellant
flows were initiated by opening the valves as desired, and the run was
continued until the objectives were obtained. For the steady-state per-
formance runs, the thrustor was then terminated as before (main oxidizer,
downstream injector, and main fuel valves were closed, in that order).
The purges were then started to cool the chamber and catalytic bed

to ambient temperature.
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EXPERIMENTAL RESULTS

THRUSTOR COMPONENT TESTS

The initial objectives of the thrustor experiments were to evaluate com-
ponents, obtaining general design criteria, and explore possible problem

areas. This series of experiments was directed at four principal goals:

1. Obtaining sufficient mixing of the oxygen-hydrogen propellants

to prevent severe mixture ratio variations in the catalyst bed
2. Preventing flashback to the injector face

3. Minimizing the necessary catalyst bed length to promote and

sustain ignition while minimizing reeponse time and pressure drop

4, ZEstablish a durable downstream injection technique that homogen-
eously distributes the oxygen in the hot gaseous product of the

catalytic reactor,

~

Components were used which gave adequate service for this purpose, but
they were not optimized for either weight or performance. At the con-
clusions of this series of tests, the results were to be used in design-
ing lightwéight hardware for altitude performance heat transfer evalua-

tions. A summary of the component tests is presented in Table 5.

Injector-Mixer Evaluation

The obijective of the injector evaluation phase was to obtain sufficient
mixing of the propellants to prevent severe local mixture ratio variations
in the gases entering the catalyst bed. This was to prevent local burn-

out of the catalyst bed, obtain efficient reaction of the propellants,

45
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TABLE 5

o
B pagn g

SUMMARY OF EXPERIMENTAL IGNITION RUNS CONDUCTED ON THE
WORKHORSE THRUSTOR FOR COMPONENT TESTS

Run  Run Conditions and Configuration*¥
1 GN, flow, l-inch bed
2 l-inch bed, 1/16-inch catalyst
ambient propellant and bed
3 Lowered 02 driving pressure; l-inch
bed, 1/16Zinch catalyst ambient
propellant and bed
L  Added 1/2-inch diffusion bed, put
plate on H2 manifold
5 Catalyst bed length to 1/2-inch,
ambient propellant and bed
Ambient bed, cryogenic propellants
Ambient temperature bed, chilling
propellants
8 Ambient temperature bed, chilling
propellants e
9 Ambient bed, cryocgenic propellants
10 Cryogenic bed and propellants
11 Ambient bed, cooling propellants
12 Ambient bed and propellants with
downstream injector
13 Repeat but increased 02 pressure
14 Cryogenic propellants and ambient
bed with downstream injector
15 Cryogenic propellants and ambient
bed with downstream injector
16 Cryogenic propellants and bed

Results*
AP agreed with predictions

Burned-out bed

Burned-out bed

Good ignition; indicated 0.4~
inch bed needed for ignition

Ignition

Ignition

Flameout
Flameout

Good run
No ignition
Flameout at ~ -160 F

No ignition of downstream
injector; opened downstream
injector at 1200 F and bed
temperature dropped to 900 F

Smooth ignition

Ignition; increased 02
Ignition

No ignition

*Total run time with downstream injector on,was 6 minutes; total run

time with downstream injector in system was 16 minutes.
**Catalyst was 1/16-inch MFSA (Engelhard) except where otherwise noted.

46

pressure



TABLE 5

(Concluded)

Run Run Conditions and Configuration¥*¥

17 1/16-inch catalyst, l-inch bed;
change downstream injector orifi s,
ambient bed and propellants

18 Cryogenic propellants and ambient
bed with downstream injector

19 Cryogenic bed and propellants

20 2-inch bed, 1/16-inch catalyst,
cryogenic bed and propellants

21 Decreased G0 by half, cryogenic
bed and propellants

22 1/8—inch catalyst, 2-inch bed,
cryogenic bed and prepellants with
downstream injector

2%  1/8-inch catalyst, 2-inch bed,
cryogenic bed and propellants with
downstream injector

24 1/8-inch catalyst, 2-inch bed,
cryogenic bed and propellants with
downstream injector

25 Halved the flowrate

26 l/8—inch catalyst, l-inch bed, cryo-
genic propellant bed or ~ -116 F

27 1/8—inch catalyst, l-inch bed, cryo-
genic propellant bed or ~ -116 F;
bed to -150 F

28

LN2 chilled bed, halved‘GO

*Total run time with downstream injector on

[AT—.

Results*

Ignition

Ignition

No ignition

No ignition
No ignition

Ignition in bed, after 13
seconds then ignition of
downstream injector

Same delay; smooth ignition

Same results

Immediate bed ignition

Ignition after ~3 seconds;
no downstream reaction

Ignition delay of 15 seconds;
downstream injector started,
then temperature dropped

No ignition

was 6 minutes; total run

time with downstream injector in system was 10 minutes.
**¥Catalyst was 1/16-inch MFSA (Engelhard) except where otherwise noted.
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and minimize the danger of flashback of the reaction front to the injector
face. The initial injector-mixer configuration used a four-on-one pat-
tern (fuel on oxygen) with six elements as illustrated in Fig. 3. This
injector pattern may not be optimum for gas-gas, low-pressure systems,
but it had operated well in previous efforts (Ref. 5 ). The first ex-
periment was of approximately 16 seconds duration and resulted in high
temperature damage to the catalyst bed and attendant screens. The mix-
ture ratio was determined to be excessive (~1.5) and in addition, there
was evidence of flashback indicating a lack of homogeneity in mixing.
This was determined by visual inspection of the hardware in the posttest
condition, noting the siﬁilarity of burned areas in the bed, and the
poesition of the injector elements. In addition, the mixing section

thermocouple measured a high temperature.

Steps taken to correct the situation were: (1) the inclusion of a dif-
fusion bed 3 inches in diameter and 0.5 inch long consisting of copper

shot immediately upstream of the catalyst bed, and (2) the addition of a
diffusion plate in the hydrogen manifold immediately upstream of the in-
jector to circumvent a hydrogen ramming-starvation effect across the in-

jector manifold, which would result in a nonuniform hydrogen flow from

the injector.

After incorporating these changes, further runs indicated that satisfactory
mixing was occurring. Hot spots were not evident upon inspection of the
hardware following the runs, so the injector-mixer configuration was con-
gidered satisfactory. The diffusion bed, a 1/2-inch long segment filled
with copper shot, was used for the remaining experiments. The diffusion
bed was positioned 1-1/2 inches from the face of the injector. The bed
was, in effect, a passive mass consisting of a maze of flow passages that
accomplished two functions: (1) promoted additional mixing of the pro-
pellants due to the added pressure drop, and (2) increased the velocity

of the mixed propellants as a result of the decrease in effective flow

area, thus preventing flashback to the injector.
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The original tests were conducted with a center post running down the
catalyst bed simulating the internal downstream injector concept. After
further analysis of this type of injection concept, it was decided to
simplify the downstream injector by feeding in the oxygen externally
instead of through the bed. This circumvented problems that would be
incurred from heat transfer to the oxygen before it was injected down-
stream. The flow schematic (Fig. 13) depicts the oxygen being extern~
ally fed to the thrustor.

Ignition Tests

Catalyst Bed Experiments. After obtaining a satisfactory injector-mixer

and preventing flashback to the injector, the minimum catalyst bed length
was determined. This was necessary because both the catalyst bed pressure
drop and thrustor response time are strongly dependent upon bed length.
The initial experiments incorporated cryogenic propellants and an ambient
temperature bed to determine the minimum bed length needed to promote and
sustain a reaction. The catalyst bed was instrumented as shown in Fig.
After the first experiments, the bed was shorteﬁed from 1 to 1/2 inch

because the reaction was found to occur in the first 1/2 inch.

Temperature and pressure gradients in the thrustor for two distinct time
slices during a representative experiment (Run 6 , Table 5 ) are pre-
sented in Fig. 16 and 17 . A well-defined temperature gradient was estab-
lished through the bed length. The thermocouples were all positioned in
the approximate radial center of the bed and, consequently, they were
monitoring approximately the same floﬁ stream., The maximum temperature
was at TBC %4, which was located 0.2 inch from the beginning of the catalyst
bed. The thermocouple in the mixing section had reversed polarity (TMS 1);
consequently, the temperature appeared to increase instead of decrease
during the run and was deleted from the gradient plot. The thermocouples
in the copper shot (TMS 2 and TMS 3) chilled down during the run (to -80 F)
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with no indication of the flame front advancing toward the injector.

The temperatures in the bed were recorded by thermocouples TBC 1 through
TBC 6. After 1.2 seconds, the reaction appeared to near completion at
the TBC 5 position in the bed. The remainder of the bed acted as a
thermal capacitance. After 6.2 seconds, the temperatures downstream of
TVC 4 reached app—nximately equal values which should have approached
1600 F after an appropriate run duration. The maximum reaction position
also moved upstream, as indicated by TBC L4 registering a higher tempera-
ture than TBC 5.

The pressure gradient through the thrustor also was well defined. The
experimental values are shown in Fig.17 . The continuous line represents
as approximation of the pressure gradient through the thrustor. No loss
in pressure should occur in the mixing section because the only impedi-
ment to flow is the friction along the thrustor walls. Once the mixed
propellants enter the diffusion bed, the pressure decreases. The point
of inflection occurs at the PBC 2 station for both time slices because
the maximum reaction temperature (TBC 4 or TBC 5) was nearest to this

transducer.

Ignition Difficulties at Low Temperature. Previous work at Rocketdyne

had demonstrated reliable catalytic ignition of fuel-rich oxygen-hydrogen
mixtures at propellant and catalyst bed temperatures below 210 R (Ref. 3 ).
These tests were conducted at chamber pressures substantially higher than
10 psia. One of the objectives of the present study was to determine if
the ignition characteristics at these low pressures would be similar to
those observed in the previous program. Ignition difficulty occurred at
temperatures below 410 R, The ignition temperature results of this

and previous programs are summarized in tabular form on the following page.
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TABLE 6

SUMMARY OF HYDROGEN/OXYGEN CATALYTIC IGNITION LIMITS

MFSA | Propellant | Preignition .
Catalyst,|Bed Temperature, |Temperature, | 'Pressure, ’
~ iinch - R ‘ R psia Ignition

1/16 310 235 3to8 | No

1/16 410 235 3 to 8 Yes

1/8 360 235 3 Yes

'1/8 210 210 46 to 169 Yes

]
Comparison of the results at high and low preignition pressures indicates

a| substantial pressure-~temperature interaction for a given catalyst.

Also, the 1/8—inch MFSA catalyst appears more active than the 1/16-inch
MFSA,

I% appears that there is a pressure-temperature tradeoff for H’2-O2 cat~
alytic ignition for a given catalyst. When operation at low initial in-
let temperatures is desired, operation above a minimum pressure level is

required.

‘Recently, Shell Development Company (Ref.6 ) disclosed that their catalyst,
Shell 405, showed a higher activity for catalytic ignition of low-temperature
hydrogen-oxygen mixtures than did a catalyst similar to the one used during
tpg present study. Thus, low-pressure ignition at temperatures lower than

those obtained with the MFSA catalyst might be possible with the Shell
catalyst.

Shell investigators reported catalytic reactivity for 3 volume percent
hydrogen, 1 volume percent oxygen, 96 volume percent helium mixtures at
aitotal pressure of 1 atmosphere and at temperatures as low as 140 R for
the Shell 405 catalyst. That temperature should not, however, be strictly

interpreted as a temperature at which ignition would occur in a thrustor
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for:a Eimilar mixture at comparable pressures. There are two reasons why

140 R should not be strictly ihterpreted as an ignition temperature;_r(l) it |
has not been precisely determined what;properties of the catalyst were measured
by Shell's rising temperature reactor technique (for example, when the initial
cooling period with the gas feed on wae increased from an arbitrary 1 minute

to anﬁequally arhitrary 5 minutes, activity was not detected until 221 R% and
(2),in~a high flowrate system,ignition will only occur when the heat produced

by reaction at the reaction sites is greater than the heat loss. The
change in boundary conditions would have a significant effect on the

temperature limit.

Actual reactor tests of the type conducted during the present study are
necessary to establish temperature-pressure-composition ignition limits
for| the Shell 405 catalyst. At higher pressures, however, with the MFSA
catalyst, ignition is known to be possible at initial and inlet temper-

atures as low as 210 R.

It is emphasized that reliable ignition was obtained with cryogenic propel-
lants under the conditions of an ambient catalyst bed. Although under these
conditions with 1/16-inch MFSA catalyst the réaction "flamed out" some time
later, this did not occur with the 1/8-inch MFSA catalyst and evidently a

stable reaction condition was achieved. -

Downstream Injection of Oxygen (DS1)

1
Because of the restraints placed on the thrustor operation by the catalyst
bed (MR =1.0), optimum thrustor performance can only be obtained by intro-

?ucing additional oxygen downstream of the catalyst bed to raise the mix-

ture ratio to nominally 2.5. A downstream injector technique that homogene-

ously‘distributes the‘oxygen,infthe hot gaseous products and retains its
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inﬂegrity was desired. The oxygen was injectéd from an externally fed
ma&ifold that was used as one of the thrustor rings (Fig.lS ). Details
of &he downstream injector design are described in the Hardware Design I
sec%ion. The downstream injector was physically located 1/2—inch down-
stream of theréétalyst bed. The combustion section length between the

downstream injector and the start of convergence was 1-1/2 to 2 inches.

Thé‘downstream iﬁjector tests are outlined in Table 7 . A total run time
of approximately 6 minutes was accumulated on the DSI with no loss of
phfsical integrity, as evidenced in Fig.18 . No attempt was made to op-
ﬁimiZe the DSI unit, in terms of the uniformity of mixing of oxygen and
catalyst bed effluent, beyond the intiial design. Reasonable performance
was obtained with the initial design. Once the downstream injection tech-

. ~ nique was demonstrated to meet the experimentdl objectives, the experi-
ments were terminated. The experimental procedure was to bring the cat-

. alyst bed to steady-state conditions, and then to open the DSI valve.

| " When the DSI vaive was opened, a portion of the oxygen flow bypassed the

é catalyst bed, effecting a reduction in catalyst bed temperature. There-

' %§org,“it was necessary to increase the oxygen pressure upstream of the

choked orifice until nominal catalyst bed conditions were again met and

DSI ignition occurred in the workhorse chamber.

A typical example of the results of a DSI experiment is shown in Fig. 19
Only,the critical parameters, inlet temperature to the catalyst bed-TMS 3,

: ‘ cat5i§§£ bed temperatures-TBC 4 and TBC 5, combustion chamber temperatures-
IC 1 and TC 2, inlet oxygen pressure, DSI injection pressure, and chamber
pressure PC 1 are shown. This run was characterized by (i)wén ignition
delay of ~10 seconds, because the starting bed temperature was cryogenic;
(%) a bed thermal response of ~3 seconds; (3) immediate DSI ignition when
the DSI valve was opened; (4) DSI flameout because a portion of the oxygen
bypassed the catalyst bed, effecting a reduction in the mixed gas tempera-

ture TC; (5) a time period in which the initial condi@ions in the catalyst

L ; ; | , | _ %
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TABLE 7

e TBC Response Times, milliseconds
. (Last Nodes), Before After Pressure | Temperature _

Run | Type* | F TSC1 | TSC2 | TSC1l | TSC2 TSC2 | TSC1 , Remarks
18 | aB-aP B 7N2 purge left on No ignition N2 purge left on; no ignition
19 | AB-AP 1360 1560 | 1540 | 2570 [ 2450 ~3000 ~1500 | ~2,000 | Unreliable temperature mea-
| _ - : mevene |~ ~17.500 surements because PT-PT 10
20  CB-CP 1410 25 | 1820 | 2980 | 2800 Uneven 4500 7,5 .percent RU thermocouple used
: , 2 steps . .

, ‘ > ; (bad channeling)
23 | AB-AP 1335 1175 | 1200 | 3540 | 3330 - ~2100 ~3600 38,000
24 | CB-CP ~1500 80 | 1280 | 760 }~3300 LY 2600 ~500 | Increasing 0, flowrate
29 | cB-CP 1435 1130 | 1250 | 1630 | 3400 55 88 >500 )
30 CB-CP 1235 350 | 1320 | 1575 | 2175 <1000 <1000 } ~17,000
31 CB-CP 1460 1200 | 1325 | 1225 | 2375 242 253 |Declining | Filling and thermal response
' y ' above threshold temperature
- 32 CB-CP — N, purge left on »
| 33 CB-CP 1392 675 | 1550 | 1850 | 2680 77 99 374
(1270) : | -}
' Integrated Thrustor-Conditioner
120 AB-AP 1270 | 1300 | 3480 | 3650 77 100 176 Thermal and filling
| Shgtdown*fr~ 1 3700 | 3500 | 1200 | 1350 ?09 231 -~ 77 | Thermal and emptying
*AB = ambient bed | | |
CB = cryogenic bed - -
AP = ambient bed
CP = cryogenic bed
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bed we;e restored by increasing the oxygen flowrate; (6) steady-state DSI
ignition; and~(7) a prolonged shutdown transient resulting from an oxidizer-

rich, three valve sequencing procedure.

As the oxygen flowrate was increased to make up for that portion passing
through the DSI valve, the mixed gas temperature gradually increased until
the temperature reached a value at which spontaneous combustion occurred.
This temperature is the autoignition temperature. The experimental tempera-
ture of ignition for the example under consideration was slightly erratic
varying from 1270 to 1500 F. Autoignition temperatures from other runs are
summarized in Table 7 and if the results of several runs (10, 20, 23, 28,
and 31) are discarded for various reasons as noted in the table, the thres-
hold temperature is 1265 30 F. If the resulting mixture temperature imme-
diately after opening the DSI valve is above this temperature, combustion
will occur as shown in Table 7 for Run No. 31. The thermal and pheumatic
responses of the DSI ignition are discussed in the Response and Pulse Mode

section of the Thrustor.

Experimental Data Evaluation and Summary

The component tests had the prime objective of determining and demonstrating
éhrustor components which could then be incorporated into a lightweight
thrustor. The latter was to be used in determining thrustor performance

and operating characteristics.

-
|

% four-on-one injector-mixer with a diffusion bed was found to give suf-
ficient propellant mixing to prevent the occurrence of flashback of the

reaction zone to the injector face, and of "hot spots" in the catalyst bed.



A minimum catalyst bed length of 1/2 inch was sufficient to'promote and
sustain igniti;n using cryogenic propellants and catalyst'bed temperatures
greater than 410 R. A catalyst bed temperature limit for reliable cata-
lyst and for the preignition pressures was of interest in this study.
Reliable ignitioh was obtained with cryogenic propellants when catalyst
"bed temperatures were above this limiting temperature. Previous success-
ful ignition at these and lower temperatures for higher preignition pres-
sures (by an order of magnitude) suggests a temperature-pressure inter- |
action on the ignition limit. A downstream injection technique thét |
hombgeneously distributes oxygen in the hot gaseous product was sﬁccess-
fully tested, and the physical integrity of the injector was maintained.

A long response was observed with the initial downstream injector exper-
iments because of a close coupling between the bed and downstream injector
oxygen flow. Decoupling the two feed systems will increase this response,

as shown in the conditioner-thrustor integrated system tests.
LIGHTWEIGHT PERFORMANCE THRUSTOR

The major objectives of this phase of the program were to obtain steady-
state performance data and engine heat transfer characteristics, as well
as to study engine start and tailoff behavior, and engine pulse-mode

operation,

A lightweight thrustor was utilized in this effort. The design of this
?hrustor was based on the results of the component tests. Since extensive
éptimization was not an objective of the cowmponent tests, the resulting
lightweight thrustor design is not an optimum design. The downstream
combustion chamber and nozzle were fabricated from nickel to allow heat 1;
transfer characterization. Based upon heat transfer prediction, it was
expected that the chamber could be operated in a steady-state mode for

durations of several minutes.



Performance Thrustor Experiments

A series of 10 runs was planned for this phase of the program, It was
desired to estakliish the repeatability of the set point through cycling;
- the correct flowrate through the catalyst bed would be set, then the

oxygen flow would be cycled on and off to see if the same temperature

level in the bed were obtained each time. The same type of operation also
was specified for the downstream injector. Tﬁese two operations, in addi-
tion to heing carried out individually, were then to be carried out
simultaneously.

|

|

ﬁasic Data. Pertinent data taken during the experiments were chamber

pressure, chamber temperature, propellant flows, thrust, catalyst bed
temperatures, nozzle external surface temperatures, injector inlet pres-
sures, and facility altitude chamber pressure. With these data, both
performance and heat transfer ealculations could be carried out. The per-
%ormance was evaluated from chamber pressure, thrust, and flowrate data,

|

Yhile the heat transfer was evaluated from external surface temperature
measurements. Start and tailoff transients were to be evaluated from

transient thrust, chamber pressure, and temperature data.

Experiments Accomplished. In the first two rumns, the relationship between

feéd‘system pressures (corresponding directly to propellant flowrates) and
chémber pressure was to be established. The next four runs were designed
%Ejprovide a steady-state condition for additional performance determinations.
Heat transfer and start-tailoff transient information were also to be obtained
duiing these runs. The final four runs were designed to evaluate pulse-mdde

operation and performance,




The initial run was successful anu the goals were accomplished. The run

sequence was as follows from the initiation of oxygen flow to the beds.

l.

251 to 275 seconds: steady-state flow at MR

0 to 92 seconds: catalyst bed flow with MR adjustment

92'to 125 seconds: steady-state catalyst bed flow (MB = 1.35)
125 to 164 seconds: H, flow only

165 to 230_seeonds: catalyst bed flow with adjustment to

MR - 1.0 o |

230 to 251 seconds: adjustment of DSI flow

= 1.98
275 to 277 seconds: adjustment of DSI flow )
277 to 292 seconds: »steady—state flow at MR = 2.40

202 to 298 seconds: steady&state catnlys+ bed flow only

Performancefﬁas calculated at four points 2, 4, 6, and 8 in the above run

sequence.

The results (Table 8 ) are discussed below.

The second run was started following engine cooldown from the first run.

Approximately halfway through the planned duration of this run the chamber

l . .
failed because of excessively high temperatures on the order of 2400 to

2500 F in the area of the contraction sectlon and throat. The run sequenceﬁ g

from 1n1t1at10n of propellant flow to the catalyst bed was as follows:

1.
1 to 1.18
2, '23 to 87 seconds: steady-state flow with downstream injector
at MR = 2.75 |
3,l787 seconds: ehamber~failurq¢q ‘ L S ‘ ﬁ ' Ty }

0 to 23 seconds: steady-state c;telyst bed flow at MR = 1.16

— g V 62 ) i ' ‘ ’ . ’ : | ) ‘_
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TABLE 8

SUMMARY OF PERFORMANCE RUNS __

- o o e e T o ‘Was
; Isth o Ig a vaé’ c Downstream
| Ra Pes vac’ ¥ theo? peas’ | ¥ ‘ e els £? | Injector
' ’sll;:. p:'ia lbf MR ft/sec ft/sec percex,lt lbf'/ lbm/ sec lbf/ lbm/ aec Is percent | Operating?
56 7.6 | (14.9) | 1.35 | 8100 7360 91 401 (390) |(97.5) | (107) No
8.0 (15.1) |1.00 | 7830 7160 91.5 393 (363) [(92.5) | (101) No
11.6 | (20.8) | 1.98 | 8320 7485 90.0 406 (363) |(89.%) | (99.%) Yes
| - 12.8| (22.6) | 2.40 | 8310 7390 89 407 (350) | (86) (96.7) Yes
| 57 6.3](11.9) |1.16 | 7960 6640 83.4 i 3981 - (333) [(83.6) | (100) No
7.0 (15.2) | 1.18 | 7965 7190 90.4 399 (419) (105) (116) No
12.3 | (24.5) | 2.75 | 8250 74570 90.6 406 (a4%2) | (99) (109) Yes

  NOTES: 1. The above runs employed 1/8 inch MFSA catalyst, combustion chamber length, 6~inch and l-inch

17
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Figure 20 shows the thrustor during the high temperature portion of the

second run.

‘A review of the data shows that the chamber conditions at the time of
failure were 12.9-psia chamber pressure and 2.74 mixture ratio. The
mixfﬁre ratio was later found to have increased from that of the pre-
viously successful run because of changing tank pressure. Although the
chambér pressure was also higher than design, tﬁé higher mixture ratio

is viewed as the prime cause of failure.

Performance Results |

Performance was calculated at four points for the first run and at three

points in the second run. The results-(Table 8 ) are discussed below.

The characteristic velocity, c¥*, was calculated from chamber pressure

and mass flow measurements:

!

P A g
- _ c t ®¢ ; (2)
meas. v
T

‘Thé chamber pressure actually measured was the static pressure; from this
measurement a dynamic pressure was calculated and employed in the equation
above. The c* as calculated above was then corrected for heat loss to the

wall as well as thermal throat expansion in accordance with procedures

given in Ref. 7 .
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The vacuum specific impulse was calculated from the measured thrust:

Fmeas + Pa Ae
Iep e (3)
meas, vac T

The c¥* and I efficiencies (m - and nI ) were. calculated as the ratio

of actual to theoret1ca1 values. The thrust coeff1c1ent is defined by:

_ 8 "¢ : .
Cf T oc¥* . - (4)

The thrust coefficient efficiencyfwas calculated as:

C

e TS e - () <°*> e (5)

gtheo meas theory

The performance data evaluated from the experimental data and the pertinent

parameters are given in Table 8.

The calculated values of c shown in Table 8 are unrealistic. This was
probably caused by a propeliant line stiffening interaction with the thrust
measurements. The zero point for the load cell was observed to change as
the injectronapressures were_ehanged}r Therefore, the pressure data were

used to characterize performance.

The c* efficienciee are seen to vary from 83 to 91.5 percent with all but

one of points in a range of 89 to 91.5 percent. The 83-percent point was
obtained at the initiation of a run and prior to the achievement of a steady-
state fhermal condition. This is a reasonable performance in view of the

nonopt1m1zed nature of the hardware.'

N
=)



The effect of mixture ratio on c¥* efficiency is shown in Fig. 21. The
differences in efficiency between the values at mixture ratios of approx-
imately 1.1 and those at mixture ratios of from 2.0 to 2.8 are quite small,
if not insignificant. Also, the two groups of data reflect the performance
characteristics of two mixing devices, the‘injector-mixer upstream of the

bed and the downstream injector unit.

}

Experimental c* efficiencies for the workhorse thrustor were about 15

percent lower than for the lightweight hardware. There were two basic o

differences in the hardware configurations: (1) turbulators were added

in the catalyst bed to curtail channeling of propellant down the wall of
t%e chamber, and (2) the length of the coumbustion chamber downstream of
the downsﬁream injector was increased from 2.0 to 6.0 inches, allowing a
longer residence time for reaction to take place. Although their combined
effect was assessable from the data, there is no way of separating the

effects attrlbutable to each change.

It appeared from analysis of the workhorse data that the size of the
c%talyst pellets did not have any effect on engine performance. Since
the lower bed pressure drop is obtained with the 1/8-inch pellets, they ;
were used in this phase of the program. ?

Heaf Tfansfer Results

i

R
D?rlng the initial two runs heat flux measurements were made by the
tran51ent wall temperature technique. Heat transfer coefficients were » :
‘d%termlned for the thrustor from these measurements. External surface
J
e

temperatures were measured at eight locations. Thermal isolation blocks

were cut to minimize longitudinal heat conduction. Chromel-alumel thermo-

,couples were welded to each 1soiat10n block at 1ts mldp01nt
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The rate of temperature increase for a block of constant cross section

is related to the net energy tramsfer rate as: \

dTB
q = ApIC, G5 (6)
where
A = area of block
p = density
Cp = gpecific heat capacity
Tﬂ = block temperature
t = time

L = block thickness

Assuming (1) small radiation effects within the chamber, (2) one-dimensional
heat flow, (3) high thermal conductivity of the block material (block is
essentially uniform temperature), and (4) heat transfer from the block

to the surroundings takes place by radiation only,

then .
4 = hed (T, - Tg) - o€A(ty’ - 1, (7)

where

Tg:= chamber gas temperature

hf:= film heat transfer coefficient

Ta~= ambient temperature

O = Stefan-Boltzmann radiation constant

€ = emnisivity of surface | |

69



For a given time -increment, the net heat transfer rate, q, to a block was
determined from Eq. 6 . Substituting that value of q together with the
average values of the block temperature, chamber gas temperature, and
ambient temperature inte Eq. 7 , the local chamber film heat transfer
coefficient was determined.
%he chamber gas temperature Tg, was set equal to nc*z 'I'c where Tc was a
thgoretically calculated combustion temperature and nc* was an experi-
meﬁtally determined value of c*act/c*theor' It should be noted that for.
low values of the temperature differences (Tg - TB), the calculated hf
wa&rstrongly dependent on the value of Ne* and thus the experimentally
determined c*meas' At temperature differentials of 700 R, a l-percent
error in the evaluation of the c*meas would produce a 12-percent error .

in hg -With larger temperature differentials, the sen81t1V1ty of the hg
determination to the Mo % ‘value is diminished.

f'

gigure 22 presents curves of local heat flux at various axial positions
along the thrustor for three time increments during each of the two runs.
The local heat flux values were normallzed to a chamber pressure of 10
ps1a by'multlplylng by the term(lO/P ) as suggested by the theoretical
equation of Bartz (Ref 8). This 1mp1101t1y assumes a turbulent boundary

layer.

F#gure 23 presents curves of the film heat transfer coefficient normalized
té 10 psia at various axial positions along the thrustor for the same three
time increments during the two runs. Analytical estimates of the heat
t%ansfer coefficients were made based on a developing turbulent boundary
léyer and on Reynold's analogy with the Prandtl number and viscosity
“assumed constant. The analytical prediction for a chamber pressure of

10 psia and a mixture ratio of 2.5 is also shown in Fig. 23. The agree-

ment is poof; In the chamber portion of the engine the coefficients are
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ﬁrom two to five times greater than predicted. Also shown is an analytical
|
prediction from the Bartz equation. That, too, agrees poorly with the present

data while agreeing quite well with the more detailed analytical predictions.

Qhe elevated chamber heat transfer coefficients are partially the result of
Qhe chamber gas recirculation discussed in a later section of this report.
ﬂecirculation wakes form downstream of the downstream injector spokes.

This reduces the available flow area and ipcreases the gas velocity along

the chamber wélls and increases the heat transfer coefficient.

The difference between the experimental values and the analytical predidtion
could be partly attributed to a poor estimate of AT. This could have oc-
c?rred because of a radial mixture ratio gradient produced by the downstream
injector and/or error in estimation of the temperature factor, nc*2. For
.eFample, consider that the mixing is not homogeneous and that an oxygen-rich
zone exists close to the wall, The temperature in that zone would be higher,
the resultant driving temperature difference would also be higher, and thus,
for the measured heat flux the film coefficient would be lower. However,
e%én if the oxygen-rich zone was at the maximum theoretical flame tempera-
ture for hydrogen-oxygen, it could still not account for all of the devia-

tion between experiment and theory.

Summary of Perfdrmance énd Heét Transfer Evaluation

Although the planned series of runs was not completed because of a chamber
failure during the second run, several of the objectives were achieved.
The thrustor c* performance was found to be between 89 to 91 percent

| ' a;ter thermal equilibrium was obtained. The heat transfer coefficients

L , - were found to be several times larger than expected, so that a refractory

metal is necessary for a radiation-cooled chamber and nozzle operating at




o
Fmat

maximum efficiency. The performance achieved is considered satisfactory
be%ause no effort has been made to obtimize the method of injecting the |
additional oxygen downstream of the catalyst bed. Increased combustion
performance and/or shorter downstream combustion chamber lengths should

result from such an optimization.
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ANALYSIS OF THRUSTOR RESULTS

EXPERIMENTAL DATA EVALUATION

Thrustor Response Analysis

The determination of thrustor response and pulse-mode operating character-
istics was a goal in the subject program. Two response parameters are of
ihterest, thrust and specific impulse. The first measures output, the
second measures efficiency. These two response parameters are, in turn,
related to chamber pressure (thrust) and chamber stagnation temperature
(specific impulse). The thrust (or pressure) response is of greatest
interest in most cases. However, degradation of specific impulse because
of extended thermal response periods will have an adverse effect on the
attractiveness of a given system. Therefore, maximum response is a prime

objective.

Applicable Experimental Results. Experimental results from three sources

were used in the evaluation: the lightweight engine tests, gas generator
experiments performed in conjunction with the conditioner effort, and the | ;
workhorse thrustor tests. The lightweight engine experiments were directed
at obtaining combustion performance and thrust response characteristics |
under altitude conditions. A series of 10 test runs was planned, with
pulse-mode operation runs scheduled near the end of this series. An engine

- failure during the sccond test run terminated the experiments before the
'pulée-mode characteristics could be determined. In the initial 2 of 10
planned test runs, only slow response instrumentation recording was utilized,
se that the measurement of the transient characteristics was not detailed.

, Fbrtunately, the lack of these data from the lightweight thrustor experi—e ;
ments did not preclude a response and pulse-mode analysis based on tﬁgére—,g

, snlts of,the,workhorse‘thrustor and%the gae.generator‘experiments,



i
The major portion of the response data was obtained with gas generator

réaétors (for the conditioning system), these being equivalent to an in-
lﬁne thrustor operating at a mixture ratio of ~1.0. The gas generators
ere chscked out as separate components, and then immediately connected
with their respective heat exchangers and operated as an integral part of
the conditioner subsystem for the remaining conditioner tests. During the
%ourse of these tests, the gas generators were frequently pulsed (both
ﬁanually and automatically by the temperature controller) and transient
fesponse data were obtained. These data are significant from the analogy
with an in-line catalytic thrustor and are presented here for a direct

comparison with the thrustor response.

Most of the experimental workhorse thrustor effort was devoted to (1) deter-

mining a viable internal configuration, (2) measuring the lower temperature .
lipit for reliable catalytic ignition, and (3) developing a DSI technique.

Besause of the difficulty encountered in low-pressure, low-~temperature -
catalytic ignition, additional experimental effort was diverted to this

area from the pulse-mode and response studies with the workhorse hardware. .

Thus, only several long-duration (~ 10 seconds) pulses were made with the

workhorse hardware. Neither the experimental equipment or procedure was

optimized with respect to rapid response.

Comparison of Thrustor and Gas Generator Designs. The actual gas generator

désign, which is discussed in detail later, was based primarily omn the optimum :
| v ;
internal configuration found in the first thrustor studies. Thevpertinent

similarities and differences were: = e

1. Nominal mass loading: G_ thrustor = 0.0041 1b/in’—sec
V ‘ Go‘large gas generator = 0.0058 lb/in?—sec,
G small‘gaskgenerator = 0.0052 lb/ingesec



2. a. Identical catalyst bed lengths of 1/2 inch of 1/16-inch MFSA
b. A thrustor diffusion bed length of 1/2 inch of copper shot vs
1/2 inch of 1/16-inch stainless-steel ball bearings for each

gas generator,

3. Approximate internal volumes, in.3
Preinjector Volumes Mix Combustion
0 i Section | Chamber
2 2 | Volume Volume
- Thrustor 9.8 12.3 | 10.5 15.8
Large Gas Generator 0.38 6.0 2.2 0.48
Small Gas Generator 0.36 5.8 0.82 0.22

L. The gas generator throats were sized to give sonic flow at a
| éominal pressure of 10 psia and a temperature of 1500 F (mixture
ratio of 1.0), whereas the thrustor throat was sized for a nominal
10 psia at 3500 F (mixture ratio of 2.5).

Because of the similarities in mass loading and the length of catalyst
beds for the thrustors and gas generators, similarity in thermal response
should occur. Obviously, less similarity or scaling exists among the various

internal volumes and throat areas; thus, Bnly qualitative agreement among

pneumatic reébonses can be expected.

After the checkout phase of the gas genmerator testing was completed, the
heat exchanger coil was coupled to its respective gas generator. Comparison

| of:thermal and pneumatic responses before and after coil hookup showed the

gaé generator responses to be independent of the downstream heat exchanger,

undoubtedly the result of the sonic nozzles in the gas generators.
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A min&hﬁmtamount of instrumentation (chamber pressure and temperature,
inlet pfessures, and electrical signals to the valve) was installed on the
gas generators, so that only chamber pressure and temperature response can

be compared with that of the thrustor.

Comparison of Feed Systems. Three different feed systems were employed

with the gas generators. The first feed system, was a dynamic feed sys-
tem similar to the thrustor system without the upstream sonic orifices;:
This system was used for the initial checkout of the gas generators.

Later, the vents were plugged and the gas generator oxidizer and fuel valves
were opened simultaneously. In the final series of integrated testing, the

feeds to the gas generators were taken from the accumulators.

Three different feed systems also were employed in the thrustor studies.
The %éed system for the workhorse thrustor tests utilized heat exchangers
for cooling the propellants and choked orifices in the heat exchanger exit
and bleed lines so that the propellants could be vented until the desired
thrustor inlet temperature was reached under dynamic conditions. A static,
ambient feed system was employed in the lightweight thrustor tests. 1In
the final thrustor-conditioner system tests, the thrustor was connected

to the accumulators.

'kTemperature and Pressure Response. Typical responses for both gas genera- = |- -~

tors and the thrustor are compared in Fig. 24 and 25. The large gas gen-
erator responses also are shown in Fig. 26 and 27, with an expanded time

scale.‘ The feed system utilized in obtaining the two gas generator tran- x?*“
sients was that of a direct'dccumulator,feed.' The OScillating nature of ©
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the accumulator pressures, which produced the uneven response curves, is
illustrated in Fig. 28 and 29. The propellant valves were opened and
closed simultaneously. The thrustor response is for the workhorse thrustor:
with a dynamic feed system., Typical inlet pressures to the thrustor are
shown in Fig. 30. Valve operation was programmed for a 3-millisecond H
legd'and a 500-millisecond H
of[8;693 seeonds.

2

o lag on shutdown with a total oxidizer on-time

The results show conclusively that, with a starting bed temperature of
IOP to 170 F, thermal responses near 3 seconds can be expected. The cham-
be% response of the thrustor was much slower than the maximum thermal re-

sphnse because of the large mass (approximately 100 grams) associated with

~the retaining plate and an add1t10nal length of catalyst (0.5 - 0.275 =

0. 225 1nch) past the optlmum

The actual response times are significantly slow compared to those pre-
dicted (approximately 750 milliseconds), based on the assumption of com:w<
plete O2 reaction during startup. At the end of 750 milliseconds, the
actual chamber temperature is between 700 and 900 ¥ instead of the
predicted 1500 F. A decrease in bed starting temperature was found to

have an adverse effect on response, with response times of 5 to 10 seconds

f?r bed starting temperatures of -100 F. The most reasonable explanation

; fér such phenomena is that an appreciable fraction of the propellant flows

through the bed without reacting during the transient start period of opera-
tion. As the temperature of the bed increases to 1500 F, a greater fraction
is reacted It is suspected that this bypassing phenomenon is also pressure

dependent; however, this has not been clearly shown.

b

-
The thrustor thermal response for thermocouples placed axially in the cat-

alyst bed was not always internally consistent for each run nor was it

cons1stent from run to run. The former is illustrated in Fig. 311n.wh1ch
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three of the bed thermocouple response times were observed to be near
700 milliseconds, while the other 3 ranged from 2 to 3 seconds. This

was undoubtedly caused by gas channeling.

Pressure responses associated with the temperature responses of Fig. 31

are given in Fig. 32. The large differences in the final pressure ob-
taihed with the gas generators, compared to the thrustor, occurred because
of the configurational differences between the in-line gas generators and
the downstream injector thrustor. However, the most significant difference
is the initial pressure response during the chamber temperature transient
to‘steady state. The gas generator pressure response appears to be almost
independent of its associated thermal response, whereas the thrustor tem-

perature and pressure responses are coupled.

The more rapid gas generator response results from different feed system
and design characteristics. A major design factor is the ratio of the
injector orifice area to the throat area. The thrustor was designed for
operation at 10 psia using downstream injection of oxygen, whereas the
gaé generators were operated at 10 pesia using only flow through the cata-
lyst bed. As a result,the gas generator throat areas were smaller relative
to the injector-mixer orifice areas than for the thrustor and the gas
generator throats acted more as a choking orifice. Also, the gas generator
combustion volume was 51gn1f1cunt1y smaller than the thrustor volume -
,(normallzed for flowrate dlfferences), thus decreasing the fill time.

-
Tﬂe thrustor feed system with upstream sonic orifices also contributed
~to the coupling effect by restricting the startup flow and, thus, making
th pressure buildup dependent on the temperature'response In the absence
of the sonic orifices, the flow into the thrustor would be highest dur1ng 7
sﬁartup and, therefore, tend to increase startup chamber presSure In thls.
case, the uhamber pressure would be pr1mar11y dependent- on the dr1v1ng

pressures.

- .88
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The large mass of the retaining plate downstream of the catalyst contributed
indirectly to the slow pressure response by causing a chamber temperature

lag and, hence, an increased flow from the throat.

An enlargement of the startup and shutdown transient pressure responses
for the workhorse thrustor run presented earlier is shown in Fig. 33 and
3%. The startup pressure response ranges from ~44 milliseconds in the mix
section to several seconds in the chamber. The mix section response on
shutdown és approximately 80 milliseconds, while the chamber pressure re- =
sponse was much slower, i.e., 250 to 300 milliseconds. This long "tail" J
is caused b& the large amount of gas which, on shutdown, must bleed out

of the largé preinjector volumes through the mix section and catalyst bed.
The transient thermal response on shutdown was shown earlier in Fig. 25

in which thg cooling effect of a 500-millisecond H_, lag, and a subsequent

2
oxidizer-rich spike can be noted. The latter was caused by an incorrect }
ratio of preinjector volumes for the two propellants. (See transient
mixture ratio diséussion in the Thrustor Modeling section in Volume 1

of this report.)

Shown in Fig. 35 is the chamber pressure trace associated with the best
thermal responses obtained, Run 15. The associated thermﬁl responses are
shown in‘Fig. 36. In this case, the chamber pressure is relatively de-
coupled ﬁrom the chamber temperature response and is an order of magnitude
faster tﬁan the response shown in Fig. 34 for Run 5. Based on a comparison
of the engine:pggameters_for these two runs, several factors could be par-

tially responsible for the response differences:

17 ‘The starting bed temperatures in Run 15 were 110 to 210 F hotter
than that of Run 5.

2. The flowrate and MR for Run 15 were, respectlvely, 20 percent
~ and 5 to 10 percent higher than that for Run 5
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3. The mass of the retaining plate and screen downstream of the
catalyst bed was reduced from 107 to 70 grams by using a more
porous and thinner retaining plate.

i
|

DSI Temperature and Pressure Response. Measurement of the temperature

and pressure response of downstream combustion was an important part of
this work. The exact cause of the difference between pneumatic and thermal
response is now known, but thermcouple location is suspected to be an im-
p%rtant parameter in view of gas channeling. Since the O2 is flowing
through the thrustor at the time of ignition, the responses do not include
any filling delays associated with the DSI device. The responses of all
tﬁevruns are summarized in Table 7. The pneumatic response for runs 2%,
Qé, 29, and 33 were approximately in the same time range (40 to 90 milli-
schnds) although there appears to be no association between the pneumatic
aﬂd thermal responses. Obviously, the thermocouples were not in the lo-

cation where burning initially started.

A description of the integrated thrustor-conditioner tests and an example
of a long-duration DSI pulse are given in the System Demonstration section
of this report, In these tests the flowrates were approximately 1/5 nom-
inal. With the complete cryogenic reaction control system, it was possible
%okcycle the DSI valve without disturbing the flow to the catalyst bed.
?kﬁmples of the chamber pressure, and the two stagnation temperature re-
sponses during startup and shutdown, are presented in Fig. 37 through 0.
?he startup chamber responses are on the order of 100 milliseconds, much

of which can be attributed to the filling time for the volume between the

QSI valve and the injection slot in the spokes. The shutdown response

appears to be about twice as long as the startup response. This is prob-

ably caused by the decay of oxygen from the filling volume.
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It is interesting to note that the initial threshold temperature was 1270
to 1300 F for the successful ignition, which corroborates the workhorse

experiments.

Thrust and Specific Impulse Response. Thrust response is, in most cases,

the most significant response characteristic. This response characteristic

is closely related to that of pressure:

Y
H
i

F = Pc At CF : ‘ (8)
where
Ff” = . thrust
|
Pc = chamber pressure
At = érea of the throat
CF = thrust coefficient

S&all changes in the value of the thrust coefficient will be closely
c#upled to the temperature response. However, the only first-order effect
oh thrust is that of chamber pressure. Therefore, it is of significance
that pressure response times as small as 40 milliseconds were measured.
S?milarly, the shutdown responses were of the same magnitude. Thus, pulses
that essentially reach full thrust and are approximately 100 milliseconds
in duration are seen to be feasible. Additional design réfihements to
r%duce free voluﬁéé have the possibility of reducing the minimum pulse

width further.

100 «



The specific impulse response characteristics during transient operation
in a vacuum environment is dependent on the combustion efficiency charac-
teristics and on the characteristics of heat transfer to the catalyst bed,
the structure supporting the bed, and the remaining engine hardware. In- |
complete reaction of the propellants during the initial portions of the
ignition transient was thought the most likely cause of the excessively
long thermal response transients from a cold bed, as discussed above.

The specific impulse response is related to the temperature response by:
. Isp= K‘/T‘;M

Specific impulse response times are characteristically quite long. The
impdrtance of specific impulse response and the actual characteristics
will vary with the application. In particular, an operational mode re-
sulﬁing in atcontinuously hot catalyst bed will eliminate the specific

&

impulse response problem.
|

The thrust and specific impulse response characteristics are, in general,

- related only by the interrelationship between the temperature and pressure

responses. The latter relationship is quite dependent on the engine and

feed system designs, as discussed above.

L{ghtweight thrustor experiments were planned to determine experimentally
the thrust and specific impulse response characteristics. However, hardware

féilure in the initial lightweight thrustor hardware experiments, as dis-
cussed in an earlie;isection;bf this report, prevented the accomplishment

of the response and pulse-mode experiments.
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Pulse-Mode Operation

The results of pulsing the small gas generator with a hot catalyst bed
controlled by the automatic temperature controller are shown in Fig. 41
through 45. These results werec obtained in the.initial system testing,
where the feed system was of the static type. Overall, the gas generator
was cycled on and off three times during a l-second period, with the valve
open times ranging from 100 to 200 milliseconds. The indiviqyal pulses
are characterized by akstartup transient of 60 to 70 millisecznds and a

shutdown transient of 120 to 130 milliseconds.

The chémber and throat temperatures are shown in Fig. 42 and 43. The -os-
cillation in temperature can be attributed to transient MR vgriations
(fuel—rich on‘startup‘and oxidizer-rich on shutdown) and to fhe oscillating
inlet pfessures, The difference of ~150 F between the chamber and throat
temperatures can probably be attributed to gas channeling and incdmplgte
cowmbustion. i ruf‘*;;‘

An example of 540-millisecond, hot-bed pulse with the large gas genérator

is giveh in Fig. 46 through 49. This example was taken from the final con-

ditione? tests, where the gas generator was being fed from the accumulators.

The‘staftup and shutdown transients are nearly identical to those observed
for the small gas generator. Also, the effect of the out-—of-phase accumu-

lator oscillation on chamber pressure and temperature should be noted.

Discussidﬂﬁof Downstream Injpcﬁion of Oxygen o
A simplified schematic of the nominal heat and material balance processes

occurring in the thrustor is shown in Fig. 50 . The hydrogen and oxygen

are first mixed to an equilibrium temperature, then reacted inlthe catalyst
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Fuel Inlet Pressure, psig
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Downstream Combustion

Injector=Mixer Catalyst Bed Tnjector Chamber
Hy
—
O2 B |
‘ 0, @ 200 R
Gas Mixture Ratio 1.0 2.5

fed
T Gas Temperature 200 R 1500 R 1350 R 3560 R

Gas Composition 0, H, HD 0, H, HO 0, H, HO 0, H, HYO
Weight percent 50 50 - - 13.8 56,2 42,9 25,0 32.1 - 19.6 80.4
Mole percent 94,2 5.8 - - 87.5 12.5 8.6 0.0 11.4 = €8.7 31.3 h

Figure 50. Summary of Nominal Heat and Material Balances for Thrustor Operation




bed producing water and heat and, finally, additiomal cryogenic oxygen is
injected into the hot-gas stream. Before the oxygen can react, several

criteria must be met:

1. The oxygen must mix with the hot gas.

2. The gas mixture composition must be within the flammability
limits of the hydrogen-oxygen-water system at ~1300 F and
10 psia.

3. The resulting mixture temperature must be above the dynamic

autoignition temperature of ~1260 F.

4. The stream velocity must be less than or equal to the turbulent
flame speed of the mixed gas at ~1300 F and 10 psia. Otherwise,

the flame may be forced out of the combustion chamber.

Gas Mixing. The downstream oxygen injection method was previously shown
and discussed, and it was explained how the method of injection ensured
even distribution of oxygen. Uneven distribution can conceivably cause
part of the mixture to pass from the engine without combusting, while

local hot spots exist in other parts of the chamber.

Flammability Limits. In previous work (Ref. 3 ), the bhydrogen-oxygen

ambient, fuel-rich flammability limit was extrapolated to néar 1200 F,
where it was shown that mixtures of 2 to 3 percent (MR ~0.3 to 0.4) oxygen
are marginally flammable. The addition of water vapor to hydrogen-air
mixture has been studied experimentally at 300 F and pressures of 15 to

115 psia by Zabetakis (Ref. 9 ). His results show that the addition of
water causes the fuel-rich concentration limits to decrease 1 volume

percent hydrogen for every 1 volume percent water added. Thus, the

113



addition of 11 volume percent water contained in the hot gases from the
catalyst bed may reduce the fuel-rich flammability limit to 86 volume
percent hydrogen, 11 volume percent water, and 3 volume percent oxygen.
Fortunately, the nominal design mixture 80.0 volume percent hydrogen,
11.43 percent water, and 8.57 percent oxygen is within the projected
flammability range. However, it might be conclunded that there is a
minimum oxygen flowrate if ignition of the oxygen injected downstream

is to occur.

-
Autoignition Temperature. The relationship between the amount and temper-
ature of hot gas to be mixed with a given amount of additional oxygen so
that a spontaneously combustible mixture occurs can be stated by a heat

balance:

Yo Cplig THp * W02 CPOQ TOQ [(WOQ ’ WHé) ° T)] mixed (o)
: gases

If T)mixed gases is equal to or greater than the autoignition temperature
of 1260 F, combustion will occur. For the nominal design conditions shown
in!Fig. 50, the temperature of the mixed gases after injection of cold
oxigen can be calculated to be ~150 F lower than the temperature from the

catalyst bed, but ~90 F above the threshold temperature. Therefore, com-

‘bustion will occur. With an increase in the DSI oxygen flowrate by ~33.3

percent to a MR of 3.0, the temperature of the mixed gases would decrease

to the threshold température,'1260 F, and ignition might not occur.

Because of the nearness of the hot-gas outlet temperature to autoignition
temperéture, a slight amount of gas channeling:and subsequent uneven

temperature distributions from the catalyst bed can cause similér uneven
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éemperature distribution about the autoignition temperature and, conse-
duently, erratic DSI combustion. This point is further illustrated in

Table 7 by comparing TCl with TC2 before and after ignition. For the
éryogenic runs which were characterized by ignition delays and slow thermal
response and subsequent gas channeling, temperature differences on the order
of 1500 F were sometimes observed. However, the temperature profiles were
muqhﬁsmoothg;ufop the ApfAPWfFFS' 19 and 23. Low performance also may be

a byproduct of this undesirable Phenomenoh;””

The measured autoignition temperature of 1260 F is considerably above those |
feported in the literature for other systems containing hydrogen-oxygen. |
For example, Zabetakis (Ref. 9 ) experimentally found the minimum static
autoignition temperatures for intermediate compositions of hydrogen-air-
water to vary from 977 to 1075 F as the water content was increased from
10 to 30 volume percent. He also measured minimum spontaneous ignition
temperatures of hydrogen-water vapor mixtures flowing in a pipe into
unheated air at atmospheric pressure. The dynamic temperature of the

flowing stream varied linearly from 1260 to 1370 F for a 0 to 690 percent

water vapor variation. These results are qualitatively similar to those

obgerved in this study but it should be pointed out that an exact comparison

is| impossible because of the inert diluent nitrogen in Zabetakis' work and
the difference in the concentration ranges, intermediate vs fuel rich, for
this study. |

Turbulent Flame Speed Criteria. Turbulent flame speed data for the con-

ditions under interest, i.e., 1300 F and 10 psia for fuel-rich mixtures
COptaining water, are nonexistent. The ambient, stoichiometric, turbulent

flame speed for hydrogen-oxygen is on the order of 30 ft/sec, and it is .

known that increases in propellant temperature cause increases in tnrbulent ﬂ

115



flame velocity. However, it is unlikely that the turbulent flame speed
| iqcreases to the range of 500 to 800 ft/sec, the range of the free stream
velocity before ¢r after DSI ignition. How, then, does the stable flame
front exist? To answer this question, one must consider the DSI and how
it affects the flow pattern. Because the DSI~spokes are cylindrical in
sﬂape and are placed perpendicular to the flow, one can expect a region
of stagnation and back-circulation on the downstream side of the spokes,

as shown schematically below:

| . e . . ;
Oxygen is injected, sonically, into the region of backflow and stagnation
é ; where it mixes with the recirculating gases and reacts. The recirculating

zone serves to increase residence time and thus overcome flame speed

R SR B

limitations. An excellent discussion of flame holders and bluff body

combustion with photographs is presented by Lewis and von Elbe (Ref. 10),
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Sbmmary of DSI Analysis. The DSI analysis shows that there are some
!

rather severe restrictions that should be considered in the design of a
DSI combustor. Because of the lack of quantitative flammability limits,
autoignition temperatures, and turbulent flame speed for the concentration,
pressure, and temperature ranges of interést, the design of DSI device

involves much guesswork. -

There are other implications of this analysis, e.g., how severe will the
effect of the minimum hot-gas temperature restriction, ~1410 F, be on the
pressure and temperature control circuit of the conditioner system? How
Qill the addition of a small amount of helium diluent affect the combustion?
Would it be better to inject a flammable hydrogen-oxygen mixture into the
hot-gas stream, thus eliminating the mixing and cooling steps with inject;on

of only oxygen?

Cafalyst Bed Pressure Drop Analysis

A number of pressure and temperature measurements were obtained in the
gngine to better understand how pressure drop changes with time, and to
&evelop an expression for this relationship. Figure 51 shows how pressure
drop varies between different stations in the bed as a function of time for
the run discussed previocusly (pages 53 through 65). The stations were
located in the following mannef: |

PM-PIF The mixing section to first part of the catalyst bed;

this includes the béééive‘diffdéidﬁfbéd”pius-retaining

screens

PIF-PDI Approximate first third of catalyst bed
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LEGEND:
X PM to PIF - 0.59- inch bed length
@® PIF to PDI - 0.130-inch bed length
O PDI to PIO - 0.185-inch bed length
0O PIO to PC1l - 0.095-inch bed length
8 PM to PCl - 1.0- inch bed length
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Figure 51. Packed Bed Pressure Drop Characteristics (over Varlous
Portions of the Catalyst.and lefu51on Beds)




PDI-PID Se@ond third of catalyst bed
PID-PCI Last third of bed plus retaining screen

PM-PCI  Entire pressure drop from injector face to chamber

The superficial flowrate (Go) was 0,00318 +0,00007 1b/sec or essentially

a constant value. From the "orifice" equation (Eq. 11) for a constant Go’

K T
AP35 W) o

assuming the molecular weight will remain essentially constant and the
pressure drop should be proportional to the ratio of temperature to

pressure at the particular location.

?he first section of the engine (PM-PIF) shows a decreasing AP with time
as the temperature in the passive mass (diffusion bed) decreases. The
first third of the catalyst bed (PIF-PDI) initially cools as the pressure
rises. Both effects result in a decreasing AP; however, an increasing
temperature begins to have a more significant effect after 4 seconds as .
shown by the increase in A P. The pressure drop (PDI-PID) over the

Liddle third of the catalyst bed has the same characteristics although

|

the A P assumes a constant level at 6 seconds. The pressure drop over
the last third of the bed (PID-PCI) indicates that temperature is the
controlling factor. This was expected because the point of complete

reaction was established‘in this section of the bed.

1
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The pressure drop through the entire engine remains relatively constant
during the run which shows that increasing temperatures in the bed locally
influence the flow characteristics but not in an ¢verall manner. The
constant pressure drop woﬁld not exist over the time span associated with
a short duration pulse (~50 milliseconds) because pneumatic filling and

discharging would occupy an appreciable fraction of the pulse.

D&ta prediction and correlation were attempted by two methods: the
Eégun Equation and a graphical method found in unit operations by Brown
(Ref. 11). The Ergun equation for pressure drop in a packed bed is

given by t?e.following equation:

Ap
Pp>gpv I

¢ 2L
]

Sy 150 (1-¢
(lf_e) -2 & T+ LT (12)
¥ S G, ,

If one drops the first right-hand tefm, i.e., the friction contribution,

the following equation results:

D .
o= VegpbrP | 2 S (13)

o 3.5 ‘1-¢€
where
Géo = an effegtivg orifice area across the bed
L/:Dp = number of orifices per flow path
3%; 156 = specific*dénsity of -orifices

120



.Efgun equation. The predicted pressure drop for 1 inch of 1/16-1nch

This simplified equation is quite similar to the standard orifice equation

G 2
o

= K gplAP (1)
Hand calculations prediéting pressure drops for both cold and reacted
flow conditions are given in Table 9. The relative sizes of the fric-

tional and orifice contributions to the pressure drop also are presented.

;
Pressure drops also were calculated by a graphical method (Ref. 1l). 1In |
the hot part of the catalyst bed, pressure drops on the order of 20 to 25
psi/in° were measured. This range is somewhat lower than that predicted

range of 34 to 38 psi/in. shown in Table 9 . Note that the agreement is
mth better at the low-temperature end. It should be pointed out that

the ‘calculated“results are extremely sensitive to the value of € selected.

This value was taken from a correlation presented]in Ref. 11.

In addition, the Ergun equation was written in the differential form and
programmed on the computer using the Midas technique (Ref 12) An g
additional parameter fraction of reacted propellants, o, was deflned R

accordingly:

o

o (fraction of reacted propellants) = A tanh (B (xfg) l1+D
where

A B, C, and D are selected to approach experlmental data and
x is the length of catalyst bed; then:
T, MW, and 4 = £ (&)

An example of the computer output is given in Fig. 52 and 53 for
= 0.45. This value of € was the value which made the measured pressure

drop for the H

o cold-flow test fit the calculated'pressure drop from the

catalyst was 6.5 psi.
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TABLE 9-

SUMMARY OF PRESSURE DROP-CALCULATIONS FROM-ERGUN. __

(e= 0.31; D= 3 in.; W

EQUATION AND GRAPHICAL METHOD OF BROWN
= 0.05 1b/sec;

full flow

“ps1

- 0.0286 ib/sec)

I Ergun Equation Brown Method
| | Temperature, ~ Preg;s“‘ure, -j— Size of Term, inches AP/L AP/L
Condition . . R psi Functional Orifice psia/in. psia/in.
| Full Flow 200 10 0.0661 1.75 5.32 4.8k
Full Flov 4050 10 0.676 1.75 124.8 152.
~ | Downstream 2000 10 0.548 1.75 33.9 38.4

{Injection S S
1 Downstream . 200 10 0.108 1.75 2.81 2.75
Injection | .

R et ey
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Figure 53,
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Later, this model was run also for cases of € = 0.5, 0.45, 0.40, 0.35,

and 0.30, and compared with hot-fire data. It was concluded that the
value of € that closely corresponded to experimental pressure drop data
was from 0.45 tc 0.50. To determine the exact value of € more efficiently,
theEErgun equation can be rearranged in a form more amenable to experi-

mental data, e.g.,

A Pbed Pav
€= 1 + = 5 = —
: G~ R 1 150 G R
T 1 0 uT . | 1-€
1.75 5 J'— dx| =+ | —5 — J' = ax| == (15)
Dp g o €3 D 2 . Mw E)
Because Alpbed’ P -are known and T = f (x), MW = £(T), and u = £(T).

The equation can be reduced to a polynominal of €. Iteration is then

required to give the correct value of €.

Recently, Fan (Ref. 13 ) compared a variety of methods for predicting
packed-bed pressure drop with selected experimental data and concluded
that the most universally superior method was the previously cited one
fopnd in Brown. He concluded that if these calculated pressure drops
arermultiplied by a factor of 1.2, the method will predict results
within an error range of -34 percent to +33 percent, with a standarda 
deviation of 15 percent. The corresponding error range for the Ergun
eqhation is =67 to +46 percent, with a 40 percent standard deviation.
Fan also points out that several investigators have found that the
cdnsfahts 150 and 1.75 in the Ergun equation vary depending on the shape
of the‘particle. | ‘ '

‘Tﬁekresults of this study seem to confirm the wide disagreement between |
célculated and measured préssure drops that Fan reports, although the
r;sults of the Ergun equation are in slightly better agreement With

~ those measured than the results of{the'graphical method.

‘v ;125Y‘i Q;T



Fan's work also shows that the constants in the Ergun equation should be

coprelates the data. The latter was done in this study

{
In!summary, both the Ergun equation and the effective orifice equation
(Eﬁ..ll and 12 ) gave fair approximation to the bed pressure drop
mepsured in the thrustor. A void fraction of € ~0.45 was needed to
co%relate the model results with experimental data. The superficial
orifice equation was used on the thrustor computer model, thus neglect-
ing the friction loss which was shown to be less than 30 percent of the
orifice term. |
COMPARISON OF COMPUTER SIMULATION TO
EXPERIMENTAL RESULTS

Shown in Fig. 54 through 56 are the predicted pneumatic and thermal

nesponses for a DSI thrustor having a 0.525-inch catalyst bed. A thermal
response of 700 milliseconds was predlcted as compared to measured ther-
ﬂal response times of 2 to 3 seconds. The most plausible explanation for

the large difference in observed vs predicted thermal responses is that

.a portlon of the oxygen passes through the catalyst bed without reactlng

during the transient period, as discussed above.
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Legend:

a - Oxidizer Injection Pressure
b - Fuel Injection Pressure

¢ - Mix Section Pressure’
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F1gure 54. Predicted Response of a Thrustor With Downstream |
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g Legend:

a - Mixture Ratio
b - Total Flowrate
¢ - Oxidizer Flowrate to Bed -
d - Fuel Flowrate to Bed
e — Oxidizer Flowrate for
.060 (e Downstream' Injection 16
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5 . ) ", | Figure 567 Predicted Response of a Thrustor With Downstream
R e ~ Injection of Oxygen and a 0.525-Inch Catalyst Bed, -
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An example of the predicted pneumatic response of an in-line thrustor is
éiven in Fig. 57 through 59 for an internal geometry of 1/2 inch of void
mix section (3.5 cubic inches), 1/2 inch of copper shot, 2/3 inch of cata-
lyst bed, and 2 inches of combustion chamber and the nominal full flowrate
of 0.05 1b/sec. The workable thrustor parameters correspond to those
initially selected except for the void mix section which was 10.6 cubic
inches (1-1/2 inch long) and the flowrate which was a nominal 0.0286 1b/sec
wi?h'downstream injection of oxygen. Thus, the predicted 20- to 30-milli-

seéond mix pressure responses were 2 to 3 times faster than the observed

rehponse with the gas generators or thrustor. This illustrates how important

it is to minimize thrustor volumes if optimum performance is to be obtained.

THRUSTOR RESPONSE-SUMMARY AND FUTURE CONSIDERATIONS

Summary of Response Characteristics

Tﬁo responses are of prime interest for the design and evaluation of small
thrustor systems, those of thrust and specific impulse. The former charac-

terizes system output, the latter measures system efficiency. The relative

importance of the two can be defined only with respect to a given application.

However, thrust response, which by inference from pfessure response data is

| - fairly rapid, is expected to be most importaht.

vTﬁe specific impulse response is directly related to the response of the
combustion gas temperature. Although response times of less than 1

second are predicted on the basis of heat transfer characteristics in
’tbe_catalyst bed, the experimental response times were, in general, found
to beiqp the order of 2 to 3 seconds for a cold catalyst bed start. Sub-

sequent restarts with a hot catalyst bed would not"haveian appreciable
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temperature response time. Typical temperature responses for an in-line
cgtalytic thrustor, both experimental and analytical, are shown in Fig. 60
Minimization of the temperature response time should be an important goal
for future effort. Two physical processes must be considered in such a
Jinimization; reaction efficiency during the transient should be at a maxi-

mum, and the ratio of the engine thermal mass to that of the combustion

gases should be minimized. Experimental results obtained with the 1/16-inch>

MFSA catalyst indicate that both factors were affecting thermal response.

éince specific impulse is proportional to the square root of the combus-
tion gas temperature (neglecting second-order effects of gas properties
and condensation phenomena), a specific impulse response can be deter-
mined from the data of Fig. 60 . A steady-state delivered specific
imbulse efficiency of 92 percent is assumed. The time required to reach
90 percent of the steady impulse efficiency is seem to be ~2 seconds

for cold chamber.

The fhrust response is most directly related to that of pressure. Two
extreme pressure response characteristics are possible. The propellant

"~ flowrates can be limited by the injection devices to a value near the
steady-state flowrates. In this case, the pressure response will follow t
thé'temperature response so that sonic flow relationéhips are followed at
the thrustor throat:

w = Ko//T | - (16)
-
wﬁere w, the propellant flowrate, remains constant. The pressure, or
tﬁrust, will then follow the specific impulse, orvﬁf: during the transient

}staftup.

Al faster response is obtained with a lower injector pressure drop and the;w
thrustor throat acts as the flow limiting device, In\this case, the pres-

sure in the thrustor will approach the steady—state value. This is
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achieved by high initial flowrate. The flowrate will then decrease as

the combustion gas temperature increases:
w=x/V1 (17)

The pressure response in this case is governed by pneumatic filling con-
siderations. Experimentally, response times on the order of 40 milli-
secondsjhave been obtained with an in-line bed configuration. By mini-
mizing free volumes between the propellant valves and the thrustor throat,

these times can be further reduced.

The parameters which directly affect the pressure response characteristics

RGN T TR LR e L T RS e

also aetermine other thrustor operating characteristics. For example,
some dggree of flow control is required upstream of the throat to main-

tain ratio control. However, such orifice devices also limit total flow-

raﬁevduring the startup period and tend to lengthen the response time.
Al%o, a combustion volume is required to obtain combustion of the down-
stream oxygen. This volume increases the pneumatic fill time and, thus,
incr@éées the pressure response time. As the above indicates, a detailed
tradeoff must be made and tested experimentally before a minimum response-

= time thrustor configuration can be defined.

Proposed Deéién7Critéria 

The tranéient results show the requiremeht for a correct flow system if
Opéimum response is to be obtained. Such a system would be of the static
type (without bleeds and sonic or flow-limiting orifices) which allows for
varying flowrates to the thrustor, but maintains a constant pressure head
v‘atfthe injector. This systemfis‘comparabie”to the overall“RCS'qysteﬁ‘d;sign

- utilized in thisrprogrgm.‘
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Four thrustor design factors are discussed below for consideration in
future efforts for maximizing thrustor response. First, the preinjector
yolumes should be minimized and matched in the ratio of the volumetric

illing rates, so that simultaneous valve operation gives a constant

_._H __...<__ N— mv

ﬁominal mixture ratio during the transient operation. Likewise, all
%olumes should be sized for an absolute viable minimum to maximize the
stantup-ﬁnd bleed-down response. These steps will maximize the pressuré,
or thrust, response. Second, it is readily seen from a simplified

equation:

rate of’change,in temperature <£rate of heat input to catalyst)

of catalyst bed (thermal mass of catalyst)

(18)

escribing the thermal respense of a catalyst bed when complete combus-

ion to a temperature, T o oceurs at the front phasé of the bed, that

-

the response dT/HG can be increased by increasing the factors in the
numerator or by decreasing the factors in the denominator, e.g., the -
’thermal mass of the catalyst might be reduced by using a gauze or

’ spéghetti type (hollow) of catalyst. Raising the initial combustion
temperature also will increase dT/de Since T is a function of mixture
‘rat1o, the method would vary the mixture rdt1o dur1ng startup. A.very

s1mp1e ‘method is shown below:

2k \/
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where the H2 is fed to the mix section through a sonic venturi, thus i
making its flowrate independent of downstream pressure, and the oxygen
is fed through an orifice. For cold-bed startup, the oxygen flowrate

is initially above nominal and then decays. During hot-bed pulsing, the

pressure response is on the order of several milliseconds and, thus, the
tr%nsient MR should remain near nominal. By making the throat of the Hé |
vehturi the 'valve seat", the size of the valve could be reduced from a
sufsonic diameter of 1l-inch size to near 0.3 inch, thus reducing the

mechanical opening times.

The weight of the catalyst bed screens and retainer plates, and DSI

spokes downstream of the catalyst bed must be minimized. This is special
céhéideration for larger thrust engines up to 100 pounds thrust. Heavy
rétaining plates weighing approximately 100 grams were used in the present
p%ogram to support the catalyst bed to prevent bed settling and subsequent
bed channeling. Since the weight of these plates was nearly twice the
w?ight of the catalyst, the chamber responses were ahout twice the best

catalyst response. Obviously, a change in thrustor design is necessary

to eliminate this mass of metal if optimum response is to be realized.

A previously suggested flow scheme might be reconsidered, e.g.:
. } : :

L
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Advantages of this design would be (1) no DSI spokes are needed,(Q) the

fﬂow area (and, hence, pressure drop and residence time) available to feed |

the catalyst can be increased markedly without increasing the thrustor

Iﬁ, (3) the walls of the thrustor would be film cooled, thus improving

vehicle packing, and (%) most of the thrustor length would be utilized

for combustion, thus shortening the thrustor by perhaps 4 to 6 inches

and minimizing the shutdown tails. Disadvantages would be (1) complexity
- of radial injection, and (2) possibility of local MR variation which

could melt the catalyst and/or cause low performance.

Finally, the use of an in-line configuration should be considered for
high-response applications. The minimum fill volume characteristic of
such a configuration would lead to the most rapid pressure and thrust

response.

s
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PROPELIANT CONDITIONER EXPERIMENTAL EVALUATIONS

Propellant conditioning was determined to be necessary by Phase I analysisfr
to guarantee a sufficiently high hydrogen temperature to ensure reliable
catalytic ignition and to determine temperature and pressure bands for
reliable flowrate control. The conditioner subsystem has the function
ef accepting the propellants from the tankage and delivering propellants
to the thrustor within given temperature'gndspressure bands. This func-
tion, in general, involves the transfer‘ef energy to the propellant and
the control of pressure.

!

Several energy transfer concepts were evaluated during the initial por-

tions of this program. Two primary requirements were established as a

‘result of the general system operating goals: (1) a high power level

(es indicated in Fig. 61 ) for steady-state operation, and (2) a capability
to supply propellant to the thrustor on a rapid-response basis. It was
determlned that the use of hydrogen—oxygen reactlon energy was the most

promlslng as an energy source.

ﬂwo transfer methods were evaluated in more detail: (1) the use of a

ﬂeat exchanger to transfer the energy between a hot generator gas and the

,Eropellant, and (2) direct mixing of the reacted gas with the propellant.

Tﬁe former method was selected for further evaluation because of its miniw‘t‘
mum weight and volume and a minimum of technical uncertainties. To pro-
ﬂide rapid-response operation for a long-duration mission, the heat

e&changer should be maintained at, or near, operating temperature and a

~surge volume (accumulator) should be included in the system. A schemat1c

- of the selected system is presented in F1g. 62 .
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During the thrustor experimental effort, it was determined that catalytic
ignition with Engelhard MFSA catalyst would not occur at the 200 R and
10-psia nominal temperature and chamber pressure conditions. These dif-
ficulties are discussed in another section of this report. To accom-
plish the goals of the conditioner effort, the conditioned propellant

temperature goal'was raised to 410 R,

The principal goals of the propellant conditioner experimental program
were to define problem areas and demonstrate the feasibility of an in-
%egrated conditioner-thrustor system. Therefore, when problem areas were
encountered, feasible, but not necessarily optimum, solutions were adopted

in the interests of accomplishing the feasibility demonstration goal.

e e
)

Thé conditioning system has parallel hydrogen and oxygen sides, each hav-

ing the following principal components:

1. A hot-tube heat exchanger to supply energy to the incoming
fluid

2. An accumulator to store the conditioned gas and damp the pres-—
sure and temperature fluctuations of the conditioned fluid from

the heat exéhanger

3. A catalytic gas generator that taps off from the accumulators

and provdes the heating fluid for the heat exchanger
| :
4, A closed-loop feedback control system for both temperature;and

pressure in the accumulator to meet the thrustor feed

- requirements

o m e
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Dufing the experimental program, each component was teéted separately -and

then integrated into the final conditioner system,

The conditioner design and experimental tasks are discussed in the follow-

ing section:

1. Experimental Apparatus and Procedure
2. Discussion of Component Experimental Results

3. Discussion of Conditioner Subsystem Results



EXPERIMENTAL APPARATUS AND PROCEDURE

CONDITIONER COMPONENT DESIGN

} Pridr to initiation of the experimental effort, if was necessary to eval-

Lo uate several conditioner concepts. The basic operating requirements for

: each component were as defined by the material and energy balances observed
_E ' in Volume I of this report. The Volume I considerations included the effect
}? of operating requirements on system performance. The overall conditioner

kS _ design effort discussed below included the design of the individual com-~

ponents and an investigation of three control concepts.

Gas Generator Desigﬁs“’

The actual sizing of the gas generators depends upon ontlmlzatlon with

respect to the follow1ng factors:

1. Mixing volume velocities sufficiently high to prevent flashback

2. Catalyst bed length sufficiently long for ignition. Information
feedback from the thrustor studies was used to optimize the .
internal gas generator design, although it was recognized that

5::"(‘;ptimum performance was not as important as reliability.

3. Low catal&sﬁ bed pressure drop Cdnsistent with total préééure
_head

;4.‘ Efficient reaction by satisfying the relationship (Dreactor

),2 8 to prevent gas channeling to the outside of the

'Dpeliéts
'reactor. It was concluded that the installation of deflection

rings would be a practical solution to this problem. Overload-
ing the reactor will cause the reaction to be pushed out of the

bed and result 1n 1ncomp1ete combustlon., R "\QK

v
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5. The maximum steady-state flowrates to the individual gas gen- |
er?tors as shown in Table 10. Later experimental pulse-mode f
testing has shown that the gas generators should be oversized
from steady-state conditions by approximately 50 percent and

operated in a pulsed mode to eliminate ice formation.

6. Pa?tvexperience (Ref.3 ) has also shown the 4—on-l injector
tol be superior for mixing. The thrustor perturbation studies
indicated that a maximum injector face pressure drop was the

mogt desirable for minimizing catalyst bed temperature fluctuation.

7. Setting the preinjector volume ratio at the ratio of the fill-

ing rates (16:1 for a mixture ratio of 1.0), to eliminate the !
possibility of transient mixture ratio variations. It was not
difficult to satisfy this volume ratio restriction because the
ihjector designs minimize the oxygen volume and maximize the

‘hydrogen volume,.

8. VSizing the throat areas for sonic flow, thus minimizing the

effect of downstream perturbations on gas genefatorbbéhavior,

;
Using these criteria, two gas generators (Fig. 63and 64 ) were designed.
Tﬂe,pertinent design parameters are presented in Table 10. The gas gen-
erator for the hydrogen conditioner subsystem (large gas generator) is

also shown in Fig. 65 with several mix sections and catalyst bed capsules,

T P o T
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TABLE 10

GAS GENERATOR PARAMETERS

Hydrogen Gas Oxygen Gas | -
Parameter Generator Generator

Diameter, inches . 1.0 0.625

Re Weight Flowrate, 1b/sec - |
“Oxygen 0.00229 0.0008
h Hydrogen - 0.00229 | 0.0008
Superficial Mass Velocity, lb/sec-sq in.|  0.0058% 10.00521
Velocity, ft/sec (Mixer) 36.8 33.0

Pressure Drop, psi = = | l ~ ‘ Ty
Valve ‘

0.5 0.5

- Injector Face 2.5 2.5
Mixer Section 0.5% 0.5%
. ‘ - Catalyst Bed 3.5 3.5

| Areas, sq in.*¥*
. - Injector Orifices | 1 | |
- | Hydrogen 0.02494 1 o0.00871 |
| Oxygen - 0.00626 0.00219 o

!
Lo
o
o

;‘:

i
Iy
LRy
At
B
&
.,{f:
;;;vr
&
¥

Throat (Mixture Ratio = 1.0) 0.10335 |  0.03611

;,
*1/2 inch of 1/8-inch beads

**CDA where CD l-"—->-0.73
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Heat Exchanger Designs

From a concept comparison, it was determined that the hot tube exchanger
was the mostkpromising;v(Ref. l)rthus,sit was selected for a detailed de-

sign and experimental effort. Partidular design goals were:

1. .Low propellant pressure drop
2, Fast thermal response
3. Minimizatipn of heat 1eak

L, Simplicity of construction

Several types of heat exchangers were evaluated to determine the type

best suited for the conditioner application. The favored design consisted
of a helical tube inserted into an annular shell with the hot gas flowing
iﬁ the tube while the cryogenic propellant flowed through the shell. The
e%perimental des;gn which is constructed from as many standard items as
possible, to facilitate quick assembly and modification, is illustrated

in Fig. 66 .

A{fiight design using the same geometry is illustrated in Fig. 67 . The
edsential difference is that the gas generator is installed internally in{ *
the flight design while it is connected externally for the experimental ‘
d?sign to facilitate expected modifications. Installation of the gas

Y ’ g%nerator inside the heat exchanger ensures a minimum heat leak to the
sﬁrrounding environment during the coast mode phase, and it alsoVutilizes
the void center volume of the experimental heat exchangérﬂ Thig‘degiéﬁ :

was not experimentally evaluated however,

R M;_,;i_gm'lpw,;;45;“,WL_>WM_;;WM;;g;u
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Hydrogen Heat Exchanger Design. The theoretically calculated values of

- w e

=l

heat transfer coefficient and pressure drops for six alternate cases are
sﬁmmarized in Tables 1land 12. The resulting heat transfer calculations
forithe‘2§00 R combustion gas indicated that .70 inches of tubing were

required to condition the hydrbgeh to 410 R.

The original experimental hydrogen heat exchanger employed a 0.5-inch 0D
sbiral tube carrying the 2500 R hydrogen-oxygen combustion products (mix—
t%re ratio of 1.33) from the catalytically operated gas generator (Case 1
in Tables 11 through 192 . Because of the uncertainty in estimating the

experimental heat transfer coefficients, which were expected to be on the

~order of 20 percent, the tube length was increased by 25 percent to 87.5

inches., Case iiﬁgives the final nominalwdesign condition for a single-

stage 2000 R combustor-heat exchanger.

The increase in heat transfer area required for the final nominal case of
2000 R feed gas was slightly less than the 25 perceht overdesign so that .

original design was not changed.

he hot-gas tube was fabricated of Type 321 stainless steel and was in-

ad dimensions of: 2.0-inch ID, 3.25-inch 0D, and approximately 7-inch
Length (excluding manifolds). The annulus was also fabricated of 321
seﬁies'stainless steel&;mlhéidisassembled hydrogen heat exchanger is
illustrated in Fig. 68, e ”

|
5

Calculated steady-state temperature profiles through the heat exchanger

- are présentqq in Fig.69 . The tube wall température~wa8'ca1culatedffrom:

erted in an annulus through which the propellant was fed. The annulus

o

i, s o AR L e i, L T

hg(wg t,) - h;,(wv-;rg)j‘“r' (9)
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DETAILS FOR STEADY=STATE OPERATION OF PROPOSED

TABLE 11

DESIGN OF OXYGEN HFAT EXCHANGER

- % Refer to Table 1

for definition of cases

: Hot Stde
Propellant Flowrate—|——- I~ - h‘,
o T e, [ T
Case Yo? i T outlet mw, [AP Btu2 A"; L,
No.%| 1b/sec 1b/sec MR R R inch |psi | hr-ft“-F in. inches
I 0.000778 | 0.000585 | 1.33 | 2500 672 0.335 8.0 59.2 124 105
b ¢ ¢ 0.00080 0.00080 1.00 | 2000 672 0.354 | 8.0 59.2 154 122.2
"I | 0.0000596 | 0.0000596 | 1.00 | 2000 672 -_— - _ -— -
v 0.00132 0.00156 0.85 { 2000 672 - -— - 165.4% -
¥ | 0.00055 0.00066 0.85 | 2000 672 - -— - 61.8 —
(6.35 coils)
i 0.00049 0.00056 0.88 | 2000 672 -— _— -— 43.3 -—
: (5.5 coils)
; , Cold Side
T ' - b, [ By
1: - : q
Cane. "0' T, !Q., Bt; Ap Btné Btu2 - -
No.* | 1b/sec R R | second | psi | br—f£t°-F | hr-ft*-p < g
X 0.03852 163 | 200 3.85 | 1.0 18.1 72.7 13.1 | 32.6
h o § 0.03879 | 163 | 200 3.86 1.0 18.1 72.7 13.9 | 32.6
III 0.03722 | 163 | 500 0.2905 | -~ —_— - - -
v 0.04518 | 163 | 500 7.48 - — - 25.0 -
v 0.01918 | 163 | 500 3.17 - -_— - 25.0 -—
k4§ 0.01901 | 167 | 400 2.73 - Y — - 25.0 —
\‘,.. .= oxidiger weight flowrate h, = heat transfer coefficient (liquid)
vy /= fuel weight flowrate L =+ length
» = mixture ratio ' 2, = inlet oxidizer temperature
T = combustion temperature ? = heat exchanger outlet oxidizer
: ° ; ° temperature
‘ ’:ﬁtle " temperature at heat exchanger outlet 'q = heat exchanger heat load
: :D - hlidg diameter Uy = overall heat transfer coefficient (liquid)
EE = @ifferential pressure U_ = overall heat transfer coefficient (gas)
,l‘ = heat transfer coefficient (gas) - L]
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TABLE 12

ot Side—

PROPOSED STEADY-STATE DESIGN OF-FLIGHTWEIGHT LYDROGEN IFAT EXCLANGER

* See Table 11

Propellant Flowrate. o | v hg’
,ﬁo’ ,ﬁf’ Tc’ Toutletf WID,; Zbﬁ, Btu/ L,
1b/sec Ib/sec | MR | R R | dinch | psi | hr—#t>-F |  Area inches
0.00204% | 0,001536 | 1.33 | 2500 672 0.4 | 8.0 71.4 110.0 sq in. 70.0
0.00229 | 0.00229 | 1.0 | 2000 672 0.50 | 8.0 71.4 136.0 sq in. 86.6
0.00146 | 0.0014%6 | 1.0 | 2000 672 - - - - | -
0.00816 | 0.00961 | 0.85| 2000 672 - - - 2,25 sq ft - -
0.00351 | 0.0042% | 0.85| 2000 672 - - - 0.989 sq ft -
0.0026% | 0.00301 | 0.88]| 2000 672 - - - 0.71 (7.5 coils)|- =~
0 Cold Side -
f"; ‘{' 1 f | ? ) - by,
| case| ¥ Ty T Bta | &3, Bt“é Btu/ U .
e No.¥ 1b/sec | R | R |seconds| psi | hr—ft“-F| hr-ft°-F L g
' fv\x% 1 0.01642 | 37 | 200 | 10.13 | 1 39.2 25. 4 56.7
|1 [o0.01739 |37 [200| 11.2 | 1 39.2 | 25.4 56.7
| 111 | 0.01582|37 |200| 7.12 | - _ ) )
IV | 0,02517 | 37 | 500 | 46.1 - - 70.0 -
L . ‘Overall -Assumed {
7 | v | o.01119 |37 |500| 20.3 - - - 70.0 -
, , ey ' - Overall Assumed
VI | 0/00992 |37 | 00| 1455 | - - 70.0 - .
' g : Overall Assumed

ey

i
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Firure 68. The Disassembled Heat Exchanger and Gas Generator for the Hydrogen
Conditioning Subsystem
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A study of the available literature was made to determine the probability
of flow instability in the conditioner heat exchangers caused by boiling
and two-phase flow. Although relatively little was known regarding the
onset of exchanger instability, the use of an upstream orifice was ex-
pected to alleviate this undesirable condition. The magnitude of the
orifice pressure drop was not known precisely, but several preliminary
correlations were obtained. The relatively large pressure drop across
the upstream main propellant valve was greater than the total propellant

heat exchanger acceleration loss which ensured stable flow.

Oxygpen Heat Exchanger Design., A literature search revealed little data

for heat transfer correlations with boiling oxygen. Therefore, the
equations used for boiling hydrogen were adopted to the oxygen flow
conditions to estimate the necessary film coefficients. Consequently,
the hot-gas film coefficient was calculated for a 3/8-inch tube using
Eq. 19. A heat transfer tube length was calculated and increased by

25 percent to ensure adequate heat transfer area. This was also suffic-
ient heat transfer area for Case II where the inlet hot-gas temperature

was reduced to 2000 R.

The LOX tube wall temperature was calCulated as explained previously.
Figure 69 shows that there is considerable difference between the oxygen
and hydrogen heat exchangers. First, the hydrogen tube wall temperature
was considerably lower than for oxygen because of the much higher heat
transfer coefficient for the hydrogen. Secondly, more than 90 percent
of the oxygen heat exchanger area was required for the vaporization of
okygen, whereas only 30 percent was required for the hydrogen heat

exchanger.
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The experimental exchanger design is shown in Fig. 66, and utilizes as
much of the hydrogen exchanger designs as possible in an effort to mini-
mize manufacturing costs. The heat transfer area can be varied in the
same manner as in the hydrogen exchanger by shortening the hot-gas tube.
Pressure drop calculations based on this configuration are compatible

with the propellant conditioner pressure profile,

Accumulator Design

The accumulator is used to decouple the thrustor from the conditioner
system. To accomplish this, the accumulator must be of sufficient size
to alleviate pressure perturbations caused by valve delays (for an on-off
pressure control system) and by flow instabilities in the heat exchanger.
The former is quite amenable to analysis and was used as the sizing cri-
terion. The latter type of pressure perturbation, and an accompanying
temperature perturbation, was not amenable to an a priori solution.

There was considerable uncertainty as to the approach in mathematically
modeling the heat exchanger under dynamic, and possibly surging, opera-
tion. However, subsequent testing showed the combination of accumulator
size and control system design controlled perturbations caused by the

heat exchanger flow instability.

The accumulator volume sizing criteria developed in Volume I is presented
in Fig. 70. The final size of the accumulator selected for experimental
evaluation depends primarily on the weight flowrate and the response of
the control circuit. Because the response of the propellant valves was

rather slow, it was necessary to select relatively large accumulators
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(700 cu in. for liquid oxygen and %000 cu in. for hydrogen). Because a
good portion of the system weight and volume was represented by the
accumulator, an important part of this experiment was to minimize the

accumulator size.

Control System Design '

A control system is needed for the conditioner to guarantee that the
propellants are fed to the thrustor at a predetermined thermodynamic
state. The basic conditioning system can be schematically represented

.Q as three components: (1) a heat exchanger, (2) a hot-gas generator, and

(3) an accumulator to store the conditioned fluid.

From Heat

: ) Vehicle pP———® | . | - To

i Propellant Exchanger Accumulator Thrustor
8 Tank

E | Hot—Gas |

?.‘ s

Generator '

x The orginial control scheme that was considered employed three separate

control systems. The principal control loops were as follows:

”i 1. Hot-tube temperature control in the heat exchanger. This loop
: controls both the hydrogen and oxygen flow to the gas generator
during the coast modes of the vechicle. The tubes are kept hot
to circumvent the relatively long time (~2 to 5 seconds) needed
to obtain steady-state conditions. An automatic reset capabil-

ity of the reference temperature is included to allow for

BRI YT L L e

. 163




Volume,in3

424
300
§ 200
100
Volume,
2700
2400
11200
600

IR N AAE SRS RESEENE ENRA A SRR SRR

r 4+

e

RN

FRRS ane

13
T

o .

i
e
T

1+

.

I

.

b diddd
+Her

A

¥

e

T

Oxygen Accumulator ;-

(SARAFRNFT FURNN]
TLLEEEEEE PEEEE

(AEEESNEN

BT REEEE

1
t

SRRERES SRER ARREE

Tt

SEANR -

' -

‘-
SEREENEERS FRARSS

11T

T

Acceptable Dead Band Hi

e e T T T LY

e e e e e e

Tt et T L L LT

R8s

1L

Reuson
13t

.03

.01

oy

17

ersd ‘sanssaag

O
—

g
—

J0j3eTnunddy

Pressure Controller, Delay, seconds

88

ru- e

1
11

H

1t
9

---------

st

IANENERSRAS NN u
TN
-

Hydrogen Accumulator

LSS SRR NS ASSRE SRS HRENE RS SRS

(NS SRR RS

T

e

bbb

Acceptablefi

Dead PpndA

17

16

I
1
)
b

©
~

ersd ‘sanssaxd J03e[NAWNIDY

.01

Follower, Delay, seconds

70. Accumulator Sizing Chart Based on Valve Response

Figure

164



X
R:
v
¥
7,
k7
:
Y
e
:

:

:
¥

AL o

L AELAT
KN,

gzl MRy

variations in the inlet condition of the propellant as it flows
from the main tanks. The reference point is determined prior
to closing the main thrustor valve and is maintained through

the coast period.

2. Accumulator temperature control. When the hot-tube temperature
control is nullified (during thrustor operation), the accumulator
temperature controls the flow of hydrogen and oxygen to the gas

generator.

3. Accumulator pressure control. The accumulator pressure control
causes the tank valve to open at a specified low pressure and
close at the nominal accumulator pressure. If the accumulator
pressure exceeds the nominal value, the backup pressure relief

valve opens to relieve the overpressure.

The control system used during the experimental effort employed a combi-
nation of these variations. The tests were directed toward obtaining
steady-state thrustor flow and a demonstration of pulse capability. These
requirements eliminated the need for a hot-tube temperature control
because no extended coast mode was necessary to achieve the program objec-
tives. The accumulator temperature control was used to operate the gas
generator. The circuit was arranged such that both the fuel and oxygen

valves of the gasugenerator would operate simultaneously.
The pressure control concept was used for both the fuel and oxygen side

with a slight modification to the initial design. Instead of providing a

pressure relief valve to vent the overpressure in the accumulator, the
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ullage tank valve was set to open when both the bleed and thrustor main
valves were closed (no major demand placed on the system). This would
allow the entire system to stabilize at the ullage tank pressure. The
principal reason for deviations from the initial concept was that a suit-
able pressure relief valve could not be obtained as a stock item for the

test phase.

The semiconductor pressure-— and temperature-sensing elements are shown in
Fig. 71. The temperature control switch was placed in the outlet tube

of the accumulator. This was to increase the response of the switch,
which was principally controlled by convective heat itransfer to the sens-
ing element mass. The placement of the pressure switch was not as criti-

cal because the pressure in the accumulator remained essentially uniform.

Alternative Control Schemes. A number of alternative control schemes

were considered. These are discussed in detail in Volume I of this re-
port. A bellows arrangement to obtain equalized pressures between the
oxygen and hydrogen accumulators was among the alternatives considered.
Consideration of the bellows led to the conclusion that cycle life fail-
ure would be the principal problem, although one manufacturer, Belfab
Corporation, reported a 30,000-cycle life. This is greater than would
be expected from past experience. Further, an excessive lead-time re-
quirement precluded the use of a custom-built bellows for the reported

program.

Another promising concept is the use of a follower valve in one side of
the accumulator. Such a device would slave the regulated pressure to
that existing in the other accumulator and, thus, control the key

parameter, that of the difference in accumulator pressures. The result
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of such a system is that the accumulator pressures may vary, but will
vary closely in phase so that thrustor mixture ratio remains under control
and the variation in accumulator driving pressure is then limited by the
thrust level tolerance of +10 percent. This latter requirement imposes

a less stringent limit on accumulator pressure variation, thus allowing
for smaller accumulator volumes and/or slower overall response of the

pressure control loop.

The oxygen conditioner was selected for use with the follower valve because
of the higher ratio of liquid or vapor density of oxygen as compared with
hydrogen. It was believed that an additional benefit would be the meter-
ing of the liquid oxygen into the conditioner system. Testing of the com-

ponent was planned; however, a leakage problem was incurred with the valve.

Control Components. The definition of specific control components was

necessary following the selection of the basic conditioner concept. The
chief requirements for these components, i.e., valves and regulators were:
(1) low pressure operation with a small pressure loss, (2) rapid response
(50 milliseconds or less), and (3) compatibility with liquid hydrogen and
liquid oxygen environments. Approximately 20 vendors in addition to
Rocketdyne in-house groups were contacted. The detailed results of these
contacts are discussed in Appendix A, In summary, suitable off-the-shelf

items were not available and modification of existing hardware was necessary.

Propellant Supply Systems

The propellants fed to the conditioner system were supplied by a 40-gallon
liquid hydrogen dewar vessel and a 108-gallon liquid oxygen dewar vessel
(Fig. 72). During the initial experiments, the liquid oxygen dewar vessel
was half filled to allow the remaining ullage volume to act as a capaci-
tance and attenuate decays in the driving pressure. Later, separate pres-
surizing systems that could be controlled during the experiments were in-

stalled on the dewar vessels. This eliminated the need for an ullage volume.
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Figure 72, The Test Stand Used for the Conditioner Evaluation(With
the Cryogenic Propellant Supply Dewar Vessels)
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PROPELLANT CONDITIONER COMPONENT TESTS

The initial experimental effort was directed at characterizing the condi-
tioner components. Included in these tests were checkout of the system
valves for response and pressure drop characteristics, checkout of the
gas generators for operating and response characteristics, and a coupling
of the heat exchanger coils with the gas generators to evaluate operation

and determine response.

CONDITIONER COMPONENT TESTS
Valve Characteristics

Six solenoid-operated valves (either main or pilot valves) were used in
the entire conditioner system. It was necessary to obtain the character-
; istic response times for both opening and closing, and the times neces-
sary to saturate the electrical coil before poppet movements. These
response times were used in defining the necessary deadbands for the

control system and matching propellant entry to the gas generators.

The pressure drop flow characteristics for each valve were necessary be-

cause of the low-pressure valve inventory available. The valves were
the best that could be obtained from existing hardware, but did not neces-

sarily meet the optimum requirements.

The required valves are divided into four principal categories:

1. Gas generator main valves
Accumulator pressure-relief valves
Fast-response on-off valves

L., Rapid-response valves simulating the thrustor main valves

s SRS AT e T TR RS et e T
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The simulated thrustor main valves were those used'during the workhorse
thrustor program for system balance. The on~off valves were rapid-response

pneumatic valves. The remaining valves were flightweight hardware.

Gas Generator Valve Operating Characteristics

The gas generator valves were four-way, solenoid-operated valves obtained
from the Rocketdyne Liquid Rocket Division. It was important that the
total energizing and de-energizing times were known so the valves for each
generator could be operated in a pulse mode. This was necessary to obtain
short bursts of hot gas from the gas generators. Consequently, the valve
response times had to be accurately known so that the gas generator injec-
tion volumes could be correctly sized or the appropriate electrical delay
could be used to ensure that the mixture ratio did not become oxidizer rich

in the catalyst bed during startup and shutdown.

In addition to the response times, a minimum pressure drop was necessary
because of the low pressure inventory available. The equivalent orifice

and discharge coefficient for the four-way, solenoid valves were as follows:

Equivalent orifice 0.14-inch diameter

Discharge coefficient (CD) 0.6

Using these values, a pressure drop across the valve was obtained for

the nominal flowrates expected at each gas generator location (Table 11 ),
At both 200 and 560 R, the pressure drop across the fuel side of the
hydrogen gas generator was decreased by a factor of 4 by connecting two
four-way valves in parallel. This further required that the response
times of the four-way valves be accurately known. During the integrated

system testing, a third solenoid four-way valve was placed in parallel
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to further decrease the pressure drop on the fuel side of the large gas
generator. The resulting pressure drop across the valves was decreased

by a factor of 9 from the original value using a single valve.

Six four-way valves were obtained. These valves were tested for opening
time response by monitoring the current flowing through the valve coil
during operation. A typical current trace is shown in Fig. 73 . Both

the electrical delay and the poppet delay for the various valves at ambi-

ent temperature conditions are presented below.

FOUR-WAY VALVE RESPONSE TIMES

Valve Electrical Delay, Poppet Delay, Total Delay,
No. miliiseconds milliseconds milliseconds
1 25 3 28
2 24 .5 3 27.5
3 24 3.25 27 .25
1 24.3 3 27.3
5 24, 3 27
6 25.5 3.5 29

The closing response times were not available using the current monitoring
technique. The electrical coil emits a sufficiently high electromotive
force such that the poppet movement is indiscernible. Several four-way
valves have been previously tested by Rocketdyne at both ambient and

LN2 temperatures. The energizing times agreed with the results of the
current monitoring technique. A consistent de-energizing time of from

5 to 5.5 milliseconds was obtained for the valves. Consequently, it was
decided not to attempt any bias of the electrical signal to the four-way
valves because of the close similarities of energizing and de-energizing

times between valves.
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Propellant Inlet Valve Operating Characteristics

A rapid-response valve with a low pressure drop was required between both
the liquid hydrogen and liquid oxygen dewar vessels and their respective
heat exchangers. Fach pneumatically controlled valve was operated by the
pressure switch during the automatic mode. The equivalent orifice, effec-
tive discharge coéfficient, and the response times for these valves are

as follows:

Liquid Liquid
Oxygen Hydrogen

Valve Valve

Equivalent Orifice Diameter, inches 0.56 0.82
Discharge Coefficient (CD) 0.57 0.78
Opening Time, milliseconds

Pneumatic Delay 150 150

Poppet Delay 80 90

Total Valve Delay 230 240
Closing Time, milliseconds o

Pneumatic Delay 40 L0

Poppet Delay 20 40

Total Valve Delay 60 80

Although the valves had slightly different response times, the minimum
cycling period for both was approximately 300 milliseconds, or a rate of

approximately 3 cps.

Follower Valve Characteristics

To determine the effect of a pressure follower valve on the liquid oxygen
side instead of an on-off valve, a follower-type valve was adapted from a

pressure regulator by changing the head. The equivalent orifice diameter

was 0.33 inch and the discharge coefficient (CD) was 0.8.
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A great deal of difficulty was encountered in sealing the follower valve.
The original valve was designed to operate at 300 psi with the pressure
head used to aid in ohtaining a seal. The desired use called for a pres-
sure head of 20 psia; consequently, the seal had to be accomplished in a
mechanical manner. A reasonable leakage rate could not be obtained with
a variety of seals; the follower valve was therefore eliminated, and two

on-off type valves were used to control the pressures in the accumulators.

Gas Generator Experiments

The gas generator experiments were divided into three incremental tasks:

1. Obtain nominal (1500 F and 10 psia chamber pressure) steady-
state ignition for an approximate optimum internal cohfiguration
determined from the detailed concurrent thrustor studies, To min-
imize possibilities for undesirable oxidizer-rich startup condi-

tions, the valves were programmed for a fuel lead.

2. Obtain simultaneous opening and closing of the fuel and oxidizer
valves. This verified the volume sizing upstream of the catalyst

bed.

‘3. Obtain pulse mode operation to define response time of the gas

generators

The apparatus used for these experiments is shewn schematically in Fig. 74.

176 | ;



: P — P ,

.

3 To Dif 1 - 1y P

o Diffuser n , =% To Diffuser
P,T P, -
| ’ P | !

; S

2 Oxygen Hydrogen

L Gas Generator Cas Generator

VARTABLE

(1) Duty cycle of gas generator

(2) Hesponse

Diffuser

Figure 7h. TFacility Layout for Gas Generator
Checkout Tests v

177




EESE st i T o B A A e IR o

Oxygen-Side Gas Generator Tests. The oxygen gas generator was assembled

and connected as shown in Fig.7h without the heat exchanger coil. Based
on the computer analysis,the on-off valve operation was programmed to

give a run time of approximately 0.5 second (sufficient for 1500 F igni-
tion). After several short programmed runs which resulted in low igni-
tion temperatures, the valves were operated manually to give a run dura-
tion of any desired length. The initial manual run was successful.

During the second manual run, erratic ignition occurred and no igniticn
was obtained for the third run. Inspection of the chamber showed that
the tantalum screen retaining the catalyst bed had failed, and the cata-
lyst bed was either blown out of the engine and/or had melted. A new
catalyst pack was installed in the engine and the test procedure repeated
with results identical to the second run. In addition, the chamber thermo-
couple had melted, indicating a temperature in excess of 2000 F although
the strip recorder had indicated approximately 1500 F. After a third
catalytic capsule and new chamber thermocouple were installed, the test
procedure was repeated; the target temperature this time was 1000 F, and
was obtained by manually adjusting the feed pressures during the run. The
run was manually reproduced, indicating no burnout of any kind. Hence,
the simultaneous valve opening tests were commenced. The initial test was
with é 1000-millisecond hydrogen lead. The hydrogen lead was reduced to

5 milliseconds and no undesirable chamber fluctuations were noted, indi-
cating that the preinjector volumes were in the ratio of the filling rates,

a design feature discussed in an earlier section.

Hydrogen—-Side Gas Generator Tests. The hydrogen gas generator checkout

runs were made by utilizing the procedure developed in the preceding test.
First, the feed pressures were manually adjusted to give a 1000 F bed

temperature. The simultaneous valve opening test was then performed, and
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the procedure was repeated for the nominal design conditions of 1500 F
and 10-psia chamber pressure. These tests were concluded by a successful

k-second pulse test.

Additional Heat Exchanger Tests. Careful review of the data obtained in

later tests with each gas generator coupled with a heat exchanger coil,
revealed that the chamber temperature was approximately 300 F higher than
the temperature immediately downstream of the throat. To investigate
this phenomenon, it was necessary to reinstall the pressure transducer
and thermocouple on the tube inlet and to monitor these variables during
a run (Fig.75 through 80). For the small gas generator it was found

that as the chamber temperature was raised to 1700 F, the gas inlet tem-
perature to the tube would lag by 300 to 500 F., A small increase in
chamber temperature would cause an instantaneous rise of 300 to 500 F in

throat temperature to approximately the chamber temperature.

Sometimes the throat temperature would rise 500 F above the chamber tem-
perature. Careful inspection of the downstream screen on the catalyst
pack~revéaled that the areas near the chamber wall were cooler during
operation than the center, When the catalyst pack was held up to the
light, spaces near the wall which would allow for gas channeling were

seen,

TANTALUM SCREEN TURNS WHMITE
FROM OXIDE FORMATION

Y, °\
CONCENTRIC AREA OF UNAFFECTED

TANTALUM SCREEN

——
e
3
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It was concluded that gas channels to the outside of the container where
E

the packing density is reduced by the wall effect, and is not ignited un-

|
til the hot- and cold-gas temperatures are brought to the autoignition !

temperature. This explanation does not explain why, on occasions, the o
throat temperature would be 500 F higher than the chamber temperature.
The only satisfactory explanation for this phenomenon is either an air
leak into the system or mixture ratio variation within the chamber. The
latter is suspected because the phenomenon still occurred with chamber
pressures greater than atmospheric and because it still occurred after
" severﬁl leaks were found and fixed. The large gas generator performance
was qualitatively similar with the exception that the excursions in tem-

perature were somewhat smaller,

A solution to the channeling problem was implemented on the final thrustor
studies. This involved installing snap rings near and in the catalyst bed
whiFh protruded slightly into the bed. Any gas channeling to the outside

would thus be deflected back toward the center of the bed. The deflection
ring_coﬁéépt was never tried on the gas generators, but it would be simple

to implement.

Conclusions. The objectives of this task were successfully met without

major recycles in design and testing. Nominal design conditions could
be met; and it was shown that the propellant valves could be opened and

closed simultaneously to avoid transient mixture ratio variations. Re-

sphse time was found to be a function of the feed system design. It was
:COﬁcluded, that elimination of the vent lines would produce response

tiﬁes near nominal. It was also concluded that gas channeling to‘the

oufsidé&%f the bed capsules caused minorerratie ignition, A.simﬁie de-

sign solution was outlined.
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Heat Exchanger Coil Experiments

The primary objective of these experiments was to demonstrate nominal
steady-state design conditions with the gas genératorkand heat exchanger
coupled together. A secondary objective was to measure the pressure and
temperature response.

|

E

!

Eﬂperimental Results. After the gas generators were successfully fired

at their nominal conditions of 1500 F and 10 psia, the hot-gas coils were
connected to the respective gas generators. The coils were instrumented
to obtain the pressure drop and wall temperature gradient during operation.

The flow.schematic is shown in Fig. 81,

The temperature and pressure shown on this schematic represent steady-
state values obtained by the large and small gas generators for repre-
sentative tests. The temperature immediately downstream of the chamber,
TéT{ was approximately 350 F lower than the chamber temperature. The drop
in éemperature between the inlet and outlet of the heat exchanger (TGI to
TGO) was caused by heat transfer to the exchanger walls and heat leakage
to the surroundings. Because flow at the throat was designed to be sonic, '
it-was possible to estimate the hot-gas flowrate from the area ratio,
chamber pressure, and temperature at 0.005 1b/sec. A pressure drop

between the chamber and heat exchanger inlet (PCL and PGI) was caused by

an abrupt area change.

‘T?e combined thermal responses of the gas generator and heat exchanger

c?il are shown in Fig.82 and 83. Figure 82 illustrates the chamber tem-

perature and the heat exchanger inlet and outlet gas temperatures, and

Fig.83 shows the outside wall temperature at three of the five equally
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spaced nodes of the heat exchangers. The large difference in time responses
between the chamber temperature (TCI) and the temperature of the inlet gas
to the heat exchanger (TGI) was caused by the incomplete combustion phenome-
non discussed previously and by the heat adsorbed by the mass of the sonic
nozzle. It should also be noted that the first part of the heat exchanger
follows the inlet temperature (i.e., has a high response), while the outlet

temperature and last nodes have a very slow response.

Heat Exchanger Experimental Conclusions. The primary objective of this

test (achievement of nominal steady-state designs) was met without any !
major redesign or testing recycles. A mathematical model for the heat |
exchanger depicting time-distance response was developed. Inasmuch as
many important parameters were estimated, only qualitative correlation

of theory with experiment resulted. It was qualitatively concluded that
the measured hot-gas heat transfer coefficients were probably two to three

times greater than that predicted from conventional correlations.

Summary of Component Tests-

The component tests were accomplished in a satisfactory manner with no
major delays. The initial gas generator tests showed that the nominal
Qesign conditions could be achieved and that pulse-mode operation was
ﬁeasible. The results showed a tendency for propellant channeling on the
periphery. The channeling can be blocked in future designs by employing
deflectiqnuy§pgswspgped evenly down the bed to force the flow toward the
cenf;;>6f tﬁéwbéd. | |

e |

Tpe results of transient experiments with the gas generators connected to
their respective heat exchanger coils indicated the hot-gas heat transfer
coefficients to be two to three times larger than originally estimatedk
using conventional correlations. However, the pressure drop results agreed

“well with those predicted.
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The major negative result obtained in the component testing phase was con-
cerned with the follower valve (a modif%ed regulator). The follower valve
was to be used for pressure control for one of the propellant systems and
an on-off control circuit was to be used for the other. However, the
modified valve could not be sealed, eliminating this control concept from

further immediate consideration. Two on-off control circuits were employed.

|

PROPELIANT CONDITIONER SUBSYSTEM

- EXPERIMENTAL EVALUATIONS

|
ThL second experimental phase of the conditioner effort was the integration
of the components into a system with the final goal of achieving a success-
le demonstration of the feasibility of the RCS operation. However, it is
rJ—emphasized that the system experimentally tested was not designed on
the basis of optimization for one or more applications, but rather on its
uﬁefulness in developing general design criteria and in exploring problem
aﬁeas. As the latter were encountered, emphasis was placed on-the most
expgdient solution as opposed to the optimum solution. This approach was

taken to allow the achievement of the overall program goals.

The coﬁditioner;componepts were systematically interconnected during the

system testing phase. The approach was as follows:

1. Connect the components
2. Add the necessary control circuits
3;’ Initiate propellant feedback to the gas generators

L, Infegrate the conditioner'ahd thrustor for an overall system

demonstration
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Individual Propellant Subsystem Tests

The first series of system tests was to investigate each propellant side
separately and demonstrate the heat exchanger conditioning of the cold
fluid to the design pointkin a stable manner, All system valves were o
open}’which represents the case of the thrustor being used in steady-staée
mode. If the heat exchanger did not deliver conditioned fluid in the

design range, the alternative was to change the heat exchanger area.

A secondary objective was to make pseudocalorimetric measurements so that

the overall heat transfer coefficient could he determined.

Experimental Lquipment. A photograph of the apparatus in a partially

assembled state is presented in Fig. 84. Figure 85 is an instrumentation
and teneral schematic. The heat exchanger was divided into three channels
by three comb-like spacers positioned 120 degrees apart. One of the three
heat exchanger channels was instrumented by installing sevel thermocouples,
four in the propellant and three on the tube wall, at adjacent positions.

This technique proved impractical because the thermocouple leads partially

k‘ blocked flow to this channel, causing the channel temperature to be high. = !

M thermocouple was placed at the end of the other two flow paths to de-
Qermine the amount of channeling in the heat exchanger during the runs.
ﬁurther, the thermocouples in the liquid may have been influenced by the
wall temperature because of the marrow channels, and the wall thermocouples

~which. were spot welded to the tubes were unduly influenced by the liquid.

ﬁn the hydrogen heat exchanger experiments, only the inlet and outlet tem-
peratures were measured. Three thermocouples were inserted through fittings:
in the outlet end plate and positioned near each channel outlet to check

- éor channeling. Water flow tests were conducted prior to assémbling the
‘ ﬁéét exchénger, and the internal parts were custom fitted to give even

- flow. i‘“
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Initial tests were conducted using liquid nitrogen as the propellant to
be conditioned, to detérmine the experimental procedure before using liquid

oxygen or liquid hydrogen as the cold fluid.

Oxygen Heat Exchanger Results. The results indicated that the overall

heat transfer coefficient for liquid oxygen had been underestimated because
the cold fluid was being conditioned to 800 R instead of the nominal 200 R.
The increased heat transfer coefficients caused an operating difficulty.

In an” attempt to approach the nominal temperature and pressure values in
the accumulator (17 psia and 200 R) the gas generator temperature and flow—b
rate were decreased to a point where the water in the exhaust products
would freeze in the hot tube coil. The freezing would not have occurred
if the effective heat transfer area had been optimum to condition the
cold propellant to the nominal conditions. To‘compensate for the high
temperature, the effective heat transfer area was decreased by diverting
the flow<path of the cold fluid through the center post of the heat ex-
changer by the desired amount. The area was decreased by half such that
eight instead of the initial 16 coils were used to transfer heat to the
cold propellant. Both countercurrent and cocurrent flows were used in
thefhent exchanger to determine if any large variance in the conditioned
propellant temperature would exist. In both cases, the eight c01l heat

exchanger conditioned the cold fluid to approximately 480 R.

The heat exchanger was further_shortened to near one fourth of the original

length to obtain the des1red nominal condltlons.

’Resnlts are presented in Table 13 for the hot-gas side of the heat ex-
> changer and in Table 14 for the propellant side. The'objective of the
calculations was to close an energy balance on the heat exchanger and

to calculate the overall heat transfer coefflclents.
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TABLE 13

'TEST DATA FOR HOT-GAS SIDE OF LOX HEAT EXCHANGER

*%¥Chamber pressure

**¥Estimated (discussed in the text) Sant

I Pressure, '”WTemperatﬁre,"
. psia F oW,
- — | b /sec (g, 1
-~ Test* [ Inlet** | Outlet | Inlet | Outlet | MR¥*¥* Btu/sec
1 [11.6 3.56 (1410 | 68.5 | 0.71 | 0.0018 | 4.8
2 [|12.3 | 4.03 1370 | 76 0.69 | 0.0019 | 5.0
3 [ 9.75 | 333 |we5 |12 | 0.71 | 0.0003 | 3.4
|13 | &.27 |1466 [183 | 0.75 | 0.0013 | 6.0
5 ]12.3 3.80 |1540 {190 0.80 | 0.0021 5.7
*These data represent tests conducted:in the following manner:
1. A countercurrent heat exchanger with the total design hot tube area
2. A countercurrent heat exchanger with one-half the design hot tube area
3; A cocurrent heat exchanger with one-half the design hot tube area
4, A countercurrent run with one-quarter the heat exchanger area
5. A cocurrent run with one-quarter the heat exchanger area

L




TABLE 14

TEST DATA FOR PROPELLANT SIDE OF LOX HEAT EXCHANGER

“- ,Tem§é}ature, - Pressure in i
) | F w,¥% A lat Area, |T. , U,
N lbﬁ/séc f” q, ccumulator, o 1m | o |
| Test* | Inlet Outlet | Btu/sec | psia ft F _[Btu/hr-ft° |
1 -297 430 |0.00207 | 5.2 - 16.8 1.07 | 830 20
2 | -297 12.0 {0.02% 3.8 16.3 0.54 | 780 32
3 | -207  5.0l0.02a | 36 | = 16.2 0.54 | 980 25 )
I} i , |
b | --297 -295 {0.18 6. | 239 0.27 | 980 81 |
5 | -207 -280 fo.o43 | 4.5 | 17.6  [0.27 1020 | 75 to 58

e

¥These data represent tests conducted in the following manner:  .
A countercurrent heat exchanger with the total design hot tube area
A countercurrent heat exchahgér with one-half the design hot tube area
‘3.’ A cocurrenf heat exchanger with one-half the design hot tube area

A countercurrent run with one-quarter the hot tube area
5. Afcocurrent run with one-quarter the hot tube area

~ **Bstimated (discussed in the text)
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The heat balances are subject to several uncertainties. Fof the hot-gas
heat load (1) the mixture ratio was obtained from calculated theoretical
combustion temperature vs mixture ratio curves, (2) the flowrate was
estimated from gas generator chamber pressure and temperature assuming
sonic flow at the gas generator throat, and (3) the average hot-gas heat
cabacity was obtained from Rocketdyne's theoretical preformance programs.
Because of incomplete combustion in the gas generator, the hot—gas>in1et
temperature was subject to some uncertainty (reported earlier). An ana-
lyfis was conducted on the enthalpy received from the hot gas when it was

possible for water to condense in the outlet stream. It was concluded

that water would begin to condense near 100 F and that an approximate

16 pércent increase in heat load could be realized by utilizing the heat

of condensation. Thus the heat loads reported in Table 13are also sub—

ject to substantial increases when the outlet temperature approaches 100 F.

TJwgbtain the heat load on the propellant side, it was necessary to assume
saturated liquid at the heat exchanger inlet and a coefficient for the un-
calibrated orifice. Nevertheless, comparison of the heat received by the

liqUid oxygen with the estimated heat given up by the hot gas shows a good

closure considering the assumptions that have been made. Because of am-

~ bient heat leak to the vaporizing liquid oiygen, it was suspected that the

liquid heat load would always be biased above that of the hot gas. -

From a knowledge of the heat load, area, and average driving temperature,
it was possible to estimate the overall heat transfer coefficient (Table
14 ). This coefficient is based on the circumferential area of the '
spiral tube, although the actual effective liquid area was not known be—’
cause df the heat exchanger construction and liquid flow pattern. It was
iﬁteresting to note how the overall heat transfer coefficient changes as
tﬁe split in heat load changes with vaporizing liquid or superheating
vépor. Because of this change, it was not possible to make one run and
simpiy calculate a new heat transfer area that would give the desired
propéllant temperature. The actual heat transfer coefficients range from
L o 1957 o



two to four times those theoretically predicted. It was reported in the
previous experiment and correlation work that it was qualitatively apparent
that the hot-gas heat transfer coefficient could be several times higher
than that predicted from conventional correlations. Because the method

o% instrumentating the heat exchanger channel for adjacent gas, wall, and
propellant temperatures proved impractical, it was impossible to determine
t?e position of the tube wall profile in relation to the gas and propel-

lant profiles. A tube wall temperature near the hot-gas temperature would
have indicated a high hot-gas coefficient and would have confirmed the pre-

vious experiment.

|
|

t
Liquid Hydrogen Heat Exchanger Results. The liquid hydrogen conditioner

s%stem was operated four times, and the reduced data are shown in Tables

15 and 16. During the first run it was desired to condition the fuel to
t?e new nominal condition, Case V or Case VI of Table 15. Under the indi-
cated steady-state conditions, it was possible to increase the fuel flow

to nominal and thus lower the accumulator temperature because the hot-gas
outlet temperature from the heat exchanger coil was near the freezing point
of water. This run.was subsequently repeated with increased flowrates,
b%th fuel and hot gas, but the accumulator outlet temperature remained high

(neqr 100 F). Thus, it was concluded that it was necessary to shorten the

hot tube coil for satisfactory steady—étate operation of the gas generator.

An alternative was to increase the size of the gas generator and operate
it in the pulse mode phase. This involved increasing both the hot-gas
flowrate and chamber temperature to a maximum (double nominal) and operat-
ing the gas generator in the pulse mode (30 to 40 percent on) to maintain
a conditioned fuel temperature in the range of 0 to -50 F. Thus, the fuel

flowrate and temperature were brought to nominal conditions using the ex-

- isting heat exchanger, which was found to have excessive area for steady-

state gas generator operation. Unfortunately, high feed pressures to the
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TABIE 15

TEST DATA FOR HOT:GKS“SIDE“OF'THE EHQ“BEAT*EXCHKNGER“

‘"“““Pnessure, psia | Temperature;—F |— ‘
. : . overmrm— g : W, . Ua,
Test | Inlet | Outlet Inlet | Outlet MR lb/sec Btg/sec

I 10.8 | 3.4 1520 | 48 0.85| 0.0049 | 14 = 16.9

II | 13.6 | 5.4 1540 | 197 0.85 | 0.0067 | 18.0

i | 17.7 | 6% | 1680 | 199 | o0.85|0.0078 | 21.0
Ive | 20.8%| 6.8 | 1600 | 90 i 28 (30- to
i ¥ (aver- — | 40-percent

age) ~ on)

- *%Pulse mode gdé generator operation with a steady liQuid hydrogen flow.

**42 psia ambient feed gases

~ These data represent a countercurrent test with the-total-design hot tube area.
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TEST DATA FOR THE PROPELIANT SIDE OF THE LH

TABLE 16

2

HEAT EXCHANGER

Test Inlet | Outlet lb/sec Btu/sec psia ft2 R hr—ft2-R
I 437 | 142 0.0075 | 16 115.35 - 0.954 | 1057 75
II 457 | 306 0.0066 | 18 14.85 0.95: | 895 76
V: 11I ;4§7yﬂ" 2351j - 0.0078'”::ij 19 18.0 0.954 77920 ’“86
| IV* -437 | 20 17.0

*Pulse qungas;generator operation with a steadj liquid hydrogen flow.

 These data represent a countercurrent test with the total design hot tube area.



<05

-

TN R R N TR g IR R S S i R L B R e R D I

DESIGN CONDITIONS STEADY-STATE OPERATION OF CONDITIONER

R e

-1 Propellant-at-Conditioner Inlet Propellant at-Gas Propellant at
or Propellant Tanks Generators Percent of Thrustor
. . . Total Flow| . . Combined
B " Case| Oxygen i’o’ Hydrogen bt MR, Yo’ Vg to ‘Gas ¥o? ‘ o Temperature,
Conditions No. | State |1b/sec State 1b/sec |o/f | 1b/sec 1b/sec Generator | lb/sec |1b/sec F
200‘11 Conditioned I 0 0.03852 | Liquid H2 0.01642 | 1.32{0.002822| 0.002121 9.0 0.0357 |0.0143 3570
Propellants and Liiui a vith 5-
20-pound Thrust percent He ]
n 02 0.0388 H2 Liquid | 0.0174 {1.00{0.00309 10.00309 11,0 0.0357 10.0143 3570
Liquid : S ,
II1 02 0.03722 H, Vapor 0.01582 11.00{0.00152 | 0,00152 5.73 0.0357 {0.0143 3570
Vapor
500 R Conditiomed | IV 0, 0.04518 H, Liquid | 0.02457 |0.85|0.00948 | 0.01117 129.2 0.0357 |0.0143 3750
Propellants and . Liquid : o
20—pound Thrust qui )
500 R Conditioned A 0, 0.01918 H2 Liquid | 0.01119 |0.85/0.00406 | 0,0049 . 29,2 - 0.01572{0.00629 3750
Propellants and Liguid ‘ :
10-pound Thrust qat -
400 R Conditioned VI 02 0.01901 H27Liquid 0.00992 |0.88/0.00313 | 0,00357 25.1 :0.01588 0.00635 3690
Propellants and Liquid '
10-pound Thrust tqui
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gas generator of the order of 30 to 50 psig were necessary for this mode
of operation. This mode of operation did not appear to be compatible
with the low accumulator pressures which eventually drive the gas genera-

tors. Consequently, it was necessary to shorten the heat exchanger,

; )
Heat Exchanger Nominal Design Point Changes. Because thrustor ignition

at temperatures below 360 R and approximately 10 psia with 1/16 inch
catalyst pellets was unsatisfactory, the nominal design point for the
conditioned propellant temperature was raised. Heat and material balances
are presented for temperatures of 500 and 400 R and 10- and 20-pound
thrustors in Table 17. The most striking changes in the nominal design
wére the heat load on the hydrogen heat exchanger, which increased by a
factor of 4, and the percent of total propellant flow diverted to the
conditioner, which increased by a factor of 3. To utilize the existing
gas generators, thrust was reduced to nominally 10 pounds. Thus, the
conditioning system was operated in the range from 400 to 500 R for a
IO—ﬁound thrﬁétof};'ﬂ |

i
Using the experimentally determined heat transfer coefficient of 70 Btu/
h%—ftg—R and the flowrates for a 10-pound thrustor (Table 12), it was
estimated that a seven-coil heat exchanger would condition liquid hydrogen
tb’the range of 400 to 500 F., The construction and installation of this

coil and heat exchanger was completed for the succeeding test series.
| Comparison of the original nominal liquid oxygen conditions (Table 11,

Case I1), with the revised conditions (Case V) shows approximately the
same gas generator flowrate and heat exchanger loading. It was necessary
to size a heat exchanger to conform with the experimental heat transfer
coefficient of approximately 25 Btu/hr—ft2;R.,~(;Tab1*e'14). This resulted

in the fabrication of a six-coil heat exchanger for the oxygen side of

the conditioner.



Conclusions. Both the liquid oxygen and liquid hydrogen overall heat

transfer coeff1c1ents were found to be several times higher than those
1n1t1a11y predlcted Thus, it was necessary to reduce the heat exchanger

area to meet the or1g1na1 nominal conditions.

Water freezing near the hot-gas outlet of the heat exchanger was found to
be a primary failure mode. Two approaches to minimizing this failure
yode were investigated: (1) reduce the heat exchanger area, and (2) in-
crease the total heat output of the gas generator and operate it in the
éulse mode fashion. The latter proved to be the better solution, but
time did not permit building'a new gas generator for the remainder of the

preseht testing, sg the heat exchanger area was reduced.

Evaluation of Accumulator Characteristics

At‘the start of the experimental program little was known about boiling
instability, subsequent problems of pressure and temperature perturbations,
and the ability of the accumulator to attenuate these perturbations. Ex-
perimental data of the accumulator mixing characteristics were gathered

in| conjunction with the concurrent system testing (Test VI). At the same

time a mathematical model describing the operation of the accumulator was

developed and programmed in a computer program. The data gathered from
the experiments and the sizings were fed to the model to define an optimum

geometry which minimizes the temperature and pressure fluctuations.

Tﬁe size of the accumulator selected for experimental evaluation depended'“f
primarily on the weight flowrate and the response of the control circuit.
fBécause the response of the propellant valves was rather slow, it was
necessary to select relatively large accumulators (700 cu in. for oxygen
and 4000 cu in. for hydrogen). Because a good portion of the system weight
~and volume was represented by the accumulator, an 1mportant part of thls

' etperlment was to minimize the accumulator 31ze. ‘

Rl
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Ixperimental Results for Oxygen Accumulator. The approach was to initi-

ally instrument the oxygen system as shown in Fig. 85 and to rapidly
optimize location and measurements as shown on the liquid hydrogen system.
Figures 86 through 90 show the time-pressure traces during a liquid oxygen
steady—state,rconcurrent run with one-half the original heat exchanger

area. The pressure transducers nomenclature and locations were:

PTU ullage pressure on liquid oxygen dewar |
PHXIN pressure at bottom of heat exchanger
PAL . located on the heat exchanger shell near the middle

of the spirally wound coils
PAO - outlet pressure from the accumulator

TAO outlet temperature from the accumulator

The critical behavior of these pressure and temperature traces were ana-

lyzed and the results are summarized below:

" 0Oscillation

3 Measured ‘ Frequency, »
Parameter Ranges , cps ;
PTU . 3.348 %0.03 psig ~ olor §
PHXIN - 3.10 *0.2 to 0.02 psig S 0.46 - §
- 3.0 0.3 to 0.4 psig 0,07 R
PAI 2,40 $0.65 psig 046 i
o 2,30 %0.40 psig , 0.08 |
PAO 2.%0 £0.58 psig 0}46 ; !
2.40 £0.35 psig 0.08
TA0 62 F | 0.385
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Two oscillation frequencies are apparent. Also, the slow frequency oscil-
lation appears in the tankage ullage pressure. Comparison of the ullage
péessure (Fig.86 ) with the pressure at the inlet of the heat exchanger
(Eig.87 ) shows the pressure at the heat exchanger inlet frequency spikes
to values greater than the ullage pressure. Therefore, it was concluded
that these spikes caused a backflow into the liquid oxygen ullage, creat-
ing the previously discussed slow oscillations. The flow from the heat
exchanger into the accumulator remained positive because of the higher

pressure in the heat exchanger as can be seen from Fig. 88 and 89,

Comparison of the cycle amplitudes for inlet pressures with the accumulator
outlet pressure (PAI and PHXIN with PAO) shows that the accumulator atten-
uates the pressure oscillation by approximately 0.05 psig or 10 to 15 percent.

Figures 91 and 92 give the inlet (PAI) and outlet (PAO) pressure traces
fbr'the liquid oxygen countercurrent heat exchanger with one-fourth of

the original exchanger area. Comparison of these figures with the pre-
vious ones shows a lack of consistency as variables such as flow direction
and heat exchanger area are changed. In this case the high frequency oscil-

lation is at 2.3 cps, and the accumulator almost_completely attenuates this

fluctuation, leaving only the low frequency oscillation.

Experimental Results for Hydrogen Accumulator. Boiling instability for

| 0.& psi was again partially damped byﬁthe 4000-in.

}

the hydrogen conditioning system was very similar to that encountered on
éhe oxygen conditioning system; a low frequency of approximately 0.3 cps
wiﬁh an amplitude variation of near *0.8 psi was predominant. A faster
inétability of approximately 2 cps with perturbations of approximately

3

accumulator, The

ihiet temperaturé pérturbationvof‘i20:FFWas}damped;to #7foétzthe outlét.

“ 012
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The primary cause of the major low frequency instability seems to be caused

by two-phase flow or perhaps a vapor slug entering the bottom of the heat

exchanger.

Thé accumulators used for the experiments, 700 in.3 for the oxygen side

and 4000 in.3 for the hydrogen side, were sufficiently large to attenuate
the high-frequency (2.3 cps) pressure and temperature perturbations pro-
duced by the flow through the heat exchanger. Lower frequency oscillations
( 0.5 cps) caused by an interaction between the liquid oxygen supply de-
war and the heat exchanger were not attenuated. An analysis of the behavior
showed that the system could be successfully modeled, and that the oxygen
accumulator volume would have to be increased by a factor of about five

to attenuate the low frequencies oscillétioﬁs; This increase was not made;

the control system was to De used, instead, to eliminate these perturbations.

Both Propellant Systems (Oxygen and Hydrogen) Run Concurrently

~%he overall objective of this task was to achieve automatic and concurrent
operation of both propellant conditioner systems. This was to be achieved
{n two major steps; (1) connection of the gas generators to the accumula-
tors to achieve propellant feedback, and (2) installation and use of the

control loops (pressure and temperature) to achieve automatic control

(Fig. 93 ).

=

Experimental Effort. Each system was operated individuélly in the steady-
i

§tate mode before initiating the closed-flow test. During these experi-

‘ ﬁents the gas generator fuel and oxidizer valves were opened separately,
and the propellant feed pressure to these vqlves,Was adjusted separately
~during the run te give the desired chamber pressure}and temperature. The



. ToAmM™
. Figure 93.
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feed pressures were somewhat higher than nominal to offset the increased
pressure drops caused by ambient conditioning requirements. Because of
uneven pressure drops, propellant inlet pressures sometimes differed by
se?eral psi. Thus, before simultaneous operation of the gas generators
could be initiated, it was necessary to (1) open oxidizer and fuel valves
simultaneously with the same electrical signal, (2) feed both gas gener-
ators with equal (5 psig) pressure propellants, and (3) reduce pressure

drop through the hydrdgeh side.

Feeding both gas generators with identical pressures necessitated instal-
ling balancing orifices on the oxidizer inlets, which was a trial-and-
error procedure. The pressure drop on the large gas generator was reduced
by;installing a third valve to the fuel side and doubling the injector face
{ aréa. The small gas generator injector face area was also doubled. How-
; ‘ ' eer, the pressure drops between valve inlets,and the chamber for both gas
. generators still varied from 6 -to 8 psig. This was high in view of the

‘limited driving pressure available.

After the technique of simultaneous gas generator operation was mastered,
‘effort was directed to manual concurrent operation of both systems. Pres— '

3 ? : sure control in the system was achieved by controlling the ullage pres-

: sures with a helium supply controlled by two regulators in series. Tem- ! s
’pérature control was achieved manually by calling for on-off operation. \
A major problem became apparent during this mode of operation. To prevent S
w@ter from freezing in the hot-gas coil, the propellant flowrate had to

bé reduced, which lowered the nominal thrustor rating from 20 to 10 pounds.

Dﬁring pulse mode operation of the hydrogen side, the heat exchanger tube

?7 ;i : Cles during the off cycle; at the beginning of the start cycle, the outlet

: ‘ hdtégasktemperature spikes below 32 F. Thus, it was apparent that the gas
generators should be qverdeSigned such that thqy,may»be capable of supplying

TR
R




approximately 50 percent more than the maximum heat load. One method of
minimizing the water freezing hazard was investigated on the hydrogen
side, where the problem was most acute. This constituted operating the
heat exchanger in a cocurrent flow configuration, since the tube wall

temperatures are higher for cocurrent flow.

Another problem which became apparent when simulating thrustor pulsing
was the increase in system pressure when both the thrustor and liquid
inlet valves were closed. The increase in pressure was attributed to
&aporization of the trapped liquid in the line between the inlet valve
and the heat exchanger. The relief valves located on the accumulator
proved to be inadequate because of their low capacity, leakage, and
ineonsistent cracking pressure. The solution to this problem involved
removing the relief valves, minimizing the volume of trapped liquid, and
wiring the control circuit so that the inlet valves would open when the
thrustor valve closed. Thus, the system pressure stabilized at the ullage
pressure in the off mode. This proved to be satisfactory as long as the

ullage pressure was relatlvely ‘constant.

At this time the first set of pressure and temperature controls was re-
ceived. The oxygen system response was first checked and optimized with
the controls (Fig.{ﬂg), then the controls were transferred to the hydrogen
side for a response check. Initially, pressure control checkout proved

to| be difficult because of the shift in Setpoint from run to run. Even-

- tually, a technique of adJustlng the setp01nt in the 4- to 5—p31g range

pr10r to each run was developed

It was considerably easier to adjust the temperature controller in the

range of O to -50 F, and it was noted that this setpoint did not vary with

*t#me ‘Cathode ray tube (CRT) plots of these experiments are not presented‘

in the text because they would be redundant to those presented for the

'flnal experlment

o
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 Ullage

| Pressure
Controller

Heat Exchanger

T

& to

Thrustor

Temperatﬁre
Controller

;Tbmggraturé Controller. The gas generator valves open when the accumulator -temperature---

is below a certain level and close when the temperature exceeds a given value.

' Pressure Controller.

accumulator pressure.

Operates the ullage tank valve within given limits to control

Closed

Cldsed

e, Bleed Thrustor Pressure
Operation Valve _Valve Controller
Open Open »in dgératioh
~Open Closed -~ In operation
Closed Open In operation

Not operating and

ullage valve held open'

Figurgmgg{‘ The Control”System Operation for One Side of the Conditioner
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Conclusions and Summary. The major objective of achieving automatic and

concurrent operation of both propellant systems was successfully achieved.
The ! most difficult step in this task was the connection of the gas gen-
erators with the accumulators, which involved a substantial orificing
effort to ensure proper flow control to the gas generators. Freezing of
ice in the hydrogen heat exchanger was circumvented by changing the ex-
changer oﬁeration from countercurrent to cocurrent. A better solution
for future operation would be to oversize the gas generator and operate

in a pulse mode.

A desired increase in the outlet conditioner temperature could not be
achieved at the original design flowrates because of a limited hydrogen
heat exchanger capacity. Therefore, the flowrates were adjusted to fit

the capacity of this limiting component.

Pressure oscillations during steady operation were measured throughout
the system. The low frequency oscillation (at approximately 0.08 cycles
per second) was probably caused by vaporization of liquid in the line
connectlng the heat exchanger to the tankage. This oscillation could be
attenuated by the on-off control system. A higher frequency oscillation
at approximately 0.4 cycles per second was also measured downstream of
the heat exchanger. The accumulator acted to ‘attenuate this oscillation

as predicted by system modellng analys1s.

~ When the upstream on-off valves were closed, the propellant trapped

., pressure. ' ; = I L o e

‘control circuit was modified to open the upstream on-off valves in the

in the heat exchanger would expand and cause the accumulator pressure to

incrEase The pressure relief valves did not function properly, so the = _

e T e L
N

7
absence of thrustor demand. This allowed the system to ¢ome to tank

N T e




COMPUTER MODELING

Predicted Gas Generator Performance

Tﬁe thrustor computer model was used to predict the transient behavior

of the gas generator prior to the actual experiment. Because the gas
generators were previously designed for a nominal 200 R feed, it was
specifically desired to determine the effect on nominal design by feeding
with ambient propellants. The selected internmal purameters were based
on the thrustor experimental studies, which indicated that 1/2 inch of
catalyst bed with a l/h—inch—long mixing section of 1/16—inch stainless-

steel bearings would approximate optimum performance. An example of the

transient response is given in Fig.95 , 96, and 97 for the nominal inlet
pressure of 17 psia. The following was concluded from several computef

runs such as this:

1. The overall mixture ratio would be reduced to about 0.8 to account

for the inlet temperature of 460 instead of 200 R.

2. The use of ambient propellants caused an uneven increase in pres-

gure drop. To maintain the nominal 10-psia chamber pressure,
the fuel and oxidizer inlet pressures to the large gas generator oo

L had to be increased to 24 and 19 psia, respectively. To pfevent
H2 flow into the oxidizer line, an orifice was placed in the
oxidizer line so that balanced fuel and oxidizer pressures could
be used. The analysis for the small gas generator showed that

; the inlet pressures should be near 18 psia with a similar balanc-

ing orifice in the 0, feed.
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 and a heat balance on the hot gas node gives

o - o f
- e : :
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Heat Exchanger Modeling

In an effort to determine the hot-gas heat transfer coefficient, the siﬁgle—
hode model in the system program was expanded to a five-node model so that
calculated wall and gas responses for various heat transfer coefficients
could be compared to the experimental characteristics. The nodal schematic

depicted below shows the basis for the mathematical model.

Gas at

TGI
T SN | B
% \ ét: surhoundings
; 9n [mwy Ypn amb
Gas at
TG
o l ¢
4, = By, A (T6_ - TW ) | 20)
UYn ~ Bomb A (TWh B Tamm) | o (21)
where - |
L = lh; A (TG , - TW.) | ('22)
g1 = g 177 . S .
91 ~ Bomp A (Twl - Tamb):w',‘ | | | | (23)
" A heat balahge on the wal}wgiQeé
o éTwﬁ | | |
oD T 1T O

: PG : ; R - L Lo mmmim . 5
o6 = Vi Cp TOTT Yo Op Moy~ (25)
225 s



where

(26)

o]
r-alg

gn

Ignoring the change in temperature of the hot gas yTGnABO, remaining in

the node, and solving for TG‘ gives

w C TGI + h A TW ,
TG = (27)
n w C + h A
o p gn

The solution for the nodal wall and gas temperatures was obtained by
simultaneous solution of Eq. 20 through 26 using the Midas technique
(Ref. 12). However, the computer time required was excessive until
Eq. 25 was replaced by Eq. 27 Flgure 98 gives the calculated results

for the f0110w1ng input paramters

Heat Transfer Area in the Node, A : &.20 sq ft
Mass of Wall in the Node, M d.312 pounds
'Heat Capacity of Wall Mass, Cp = - 0.135 Btu/1b-F
Heat Capacity of Hot Gas, Cp _ 2.23 Btu/1b-F
Heat Transfer Coefficient to Amblent h 6.75 Btu/ftQ—hr—F*
Flowrate of Hot Gas, W o 0.005 1b/sec
~Gas Inlet Temperature, TGI S - f (0) as shown
= in Fig.

‘.;

»Th% hot-gas heat transfer coefficient was varied from 70 to 600 Btu/hr-ft

The hlgher heat transfer coeff1c1ents gave a much faster TWI response and

a slow TGO response conflrmlng “the- experlmental data. A low heat transfer

!

*Calculated from the steady-state data in Fig. 98.



coefficient causes the heat distribution to change only slightly. Thus,
the disagreement between experiment and theory was attributed to the un-
certainty in estimating the hot-gas flowrate. The hot-gas flowrate or
v heat capacity was obviously underestimated.
!' 2 e
= o B L I09 o L .
1
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Accumulator Modeling

The model was built on preliminary conclusions reached by analyzing the

experimental data as follows:

1. The driving force for the pressure and temperature perturbations

was the heat exchanger

2. The temperature and pressure perturbations were in phase, i.e.,
when the pressure was a maximum, the temperature was also a

maximum.

3. Flow from the heat exchanger to the accumulator was continuous

while the flow from the LOX dewar oscillated both positive and
i negative.

28 Based upon these' tentative conclusions, therfollowingjschematic was

;‘:‘ ; ) ‘._  i : V P P

; | y constructed: v PAI PAO Tatm Tgtm

. TAI | TAO atm atm

41' v. i { | Atmosphere
kAcchmulator

- : : The temperature and pressure at the outlet of the heat éichqnger weré
o assumed to be the independent variables: | |
n A K e Epsmke ()

1 SN

]
!
i
1
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or
PAT = K + (K, + Ky sin Kif) sin K, 0 (29)

and
TAI = K, + K sin K0 | (30)

where Kh is a constant.

The flowrate into the accumulator from the heat exchanger was considered

as a perturbation from nominal across the orifice:

.2, oPAITAL . /Ra1 - Pac (31)
Yin 7 Ynom PAT__ TAI \ API
nom noui
where v
API = PAI - PAO 6
nom nom nom |

The flow from the accumulator was described by a similar equation:

. e PAQ TAOnom;~ PAO - Patm (33)
Yout =~ “nom PAO TAO APO |
0, T nom ; no e

m .

where

i

PAO - P ; . (34)

AP ACC_
nom nom - atm

taneous heat and material balances and instantaneous pressure from the

ideal gas law.
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Material balance:

(35)

0

g—=w.-w

Heat balance:

c OQWIAD) _ o mrc - maoc (36)
p 06 i P 0 P
Rearranging gives:

_Qng_o ' [cvi TAT - TAO (% +g‘g)] 2 R Gﬂ

:é - Ideal gas law:

i

: ope . Ap B o) G

or

' o QPAQ R 8w _ wo Tao0] ; |
I | 06 vV MW [TAOag Y ] R - (39)

. or

a§PA0) R (TAO) QW  PAO a(TAo) '(40)_
: ,“VMW 60 TAO 86 B |
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These equations were simultaneously integrated using the Midas technique,
and a typical output is given in Fig. 99 through 102 The input data con-

forTzfairly'closelyto the actual experimental data previously presented. -
|
b

" The accumulator volume was set at 700 in.j, closely approximating the oxy-

gen accumulator. The input pressure perturbation of *¥0.5 psi was atten-
uated to only 0.42 psi, while the temperature perturbation of *10 F was
attenuated to approximately *5 F. Perhaps the most important dependent

variable is the flowrate out of the accumulator, wh1ch cycles at 0. 5 cps,

because - it controls the mixture ratio.

Each parameter in this accumulator model was changed, while holding all
othFrs constant, to determine the effect of that parameter. First, the
frequency of the boiling instability was increased to 2.5 cps, approxi-
mating that of the previously mentioned countercurrent experimental run.
Thezpressure perturbation of *0.5 psi was attenuated to *0.13 psia, wkile
the temperature perturbation of *10 F was damped to *3 F. It was con-
cluded that the accumulator can adequately damp high frequency perturba-

tions and will not attenuate those at low frequencies.

The second parameter to be varled was the accumulator volume. The fre-
quency was changed back to the slower frequency of\0.466 cps. The results

§pmmar1zed below:

A PHX

ATy = 10 F

+0.5 psi

in) g |
100 f:q;.so 19[
700 f* ié;uz 15
7000’ : __,__0.07 ;‘#0.3\3‘7
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These results rather conclusively show that it is impractical to attempt
to damp the low boiling frequencies. It was also realized at this time
that the frequency response of the control circuit was much faster than
the low boiling frequencies and therefore, would act to attenuate these

low frequencies.

The accumulator mathematical model was adapted to the liquid hydrogen data.
No significant conclusions deviating from those found for the liquid oxygen

side were-noted.

A simplified mathematical representation of the relationship between

accumulator volume and the amplitude of the temperature and pressure os-

g cillations can be. obtained in the following manner, assuming (1) ideal

gas, (2) PV = n RT, and (3) sonic flow at both the inlet and exit of the

accumulator,

The accumulator can be shown as

" Sonic Sonic
& P. l Accumulator wmﬁ‘l
¥ 1 . l : e L
3 N | 1 : | o
| P ] w ——’ | \(\‘
— W, a_ a C— W
. 1 : 0
I
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Yo ° K1 T
a
e K 2
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for a perfect gas
| o
2 A A
Rt~ J @ @

From a conservation of mass

-2 - -
dt i o

The solution of this systemyqf equations assuming constant temperature can

be expressed in a Bode plptlsuch that

P
log\ 7
1

| . o ;
PN sl
phase (f’_)
1 B
-90

Thﬁs; as the accumulator volume is increased, the attenuation of the pres-
Sufgioscillations leaving the accumulator will be increased for a given
frequency. The accumulators used in the experiments were of sufficient

size to attenuate the high-frequency;pressure'oscillations, butihad no

I
1

R I e T
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effect on low-frequency oscillations. In addition to attenuating the
outlet pressure, the phase lag between the input and outlet pressure
o%cillations is increased such that the lag is 45 degrees at the break
pdint (C/Va). Consequently, the phase lag at,a,givén frequency can be

decreased by increasing the accumulator volume.

L e ,’g_239/249’; o
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RCS DEMONSTRATION

The principal goal of this series of experiments, as well as the project,
waé to demonstrate the feasibility of an integrated thrustor-conditioner
system. This represented the next experimental objective after making
thg conditioner a completely independent system. The conditioner system
hah been previously run with the conditioned propellants being bled to
thf diffuser. The components and flow restriction orifices in the condi-
tioning system were not changed from the previous tests; consequently,
the thrustor was operated on the available conditioned fluid. The thrus-

tor used for the feasibility ‘demonstration was the multielement workhorse

engine described in the Thrustor Design section.
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PROCEDURE AND APPARATUS

EXPER IMENTAIL SYSTEM

The final operational integrated thrustor-conditioner apparatus and instru=
mentation schematic is presented in Fig.103. This system evolved from the
separate thrustor and conditioner subsystem tests.
#quipment details for the heat exchangers, accumulators, valves, gas gen-
erators, and the workhorse thrustor were given in previous sections. The
“ thrustor flow orifices were sized on the basis of the maximum amount of
;liéuid hydrogen that couid be conditioned in the previous tests con-
'siStent with a 1500 F catalyst bed temperature and 3500 F chamber tem-
perature. Only the oxygen feed to the gas generators was orificed so
that the maxlmum amount of hot gas could be produced in order to con-

dltlon the maximum amount of propellants

jik Table 18 further defines the instrumentation nomenclature. Three pressure

¥ ; and three temperature measurements were made in each propellant system to
o define its operating characteristics completely, e.g., heat exchanger in-

let and outlet conditions and accumulator outlet or thrustor and gas gen~

erator inlet conditions. These data define the dynamic characteristics
of propellant vaporization (boiling stability), accumulator temperature,
and pressure damping, as well as the control circuit performance. Gas

generator-coil dynamics are defined by two temperature measurements, one

fr two pressure measurements, and a valve signal measurement. From these
?ata, it 1s possible to calculate the hot-gas flow and the heat exchanger
heat load. Thrustor 1nstrumentat10n was suff1c1ent to allow for the deter-

mlnatlon of thermal and pneumatlc responses

The deadbands for the temperature and pressure controllers are presented
v‘1n Table 19. These setp01nts were used during the 1ntegrated workhorse

thrustor-condltoner experlment

U R ) 15 & S S
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TABLE 18

IDENTIFICATION FOR THE INTEGRATED THRUSTOR-

CONDITIONER SYSTEM EXPERIMENT

«O&ygen side valve operation

Hydrogen side valve operation

Temperature of LH_  at heat exchanger 1nput

Temperature of acCumulator input
Temperature of accumulator output

Tkmperature in large gas generator chamber

Temperature of hot-gas outlet from coil

Temperature of LOX at heat exchanger input

Temperature of accumulator input

Temperature of accumulator output

Temperature in swall gas generator chamber

Temperature of hot-gas outlet from coil

Temperature of mixing section in thrustor

Temperature of catalyst bed in thrustor
Temperature of catalyst bed in thrustor
Temperature of catalyst bed in thrustor
Chamber temperature in thrustor
Chamber temperature in thrustor

|
Ullage pressure

. Accumulator input pressure
, Accumu1ator outlet pressure

Injection pressure (rodandant)

' Chamber pressure of small gas generator

Outlet hot-gas pressure

Ullage pressure

- Accumulator input pressure

Accumulator outlet pressure
Injection pressure (redundant)

Chamber pressure of large gas gemerator

i {l Thrustor

Catalyst bed pressure

“:  Tg§5ii'

Fuel Side

Oxidizer Side

Thrustor

— 2\

< Oxidizer Side

Fuel Side -
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TABLE 19

DEADBANDS AND SETPOINTS FOR TEMPERATURE AND PRESSURE

CONTROLLERS DURING THE INTEGRATED WORKHORSE THRUSTOR-
CONDITIONER EXPERIMENT B

Pressure Controller
On ’ Off
inches inches
_ of of :
Propellant | water psig | water psig
Oxygen 137 5.95 | 1ux | 5.20
Hydrogen 133 %.80 | 139 5.01
- Tempéfature”ControllerJL
~ On, Off,
-Propellant | . F F

Oxygen ' -27 -15

‘Hydrogen —oy | -22

)

i
i

o6
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EXPERIMENTAL PROCEDURE

Prior to system startup, the setpoint of the pressure and the temperature
¢ontroller switches was checked. After the valves were ‘checked out and
the tank pressures adjusted to near the pressure controller setpoints, the
run began by starting the diffuser and evacuating the hydrogen side. Each
conditioning system was. started separately. With the bleed valve open,

the liquid oxygen or liquid hydrogen valve was manually opened and the

-system pressure noted and checked against the tank pressure. Then the

automatic pressure controller was energﬁzed and checked for cycling.
Occasionally, tank pressure was adjusted slightly to increase system pres-—..
sure so that it would go into the pressure control mode. After the first
system was operating satisfactorily, the other system was started and
checked out in a'similar manner. Then the gas generators were manually
cycled on and off to check the combustion temperature. A high combustion
temperature indicated that the pressure switches would have to be re-
adjusted uhile no ignition indicated that a catalyst bed probably had
burned out Generally, the gas generator checkout was satlsfactory, and

the automatlc temperature control circuit was energized.

Thrustor operation began when both temperature controllers were eycling.

First, the hydrogen was switched frum the bleed to the thrustor for the

cooldown transient. The thrustor oxygen valve was then opened and the

bleed was closed in this sequence to prevent the control circuit from allow-

ing the pressure control circuit to momentarily lock the liquid oxygen
valve open and bring the oxygen system to the tank pressure. When the cat-
alyst bed temperaturé‘outlet'reached 1300 F, the downstream injector valve

was opened and the system was alloved to reach steady state. Shutdown was



achieved by reversing the valve operations. Six time sections of the
experiment were recorded on the Beckman data acquisition unit:

1. <Conditioner system operation with flow out the bleeds

2. Startup transient of the thrustor
3! Downstream injector intermittently cycied
k. Jyéng—duration downstream injector pulse

- 5. Simultaneous operation of both gas generatorswand the thrustor

wifﬁ downstream injector cyeled

6. Repeat of Noi»g with small gas generator off

The total length of the recorded portion of the run was 260‘seconds, the
maximum tape length for the Beckman data acquisition unit. During this

time, propéllant was flowing through the thrustor catalyst bed, the down-
stream injector, the large gas generator, and the small gas generator for

3 /minutes 47 seconds, 50 seconds, four minutes 29 seconds and 41 seconds,
r?spectively. The total run length was approximately 10 minutes as a

result of the fact that the Beckman system was started and stopped 4 times.
Bécause 32 individual parameters were measured during each experiment, it wés
not possible to present all data. The fifth time section was selected

. for presentation because it shows simultaneous steady-state operation of

all components.
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SYSTEM RESULTS AND DISCUSSION

RESULTS

o
|

The data for all systems operating (both gas generators and thrustor with

downstream injection) are presented as cathode ray tube output (CRT) in

|
Fig. 104 through 135, The CRT's can be identified by the key presented in

ThbleQO and the placement of the instrumentation is given in Fig. 103
e ' TPe data are presented in order, starting with propellant tank and pro-
‘ ceedlng to the gas generators for the oxygen side and hydrogen s1de.

Because of the 1arge number of CRT's, each CRT is not discussed individually.

f ' The first CRT's for both the oxygen and hydrogen side (Fig. 104 and 116)
i show the sequence of events taken from valve signals. From the liquid
k. ixygen valve operation (the left-hand side of Fig. 10@, it can be seen
Jh , initially, the oxygen ‘thrustor main valve and the oxygen gas gen-
}rator are open while the oxygen bleed is closed. These valves remain
fixed in this position for the CRT duration. At approximately 8.7 sec-
onds, the DSI valve was manually opened and closed at 11.6 seconds. The
liquid oxygen tank main valve, indicated by an increase of 2000 counts,
was cycling at 1 and 2 cps when the DSI valve waé*ppen. The hydrogen

side valves were operating in a similar manner."

On the oxygen side liquid was being delivered to the heat exchanger (Fig.
105 ) as indicated by the thermocouples placed at the heat exchanger

inlet (TL102). The corresponding measurement for hydrogen (TL1H2) indi-
-+ cated that saturated hydrogen was entering the heat exchanger except for B

an occa81ona1 surge of superheated vapor. o




 TABLE 20
CRT-COUNT DEFINITION FOR VALVE OPERATION FOR THE |
~ INTEGRATED THRUSTOR-CONDITIONER EQUIPMENT
PID 296, Oxygen Side o
J | |
|
Valve Sequence Counts |
| |
LOX Tank Main Open o 2000 l
Oxygen Thrust Main Open - IOOb ‘
Oxygen-Side Gas Generator Open th
Oxyggn“BleedfClééed 200
Downstream Injector Open 100

PID 296,”Hvdroggn-Side

] J | Seguence IR - Counts

LE | e L&Q Dewar Open | | | ‘QOOO

/i TR B thliThrustor Open - 1000

; Fuel-Side Gas Generator Open - 400

E Fuel Bleed Open >, 200

‘g , e ; -

4 =

NOTE: " LOX bleed is normally open; LH2 bleed is
normally closed o S




Sequence of Experimental Events for Oxygen Side, 296
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Figure 121. Hot-Gas Outlet Temperature From the Hydrogen Heat Exchanger,
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Heat exchanger outlet temperatures (or accumulator inlet temperatures) are
shown in Fig. 106 and 118 The oscillation in the hydrogen temperature is
associated with the cycling of the liquid hydrogen.tank valve.

|

Accumulator outlet temperatures are presented in Fig. 107 and 119 and show
how the inlet temperature fluctuations are attenuated. The hydrogen accu-
mulator outlet temperature is slightly lower than the nominal control
point (Table 19) because of the undersized gas generator and the desire
for the maximum hydrogen flowrate. The oxygen temperature increase in-
dicates that the small gas generator is capable of supplying the required

enérgy.

The gas generator combustion temperatures (or the heat exchanger hot-tube
iniet temperatures) are given in Fig. 108and 120 The small gas generator l
isloperating slightly above nominal, while the reverse is true for the
la#ge gas generator. The low hydrogen feed temperature to the gas gen-
ergtor is partially responsible for the low propellant outlet temperature.
The fluctuations in combustion temperature of the large gas generator were
more than 100 F andlcan be correlated with the oscillations in accumulator

pressure and injector pressure drops.

Hot-gas outlet temperatures are smoothly increasing (Fig.109 and 121), The
hygrogen gas generator temperature (TGOHQ) is nearly nominal, while that
for the oxygen gas generator (TGOOQ) is far above nominal, When the oxygen:
heat exchanger coil was shortened, it was impractical to reduce the tube
di%méter because this would have involved major design changes., Thus,
when the tube was shortened, the pressure drop decreased, and the outlet

temperature increased.



PJopellant ullage tank pressures are given in Fig. 110 and122. Originally,
tﬁekullage pressures were set at 6 to 7 psig. However, heat leak to the

hydrogen transfer tube causes some backflow into the hydrogen tank and a

The traces in Fig. 112 and 123 show the pressures of the vaporizing propel-
lants inside the heat exchanger;’ The pressures at these points were moni-
tored to determine if boiling instability existed. But as noted previously,
the control circuit overrides low frequency bo111ng 1nstab111ty

|
Afcumulator outlet pressures (or thrustor and gas generator inlet pres-
shres) are given in Fig. 113 through 124 The dashed lines indicate the
points at which the pressure switches signal the valve to open or close.
The injection pressures. (PIF and PIO) are redundant measurements of +the

accumulator outlet pressures (PAOHQ and PAOO_ respectlvely)

2’7
Gas generator chamber pressures are shown in Fig. 11% and 126 The chamber
pressure for the gas generator was slightly low because of the slightly =
|

low combustion temperature and the fact that the hydrogen inlet valves
11m1ted the hydrogen flow. The oscillations in the chamber pressures

follow the hydrogen inlet pressure osc111at10ns.

The hot-gas outlet pressure from the oxygen heat exchanger is shown in

Fig._115 The nominal design pressure is -11.8 psig (2 psia), 3 psi lower

"thén'the operating pressure. When the hot-gas coil was shortened, the

~0011 diameter should have been reduced, but this would have neces51tated

major heat exchanger modifications. The hydrogen c011 outlet pressure

was not monitored.



Figures 127 through 132 present the temperature profile through the thrustor,
A better example of a stable temperature in the downstream chamber during
this run was presented in the Thrustor Response section. In this particular
case, the thermocdupléktip'continuity was failing. Otherwise, the tempera-

ture profile was nominal.

Figures 133 through 135 give the pressure profile through the thrustor. Since
the flowrate was throttled to approximately 1/5 nominal, the pressures are
near 2 psia rather than ° the nominal 10 psia.

DISCUSSION OF RESULTS
|

Table 20 presents a mass and energy balance on the conditioner system while
both gas generators were operating and the downstream injector valve in the
thrustor was both open and closed. The flowrate values compare quite favor-
ably to the predicted flowrates presented in Table 17 in the Conditioner Sub-"
sygtem Design section. The flows were obtained for the gas generators by
assuming sonic flow at the throats, complete combustion, and no heat loss

in the chamber. -

The thrustor flows were calculated for two cases, sonic flow at the throat
and at the orifices upstream of the main thrustor valves (Fig.103). Evi-
dently, sonic flow conditions did not exist at the thrustor throat, as
evidenced by results presented in Table 21. The fuel flowrate appears to
be low by a factor of two (0.0059 vs 0,.0029 lb/sec) based on the sonic
orifices upstream of the thrustor valves. In addition, the chamber pres-
sure did not substantially increase when the downstream injector was opened

whlch further verifies the absence of sonic flow. Although the diffuser

cell pressure was not monltored during the run, past experience with this
'fa0111ty indicated (based upon volumetrlc flow rates) that the cell pres-

'sure was about 2 ps1a.



TABLE 21

MASS AND ENFRGY BALANCE OF INTEGRATED

THRUSTOR-CONDITIONER SYSTEM FOR THE FINAL EXPERIMENT

§ Wﬁ % wd A Flow Percent, wﬁ.** Wo
f Thrustor 2 2 | MR Fuel |Oxidizer| 72 2
Without Downstream | 0.0033 | 0.0027 | 0.81 | 54 52 0.0059| 0.00473
Injector
With Downstream 0.0033 | 0.0075 | 2.2 | 55 7% | 0.0029]0.0074
Injector ' '
Large Gas Generator | 0.0020 | 0.0019 | 0.96 33 36
and Downstream
Injector
Large Gas Generator ~19.0
and Without Down~
stream Injector D Co
 Small Gas Genmerator | 0.00078 | 0.00066 | 0.85 | 13 | 12
With Downstream o
Injector
Small Gas Generator | 0.00073 | 0.00067|0.092| 12 7
Without Downstream
Injector e |
! Heat Flux,
Tnergy Balance Btu/sec

Fuel Side Without Downstream Injector = 0.0061 8.6

Fuel Side With Downstream Injector = 0,0061 8.6

Oxidizer Side Without Downstream Injector = 0.0053 . 5.8

' Oxidizer Side With Downstream Injector = 0.010 11.2

*Assuming sonic flow at orifices upstream of the valves for thrustor

(Fig.103) |
*¥Assuming sonic flow at throat of thrustor




The effective operation of the control switches can be demonstrated by
analyzing an accumulator outlet pressure. For the pruposes of this dis-
cussion, refer to the oxygen accumulator pressure (PAOOQ). The control
deadbands are shown as dotted lines on the CRT (Fig.llj. During thrustor
operation with the downstream injection of oxygen, the pressure is oscil-
fating at 1 cps; when the downstream injector is opened, the pressure
qscillates at 2 cps because of the increased demand placed on the system
accumulator. The oxygen tank valve closes approximately twice as fast

as the opening time. Consequently, the amplitude of the pressure oscil-
lations exceeded the upper value of the control deadband less than at the
lower value. When the downstream injector valve was open, the added pro-

pellant demand increased the amplitude of the oscillation.

SYSTEMjCOﬁRELATION WITH COMPUTER MODELING

The system computer model with the new input parameters presented in
Table 22 was not run. However, some qualitative comparisons of experi-
&ental responses with the original system analysis can be made. Figure
N 136 depicts how the liquid oxygen accumulator pressure and main valve

: ; éycle under a constant thrustor demand. Qualitative comparison of these
P ] predicted results with the experimental results (Fig. 104 and 113 shows

good agreement.

h
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TABLE 22

IMPORTANT INPUT PARAMETERS FOR THE
CONDITIONER COMPUTFR MODEL

Parameter
Accumulator Temperature *Deadband, F
Accumulator Pressure +Deadband, in. Hg
Accumulator Heat Leak
Main Propeilant Delay Opening, milliseconds
Main Propellant Delay Closing, milliseconds
Gas Generator Valve Delay Opening
Gas Generator Valve Delay Closing
Liquid Line Volume
Gas Generator Injector Voluwme, in.?
| (mix void + preinjector)
ﬁot-Side Volume
Accumulator Volume, in.3
Otﬁer Conditioner Properties

 Amplitude
Frequency

Thrustor Flow
Thrustor With Gas Generator
Uliage Pressure

Amp11tude, psig
Frequency, cps

| Thérmal Resistance

L1qu1d .
Vaporlzed L1qu1d
Hot Gas

Hot-Gas Coil

. Mass, pounds
Area, in.2 =

’,4*Nq£ recorded

*.’
1

020033:<L

0.0061

25.0
0

75 (overall)

. 0.481
k'87'5‘::‘,' ;

0.455
615

L with
0.0075 downstream
0.010 nJector

20.8

0

25 (overall)

%‘6
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Both the system model and the experimental results show accumulator pres-

sure spikes outside the desired deadband. This spiking can be predicted

by Eq. 41:
dp - RT
at = "t V() o B : (1)

The pressure spiking on the oxygen side, can be estimated to he 0,85 psi
and on the hydrogen side to be o0.13 psi. An actual pressure undershoot
of from 0.6 to 0.45 psia was observed on the oxygen side. Because of an
upvard shift in the preset control pressure of the hydrogen pressure
switch during the run, it was impossible to note the exact amount of
'spiking on either side of the controller deadband. But one can note pres-
sure cycling far in excess of that (0.13 psi) predicted by the valve delay
b except during several short periods when spiking approaches nominal. .
'}g During these short periods the hydrogen inlet temperature (TLIHQ) spikes I .
i up| to 49 R (Fig, 117), indicating that slightly superheated vapor is flow-
ing into the heat exchanger. During the remainder of the time it is

sp%culated that any residual liquid hydrogen iﬁ the line between the in-

le# valve and the top of the heat exchanger woald drain into the heat
exéhgnger and, after the valve was closed, be vaporized and cause the

pressure spikes.

 These pressure spiking results can be scaled up to a 20-pound thrustor,

showing that the oxygen accumulator pressure would spike down almost 2.8
pﬁi while that for the hydrogen side would be 0.30 psi with the present
 ‘accumulators and inlet valve delays. It.was concluded that the speed with

which the inlet valve operates cdntrols-tﬁégféquired'accumulator volume.

s
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Cafalyst bed temperature perturbations caused by the accumulator pressure
cycling can be noted by observing TCS, TCL, TBC1l, TBC2, TBC3, and TCT2.

Boih gas generators are cycling near *100 F; while the thrustor oscilla-
tions (i7 F) are practically insignificant because of the large pressure

drop through the orifices at the inlet to the thrustor.

It can be seen, by comparing the chamber temperatures (TCS and TCL) with
the hydrogen accumulator pressure (PAOHQ), that the temperature fluctua-
tiqns are 180 degrees out of phase with the pressure fluctuations. When
the hydrogen accumulator pressure is at a maximum, the mixture ratio and,
;% consequently, the combustion temperature is at a minimum. Also, when the
g ddwnstream,injectqr valve“was opengd, the average oxygen accumulator (PAOQQ)

pressure dropped slightly, causing a small decrease in combustion temperatures.

It was previously hypothesized that the oscillation in chamber pressure

(PCS) correlated directly with the oscillations in the hydrogen accumula-
tor pressure (PAOHQ). Obviously, the oscillations in the oxygen accumu-
aj ~lator (PAOOQ) are overridden. This phenomenon is caused by the fact that
. the volumetric flowrate of hydrogen is much larger than that of oxygen

L (by a factor of 16 through the catalyst bed).

PR ST
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SUMMAR

The integrated thrustor-conditioner system was successfully operated with
liquid oxygen and liquid hydrogen being delivered to the respective heat
exchangers. A cyclic demand was placed on the conditioner by intermittently
puising the downstream injector on and off once the catalyst bed obtained

steady-state conditions. The integrated system was hydrogen-limited because

3

e
£
L
e
%,

thé conditioning system was originally sized to deliver propellants to the

thrustor at 260 R, and a design change was accomplished during the experi-
mehtal program to condition the propellants to 410 R. As a result, the
hydrogen gas generator was undersized for the required flowrates and re-
mained on throughout thrustor operation, while the oxygen side gas genera-
tor pulsed infrequently. Good correlation was obtained between the expected

values and experimental results for the mass and energy balances.
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APPENDIX A

DETAILS OF THE SURVEY FROM CONTROL COMPONENTS

Approximately 20 outside vendors as well as internal Rocketdyne groups were

contacted during a survey of available control components such as valves

s
]

and regulators. The chief requirements for these components were: (1) low-

pressure operation with a small pressure drop, (2) rapid response (50 milli-

seconds or better), and (3) compatibility with a liquid hydrogen and/or a

liquid oxygen environment.

CONTROL COMPONENTS

Large Fast-Acting Valves

i

Siebelair Co., Los Angeles, California, previously manufactured a large,

0.875-inch orifice, fast-acting (50 milliseconds open and 17 milliseconds’

closed), lightweight (5.3 pounds), electrically operated valve. This

valve would have been particularly amenable for the on-off controller and

the thrustor valve. It would have been necessary to adopt the intéfnal

seals for cryogenic operation. The approximate cost was $800.

Regulators and Bipropellant Valves
>

Fog Valve Development Co. Inc., Hanover, N. J., a pioneer in the develop-

ment of bipropellant valves for small pulsing rockets, advised Rocketdyne

that they had previously built a cryogenic heat exchanger-accumulator

Al



|

re&ulator that could be adopted to the proposed system in approximately
12}weeks for a cost of about $4000. They also suggested a pneumatically
linked bipropellant valve for the thrustor. This company has published
several articles showing the desirability of using venturis and flow
nozzles for transient mixture ratio control and the possibility of using
the throat of the venturi as the valve seat. In this manner, it is pos-
sible to reduce markedly the size of the valve, thus cutting power re-
qdirements, improving response, and minimizing valve weight and volume.

The approximate minimum size fo valve seats is shown below.

SONIC VENTURI SIZES FOR A 200 R‘CONDTTIONER
AND A 20-POUND THRUSTOR

Abproximate Throat
Diameter, inches

b ~ Component ‘ H ‘ 0,

a :  Small Gas Generator 0.0765 0.039

f : ' Large Gas Generator ©0.1295 0.0656
Thrustor 0.323 0.202} 0.260
Downstream Injector 0.165

In-House Inquiries

;é ? ~ Rocketdyne's Liquid Rocket Division has had extensive experience designing
B aﬂd buidling cryogenic valves and regulators. Most of the experience is
wﬂth high-pressure application where large pressure drops are toleréble.
If was reported that low-pressure cryogenic applications are unusual and,

B | , :4therefore, little off-the-shelf hardware'exists for these applications.
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Régglators and Followers'

!

%oth the Fischer and Maxitrol companies fabricate low-pressure, high-volume
regulators for home natural gas regulation. However, Maxitrol was reluc-
tant to recommend their use because of possible compaitibility problems and

lack of response to the accumulator oscillations.

Bellows-Type Accumulator

|

A brief survey was made to find a company that could supply a high-response
bellows for equalizing propellant pressure. These discussions culminated
with a bid of approximately $200 per item with a nonrecurring charge of

$850 and with a lead time of approximately 3 months.

Conclusions

|

As a result of these discussions, it became apparent that the experimental

;tudy would be limited by hardware parameters. It was also apparent that
before an optimum flightweight design can be completed, an extensive con-
rols hardware design and development program was necessary. Specific pro-

pulsion applications should be defined prior to such action.

o A3/Ah
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APPENDIX B~

CALIBRATION PRECISION MONITORING

Overall calibration procedures include a highly sophisticated numerical
analysis data control system for continuous monitoring of the individual
measuring system precision numbers. The control system, Random Walk for
Measurements Analysis of Static Systems, has as its basis , input calibra-
tions which may be taken at any time. The program utilizes all input data
with the most recent input receiving top priority. A typical output is
shown in Table B-1. The first line of output for each system gives the

test stand, recording system identification, recorder type, pickup serial

number, range, ID for data cards, and physical parameter being measured

by the system. The next set of numbers is the most recent raw calibra-

tion data. On the left are the readings for the calibration input steps.

Oﬁ the right are the precalibrate throw zero (Zl), the calibrate throw (RP
CAL) reading (CT), the postthrow zero (Z2), the precalibration zero (Z3),

a#d the postcalibration zero (Z4). The first two zeros are averaged and sub-
tracted from the throw to get a reduced throw. For each calibration step, a
linear interpolation is performed between the final two zeros (23 and Z4),
and the interpolated zero is subtracted from the reading to obtain a reduced
r%ading. Each reduced reading is then divided by the reduced throw to ob-

tain a scaled output., All scaled output values from all calibrations in the ;Nﬂ

sxstem history are then listed by the appropriate input values (e.g., pres~
sﬁres). Each calibration is given a 11ne, w1th the most recent first and

tpgfoldest last. The calibration dates are glven at the Tight of each Tline.

3 ; The next three items of 1nformat10n are the estlmates of the measurement

variance in the 1nput—to—sca1ed output rat1o (0 ) the random'walk varlance
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TABLE B-1

TYPICAL NUMERICAL ANALYSIS OUTPUT OF CURRENT NASA 02/H2 CATALYTIC PROGRAM

UNCLE 004 BKM.

LATEST OuUTPUT

772 1023 1275
INPUT
30C 400 500

__SCALED OUTPUT

0.3746 0.5001 0.62062

... 063761 05025 C.6269.

0.3757 0.5013 0.6270
0.3763 0.5022 0.6270
03771 0.5027 0.6272
0.3765 (0.5025 C.6270
0.3763 0.5012 C.0257

T MEASUREMENT VARIANCE IN INPUT-TU-SCALED OUTPUT
RANDOM wALK VARIANCE IN INPUT-TU-SCALED CUTPUT
__RATIO OF SHORT-TERM VARIANCE TU RANDOM WALK VARIANCE

7¢0 004006
Z1
1523 1773 20
609 700
TIME
0.7502 C.8752 1= 4-65
0.7522 0.8776 12- 8-64
O.7522 0.8778 12- B8-64
0.7513 0.8767 L1-19-64
0.7523 0.8794 11-19-64
0.7525 0.8780 1L1-19-64
Ce 7506 0.8776 11-19-64
RATIU
RATIO

COEFFICIENT OF SHORT-TERM VARIATIUN
COEFFICIENT UF RANDUM wALK VARIATIUN
——REQUIREMENT _FOR CUOEFFICIENT UF VARIATION OF REDUCED DATA

SYSTEM NUW PASSES TEST FOR LINEARITY

_ DATA REDUCTION FURMULA I

( INPUT)

" ABOVE OUTPUT-INPUT MODEL IS

___SYSTEM SHOULD bt CALIBRATED

DATA REDUCTION MATRIX

5.

(TYPE I £RRCR=.05).

= (7.9949E 02)*(SCALED GuTPUT)

ON OR BEFODRE 2- 3-65

COEFFICIENT
COEFFICIENT
( 4.84201E-02
(

_{ 0.

OF
OF

O.

0.

SATISFACTOKY (TYPE [ ERROR=.05).

VARIAT IUN UF
VAKIATIUN UF

)

PC1

cT 22

2021 23

C.27919E-00
Ce13799€-00
0.20233E 01
0.066
0.0465
1.500

[ LI L I B 1)

REDUCED DATA uUN
REDUCED DATA ON

i3 l4 TIME
23 23 - 4-65
(DAYS)
(PERCENT)
(PERCENT/DAY®*%*,5)
(PERCENT)
2= 3-65 0.26 PERCENT

- 6-65 C.10 PERCENT

-H00d S|



- in the input-to-scaled output ratio (02), and the ratio of the former
variance to the latter variance (k). The first two numbers are intended
principally for computing the data reduction imprecision. The next line
of output gives the coefficient of short-term variation (Oh), expressed

as' a percentage of the average-input-to-scaled-output ratio. This quan-

tify is generally the largest component of data reduction imprecision. If
it is greater than the previously read in system imprecision requirement,
or only slightly less, the system is unsatisfactory. The coefficient of
random walk (long-term) variation (¥), expressed as a percentage of mean

) . input-to~-scaled-output ratio, is meaningful only after calibrations are

~§ | obtained with time. The final item in this block of output isithe-syétem

data reduction imprecision requirement expressed as a percentage.

Based on various equations in Ref.B-1 and B-2 and on the estimated value

of:k, revised scaled output values are calculated to correspond to the

S | %%éte of the system at the time of the most recent calibration. These

' %alues,are then fit by least squares with either a linear or a cubic
function. The null hypothesis is that the function is linear, and the
é;écified error (the probability that a truly linear function is mistakenly
cqﬁcluded to be nonlinear) is printed out. (A small error specification

ié@uces the chance of this type of error, but also makes it more difficult

%o spot the truly nonlinear cases.) If the linearity hypothesis is

' fejected, a cubic fit is performed. The formula for converting scaled

outputs to estimated inputs is then printed. If the input-output rela-
'ionship is cubic, a table is given for the convenience of the data reduc-
tionist in addition to the explicit cubic formula..-Rocketdyne experience
indicates most‘systems'can'be satiSfactorily‘fit;by the linea;;ty hypothesis.

‘\:\;‘
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AAother test is now made as to whether the input-output model is consist-
ent with the estimate of Oh (the root-mean-square estimate for the curve
fit and Oh should be roughly the same). An unsatisfactory answer indi-
cétes a significant intercept or outright error in the input data for

the program as long as k # 0. When k = 0, no clear interpretation can
be given of this test.

|
|
The next line indicates the ability of the system to meet the previously

e%tdhlished requirement. The calibration data may indicate that the sys-
tem can never meet the requirement, that it will fail it within the next
{ 2 days, or that it will meet it up to a certain date. The corresponding
Vépfogram outputs are: (1) system can never meet required precision and

” should be replaced, (2) system does not now meet required precision and
ahditional calibration(s) should be performed immediately, and (3) system
sbould be calibrated on or before a given date. In the latter case, the
e%timated data reduction imprecision is given for test data taken 2 days
after the most recent calibration, and for a readlng on the specified

recal:bxat1on day.

The next output, denoted by R, is a 2 x 2 matrix useful in estimating
dgta reduction imprecision at any other time of interest and for any
skaled output. If s is a scaled output taken h days after the most

;ecent calibration, and if P denotes the eatimate of the standard devia-

~=t10n of a reduced datum p01nt then:

['V + 82 <? 02 +0 %) ]1/2 . ~ | o (B"i)
’fwhére |

(s, 53) R( -:3-> | . ; o i 5 | , (5.2) |



Finally, if a cubic function has been chosen to fit the calibrations for
data reduction, an alternative best approximate linear formula is given
thn required. With the present digital system, only linear formulas can
be used; however, this will soor be modified to allow for cubic conversion
formulae. At the end’of the printouts for each test stand, a summary

sheet is prinfed.

[
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