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FOREWORD

This report summarizes the design and analysis activities associated with the preparation of detailed
manufacturing drawings for a rotary vane type hot gas motor that would subsequently be used as
the prime mover in an advanced hydrazine-fueled aircraft APU starter system.

The work described herein was directed by Mr. L. D. Gaibraith of Rocket Research Company,
Redmond , Washington. The project was sponsored by the Air Force Aero Propulsion Laboratory ,
Air Force Systems Command , Wright-Patterson AFB, Ohio, under Project , Task and Work Unit No.
31450134 with Mr. B. L. McFadden , AFAPL/POP, as Project Engineer in charge.

This program was funded with FY76 Aero—Propulsion Laboratory Director ’s Funds.
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SECTION I
INTRODUCTION

This report summarizes the results of the design and analysis activities associated with the
preparation of detailed manufacturing drawings for a rotary vane type hot gas motor that would
subsequently be used as the prime mover in an advanced hydrazine fueled aircraft APU starter
system. The work described herein was conducted under Wright Patterson AFB Contract
F33615-76-C-2148.

CURRENT APU STARTING SYSTEMS
Current military aircraft auxiliary power units (APU’s) are generally started with either a battery
powered electric motor or a pneumatic accumulator driven hydraulic motor. At low temperature s
(-49 to -65 °F) these systems are hard pressed to provide sufficient stored energy for even one start
attempt. The hydraulic approach does permit the flight crew to “pump up” the system by hand for
a second start attempt; but several inherent disadvantages of this pneumatic hydraulic system are
eviden t, as verified by field experience.

Weight — The pneumatic-hydraulic starter system typically weighs in excess of 1 20 pound ’.
because large reservoirs are require d to contain the high pressure gases that expel the hydraulic
fluid .
Size — Because of the large volume required for gas storage , pneumatic-hydraulic starter
systems consume a significant amount of valuable storage space within the aircraft.
Low Temperature Performance — The starting requirements (starting torque versus speed) of a
typical APU become very demanding at lower temperatures , and the power outp u t
characteristics of the pneumatic-hydraulic systems are marginal at -20°F. Since milita ry
aircraft are typically designed for -65°F operation , the current hydraulic systems are
unacceptable .
One-Shot Capability — Even though the pneumatic-hydraulic starter systems are equipped with
a hand pump for manual system recharge, the time required to recharge the system is not
accep table for rapid sequential start attempts if the APU does not start on the first attempt.

ADVANCED APU STARTING SYSTEM
A review of the problems and shortcomings of the current pneumatic-hydraulic APU starter concept
has led to the definition of an advanced APU starter system approach that would utilize hot gas
generated by the decomposition of a hydr azine based fuel blend to power a hot gas motor which
would be used as the prime mover to start the APU.

The major benefits to be derived fro m this advanced system include:
I )  Reduced system weight
2) Reduced system volume
3) Multiple start capability with minimal time between restart attempts
4) True -65 to + 1 30°F system operating characteristics

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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STATE OF THE ART
Ir order to imple m ent the advanced hydrazine fueled APU starter concept , a review of the
developmental status for each component in the proposed system must be conducted to assess the
risk of committing funds for future feasibility demonstration test programs. This review has been
conducted and may be summarized as follows:

1) The basic hydrazine technology exists and has been demonstrated.

2) The basic technology exists for the design and fabrication of each system component
with one exception , that being the hot gas motor.

Therefore , the primary purpose of this contracL (and this report) has been to screen potential rotary
vane hot gas motor design concepts , select the most favorable design approach . and conduct
detailed design and analysis studies to develop a set of detailed manufacturing drawings for the hot
gas motor.

HYDRAZJN E FUELED APU STARTER CONCEPT

The hydrazine fueled APU starter concept utilizes demonstrated state-of-th e-art monopropellant
hydrazine technology to provide multiple start capability for aircraft APU ’s at ambient
temperature s ranging from -65 to + 130°F. The basic hydrazine fueled APU starter concept is shown
in the artist ’s rendering of Figure 1 and as a simplified schematic in the Figure I A  insert. Ref erring
to Figure I A .  the major system components are a pressurized source of monopropellant  hvdr a i in e
based fuel , control valves , a gas generator , and the hot gas motor , The principle of ope r a t ion  is a’~
follows:

1) When an APU start is required , the gas control valve is opened. This applies re~ i t la t e d
nitrogen pressure on the fuel supply.

2) With the fuel tank pressurized , the fuel control valve is opened. This a l low s p l e s su i c
regulated fuel flow to the gas generator.

3) The liquid fuel is catalytically decomposed to hot gas in the gas generator.
4) The high pressure hot gas is then utilized to power the hot gas motor. The hot gas motor

accelerates the APU to self-sustaining speed.
5)  A propellant control system terminates starter system operation when the \PU start has

been accomplished (an ove rriding clutch prevents motoring of the starter motor when the
APU is operating ) .

The significant mechanica l details of the system are shown in the artist ’s rendering of Figure 1. High
pressure nitrogen would be contained in a removable pressure vessel ©. The gas control
valve/pressure regulator ®would be permanently installed in the aircraft . The hydrazi n e based fuel
supply would he contained in a removable positive expulsion pressure vessel®. Nitrogen and fuel
tankage capacity would be sufficient for at least 20 full-power. full-duration APU start cycles at
worst-case -65 °F operating conditions.

2
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Aircraft maintenance personnel would monitor the operational readiness of the system by reading
the pressure gauge on the nitrogen tank . When the no-go lower pressure limit is indicated , the
nitrogen tank and the fuel tank would be removed from the system by unstrapping the tank mounts
and actuating the leakproof quick disconnect fittings ®. Precharged replacement tankage would
then be installed in the system to support subsequent APU start requirements. This modular

• approach for the pressuran t and fuel tankage eliminates exposure of the maintenance crew to both
working fluids and eliminates special training and ground support equipment for recharging the
system on the fligh t line. Pressurant and fuel tank refilling operations would be done at the depot
level.

The APU spin-up is initiated by opening the nitrogen control valve ®and the fuel control valve®.
These valves would be manually operated valves, actuated by pulling the lanyard ©. With these
valves actuated open , h~ pressure fuel flows from the fuel tank® through the fuel contro l valve
®to the gas generator 7 . The fuel control valve and the gas generator are permanently installed on
the hot gas motor ® which in turn is mounted on the starter pad of the APU 6~. Low pressure
warm gas leaves the hot gas motor throu h the exhaust port®. The residual energy of the exhaust
gas would be used to power an ejector 10. The ejector would entrain air from the APU cavity in
the aircraft. This entrained air would be drawn over the exterior surfaces of the hot gas motor
through a shroud that is not shown. The entrained air would cool the exterior surfaces of the hot
gas motor and remove any hot gas leakage that may occur through the motor shaft seals. The
entrained air would also reduce the exhaust gas temperature at the overboard exhaust port

COMPONENT DEVELOPMENT STATUS

Three of the four major system components require d for the hydrazine fueled APU starter concept

— 
are considered to be available as of the shelf or start-of-the-art components. These are the items
require d for the pressurized source of hydrazine based fuel (tan kage, fill valves , quick disconnects ,
etc.), the contro l valves, and the gas generator. (The technology to build and operate a gas generator
with the proposed hydrazine fuel blend has been demonstrated at -65 to + 130°F operating
conditions under a previous Wright Patterson AFB Contract F33615-75-C-2027.)

The only major system component that is not available is the hot gas motor. Extensive supplier and
literature surveys have been conducted to identif y a suitable off-the-shelf hot gas motor for this
application. The results of these surveys were negative. Therefore , RRC has undertaken the task of
designing the hot gas motor , as discussed in the following sections of this report.

The primary intent of this program is to provide a detailed design and analysis of the hot gas motor
portion of the starter system to allow fabrication and testing of this motor concept on subsequent
programs. These program goals and requirements have been completed , and ensuing sections of this
report define the design and operation of the hot gas motor. A complete set of detailed motor
component drawings is presented in Section V: and Section VI presents data relating to the
projected perfo rmance of the entire starter system. It should be noted that although the  motor
design resultant from these program efforts is intended to operate with livdraz ne hot gas
decomposition products , the design is that of a true “hot gas motor”, and can he made to operate

4
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with any high pressure/high temperature gas source. This “multifluid” operational ability should
prove very beneficial in other nonhydrazine applications where rotary shaft power is to be derived

- . from a hot gas source.

BACKGROUN D INFORM ATION
In view of these fundamental problems with the current starter systems, the following preliminary
specifications were generated to establish the design and selection criteria for alternate starter
system concepts:

a. Performance requiremen ts — Figure 2 represent s the torq ue-speed charac teristics of an
• advanced APU which is felt to possess the most stringent starting requirements. The

starter system must be designed for these requirements.
b. Operating temperature range — These temperatures range from -65°F to + 130°F.
c. Multiple start cycle capability — The hot gas APU starter system should be capable of

providing 20 APU starting cycles at -65°F with no refurbishment or between-cycle
maintenance.

d. Operational orientation — Future applications of the resultant system should be capable
of zero or negative gravity application and omnidirectional operation; hence, liquid
propellant systems must incorporate a means of positive propellant expulsion.

e. Operational life — The APU must be capable of 1,000 operational cycles with only minor
maintenance (i.e., replacement of propellant/expulsion tanks after depletion of the
20-start cycle propellant load).

With careful consideration being given to the current pneumatic-hydraulic starter system
shortcomings and the design specification required for the hot gas APU starter system , a detailed

- 
- 

evaluation was conducted and the results of these analyses were presented in RRC Proposal
76-P-7 64. These analyses evaluated the following types of hot gas motor concepts:

Rotating gear Piston/cranksh aft
Wankel expander Rotary vane
Piston/swashplate Helical screw

After establish ment of a quantitative ranking system for each of the various expander types, the
rotary vane hot gas motor was selected as the optimum candidate for this application. A schematic
representation of this motor concept is presented in Figure 3, and the operational fundamentals of
this unit are described as follows.

The hot gas rotary vane motor shown in Figure 3 consists of a cylindrical starter
(length-to-diameter ratio of approximately 1 .0) which contains an eccentrically mounted
rotor. This rotor incorporates radial slots containing sliding vanes; and the vanes are
forced against the stator walls by centrifugal force , pressure force , and minor mechanical
spring forces for starting purposes. With reference to Figure 3, the volume between the
vertical vane and the No. I vane forms a pocket for the admission of hot gas via the inlet.
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Since the rotor is eccentrically situated in the stator , the leading vane (rotation of the
rotor in Figure 3 is clockwise) provides a larger area for the inlet pressure to act upon (as
compared to the vertical vane); hence , a force or torque is created about the output shaft .
As this “pocket” rotates , the pock et volume increases, allowing the expanding gases to do
work on the shaft. This expansion continues until the leading vane reaches the exhaust
port (approximately at 7:00), at which point the spent gases are exhausted overboard .
Continuing rotation of the rotor purges the gas pocket until the pocket intercepts the
inlet port to accept a fre sh gas charge.

The motor depicted schematically in Figure 3 is shown with eight vanes , and the detailed
analyses presented in RRC 76-P-764 have shown this to be a good compromise to
optimize total starter system weight . Fewer vanes result in less than optimum expansion
ratios, and increasing the number of vanes significantly increases the motor frictional
losses. As becomes obvious in later sections of this report , the motor efficie ncy
optimization results in a compromise between vane friction and leakage. These are the
two most thermodynamically important factors that must be considered in the motor
design. To minimize leakage between the adjacent pockets and spillage over the rotor
ends, the vanes must be forced tightly against the stator walls and end caps. This is in
direct contrast to the design problem of reducing friction losses, as the tighter fitting
vanes present higher friction loads.

PRIMARY GAS SOURCE
The previously described rotary vane hot gas motor serves as a system component to convert
the enthalpy of high pressure , high temperature gases into useful shaft work ; but an entire
starter system must provide a hot gas source to power the motor. As discussed in detail in RRC
documen t 76-P-764, monopropellant hydrazin e provides an ideal propellant for this
application and has been selected as the baseline for demonstration of the hot gas rotary vane
motor.

Monopropellant Hydrazine Characteristics

A hyd razine-fueled starter system offers the potential of overcoming the problems of hydraulic
starter systems while providing other significant benefits. Major advantages of the hydrazine
system over the hydraulic system include:

1) Relative insensitivity of starter performance to environmental temperature .
2) Due to the insensitivity of I) above and existence of catalyst capable of -65°F

ignition , true operation at -65°F conditions may be achieved.
3) Multiple start capability with a hydrazine-fueled system may be readily achieved at

-65°F.
4) Weight projections for the hydrazine-fue led systems are 20 to 30 percent below

those of the hydraulic systems while still providing the low temperature multiple
start capability.
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The advantages offered by a hydrazine-fueled APU starter system are such that development work
to demonstrate its feasibility is warranted. Such a system represents a logical replacement of
existing systems in order to improve the operational capability and flexibility of current and future
military aircraft. The major development problems which RRC anticipates in development of the

— hydrazine starter and the proposed approach to the solutions of these problems are discussed in the
following sections.

IGNITION AT -65°F — Obtaining reliable and repeatable ignition characteristics at -65°F
conditions with a catalytic gas generator requires detail attention be given to the gas generator
design and start sequence. Testing conducted by RRC on Contract F336 15-7 S-C-2027 and on other
in-house work has shown that -65°F ignition may be reliably obtained .

On Contract F336 15-7 5-C-2027 , RRC developed an eight-cup gas generator for a hydrazine-fueled
ai rcraft cartridge starter. The gas generator requirements for the APU starter are such that one of
the cups from the afo rementioned program is optimum for use . This allows the selection and use of
a gas generator design approach which has demonstrated -65°F ignition capability and which has
appreciable develop ment history behind it. This gas generator uses an injector element which
penetrates into the catalyst bed and injects the propellant radially outward . Momentum of the
injected propellant is controlled to allow rapid spreading into the catalyst bed but is limited to
prevent excessive catalyst loss rates. This injector design approach has proven effective in rapidly
wet ting the catalyst to provide -65°F ignition.

The selection of the propellant mixture must consider the viscosity at low temperature . If a mixture
is selected which has a freezing point very close to -65°F , the mi xture will be very viscous and will
not rapidly disperse in the catalyst bed and wet the catalyst . The propellant blend selected by RRC
has a measured freezing point of -90°F and a thawing temperature of -85°F , providing good margin
over the -65°F requirement. Viscosity measurements of the blend show adequate properties at
-65°F.

CATALYST PO I SONING — Rocket Research Company currently supplies a catalytic gas generator
to Sundstrand Corporation for use on the Space Shuttle hydraulic APU. Tests of this system have
shown that leakage of hydraulic oil into the gas generator bed can result in permanent damage to
the catalyst bed. This deactivation can occur as the result of direct injection of oil into a hot
catalyst bed or from oil hitting a hot surface , vaporizing and entering the catalyst bed. It is .
the refore , necessary to provide leak -tight oil seals between any oil cavity and the gas generator to
prevent catalyst deactivatio n. Rocket Research Company believes a better approach is to arrive at a
design concept which does not employ any oil and has baselined with such a design approach.

SYSTEM MAINTAINABILITY -
~ I n application , the hydra zine-fueled APU starter will be insta lled

i n aircraft and serviced by military personnel. To minimize system in-use cost and servicing by
personnel , system mainta inabi l i ty  must be a strong consideration in arriving at the baseline system
design approach. -
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Rocket Research Company believes that maintainabilit y requirements are minimized by arriving at a
system design approach which utilizes system design techniques and components which have a high
history of prior use and long time applications between failures. It is a goal of the system design to
select a system approach and components which have I ,000 start minimum capability between
maintenance cycles. The only maintenance on the system between the I ,000 starts will be
replacement of propellant and pressurant tanks at the end of each 20-start interval. Both tanks have
been equipped with quick disconnect fittings to facilitate removal and replacement in the aircraft
by military personnel.

EXHAUST GAS PRODUCT S — The exhaust gas products from the gas generator consist of
nitrogen , hydrogen , ammonia and water. The ammonia represents a noxious material which has
established concentration limits to which personnel may be exposed. The hydrogen and ammonia
are flammable if concentrated in proper proportions.

For the proposed application , the starter requires approximately 1 .2 Ibm of hydrazine per -65°F
start . This relatively small quantity of fuel greatly minimizes toxicity and/or flammability problems
during operation. For each start , the following quantities of decomposition gases will result:

Ammonia — 0.24 Ibm
Hydrogen — 0.046 Ibm
Nitrogen — 0.546 lbm
Water — 0.372 Ibm

As noted above, the amoun t of hydrogen is sufficien tly small to present no significan t flammability
problem on start and will dissipate rapidly by molecular diffusion. Similarly, the amount of
ammonia is sufficiently small to cause no toxicity problem. The total amount of ammonia
contained in a 10-foot cube would result in a concentration of only 1 ,500 ppm and would rapidly
dissipate without danger to personnel .

As a further means of reducing the flammability , toxicity, and temperature of the overboard
exhaust products. RRC recommends that the hot gas motor exhaust ducting be configure d as an
ejector to entrain ambient air from the APU equipment bay. The ejector shroud would include a
sheet metal enclosure around the hot gas motor ; ambient air pulled through this shroud would
augment the cooling of the motor and entra in any hot gas leakage from the motor.

HYDRAZINE HANDLING — Hydraz ine is a toxic compound , and handlin g m ust be limited to
perso nnel trained in its use . Additionally , it must not be expose d to the air. To limit the personnel
who must refill tankage , the RRC system design incorporates a removable fuel tank with zero
leakage quick discon nects on each end of the tank. In this manner , the tank may be removed from
the ai rcraft without exposure to hydrazine and/or its fumes by maintenance personnel. The tank
would then be refilled at a depot using personnel trained in handlin g of hydrazine. At the depot ,
necessary preca utions for handling of hydrazine may be more easily im plemented tha n by
mai ntenance personnel working on the aircraft .

10
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Hydrazine is currently being applied to use on several military aircraft , and out of these applications
will evolve design approaches and handling techniques which are optimum for military personnel.

HOT GAS MOTOR LIFE — To provide a system with low life cycle costs , it is necessary that the
hot gas motor have long-life capability with a goal of at least I ,000 starts between refurbishment.
The total run time for I ,000 starts is not excessively high , being 2 to 4 hours . The wear
characteristics of piece parts , however , are a strong function of the temperature environment ,
temperature cycling, and the decomposition gas environment.

The exhaust gas products described in “Exhaust Gas Products” represent constitutents that are very
familiar to RRC , and the resultant hot gas motor design incorporates materials consistent with the
I .000-cycle operat io’ial life requirement.

Propellant Selection

The ideal fuel for monopropellan t hyd razine use in the APU starter is anhydrous hydrazine due to
its extensive use in past and present space programs involving long-life and long-term storage.
Unfortunately, the freezing point of the anhydrous hydrazine is approximately +350F and is
inconsistent with the requirement for system operation over a temperature range of _650 to
+ 130°F.

Neat hydrazine could be considered if sufficient electrical power were available to power system
heaters to prevent fu el freezing at low system soak temperatures. However, the lack of power
availabili ty, the undesirable complication of system heaters , and the reduced system reliability
eliminate the feasibility of this approach.

There are a number of additives and combinations of additives that may be used to depress the —

freezing point of anhydrous hydrazine. These additives are identified and discussed in the following
paragraphs.

HYDRAZINE ADDITIVES — Candidate freezing point depressant additives for hydrazine include
water , ammonia , hydrazinium nitrate (HN), monomethyl hydrazine (MMH), ammonium thiocya-
nate , hydrogen cyanide , and hydrazinium azide.

One of the preliminary considerations in the selection of additives to reduce the freezing point is
the type of decomposition chamber to be employed in the system. Since the hydrazine-fueled
APU starter will require a spontaneous type catalytic reactor with long-life and multiple restart
capabili ty, any carbon containing additives must be eliminated from consideration as a viable
candidate since additives in this family will deposit carbon on the active sites of the catalyst and
reduce the effective activity of the catalyst below that required for repeated restart capability. This
reduces the candidate additives to water, ammonia, and hydrazinium nitrate. The azide propellants
offer no advantages over nitrated propellant. The safety characteristics are inferior, and gas
generator tests indicate an order of magnitude increase in catalyst loss rate over the nitrate
propellants.

I I  
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A second consideration in the selection of additives is their effect on the energy content of the
resulta nt fuel mixture . Water and ammonia will reduce the energy content of the blend , and
hydrazinium nitrat e will increase the energy content. Rocket Research Company has had several
previous contracts involving the evaluation and test of ternary and binary mixture s of hydrazine ,
hydrazinium nitrate , water and ammonia which provide a large base of engineering data from which
a final selection of the fuel blend for the APU starter program may be made. These include the
following programs and fuel blend studies:

a. NASA Contract NAS7-372, in which hydrazinium nitrate , hydrazine and water blends
were tested having freezing points of +20, 0, and -20°F while retaining the same
performance as neat hydrazine. Excellent performance was obtained in 5-lbf engine tests.

b. Air Force Contracts AFO4(6l 1)- I 1376 and F0461 l-67-C-0058, in which hydrazine ,
water and ammonia blends were characterized from performance, compatibility, and
physical property aspects. Gas generator tests were conducted with a wide range of blends
to obtain experimental data and overall operation with Shell 405 and the blends.

c. Shell Development Contract SDWO 84762 under Air Force Contract F046 11 -67-C-0023,
in which engine tests were conducted with hydrazine/hydrazinium nitrate propellant.

d. LMSC Contract CT 1OA15COM , in which experimental tests were conducted on 8- and
75-lbf engines with a 24% hydrazinium nitrate/76% hydrazine propellant blend. The
program also included extensive materials compatibility and safety characterization of the
propellant blend.

e. A classified program in which mixtures of hydrazine/hydrazinium nitrate and water were
studied as a replacement for neat hydrazine that provided a low freezing point blend and
eliminated the need for heaters required to keep neat hydra zine above the freezing poin t .
This program included both propellant and compatibility tests and engine firing tests.

f. Wright Patterson Air Force Base Contract F3361 5-75-C-2027 , which resulted in the
feasibili ty demonstration of a hydrazine-fueled starter cartridge using hydrazine/
hydrazinium nitrate/water propellant blends. Two blends were tested; both had freezing
points below -65°F. One was a mixture consisting of 60% hydrazine , 21% hydrazinium
nitrate , and 19% water (termed TSF-l); and the second was a mixture of 58% hydrazine ,
25% hydrazinium nitrate , and 17% water (termed TSF-2). The TSF-2 blend is slightly
more energetic than the 1SF-I blend , and both have energy content and flame
temperature similar to anhydrous hydrazine.

BINARY PROPELLANT MIXTURES — Binary mixtures of hydrazine and water , ammonia , or
hydrazinium nitrate can be evaluated in gross term s for the application of interest , as follows:

I )  !-fvdrazi ne/ Water — A -65 °F freezing point is obtainable with reasonable fuel mix energy
content. The energ y content is approximatel y 75~ of that obtainable from anhydrous
hydra zine.

2) Hvdra : inc ’/Arnmonia - - -  A -65°F freezin g point requires approximately 64~ ammonia by
weight; the energ y content of the resultant mixture is not adequate for this application.
Addit ional ly ,  the high vapor pressure of an a mmonia additive would increase the
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complexity of fuel mix operations; therefore , ammonia is not considered as a viable
candidate for a freezing point depressant for the application proposed herein.

3) Hi ’drazine/Hydrazinium Nitrate — The maximum freezing point depression obtainable
with this mixture is 0°F when consideration is given to selecting a mixture which is not in
a shock-sensitive range. Therefore , a bin ary mixtur e of hydrazine /hydrazinium nitrate
cannot be considere d for the application described herein.

TERNARY PROPELLANT M IXTURES — Hydrazine can be combined with various percentages of
water a nd hydrazinium nitrate as a ternary blend to satisfy the -65°F freezing point requirement.
Additionally, the resulta nt ternary mixes have a greater energy content than the hydraz ine-water
mix previously discussed and are stable compounds which are not shock sensitive. By proper
selection of the propellant mi xture , ble nds may be formulated which have freezing points less than
-65°F and which have gas temperature s and energy content similar to anhydrous hydrazine.

PROPELLANT SELECTION — The above review of the additives available and a consideration of
the long-life requirement for the catalytic gas generator , with multiple restart capability, have
resulted in the selection of water , or a combination of hydrazine nitrate (N2H5N03) and water , as
the pre ferred freezing point depressant additives for the APU starter application.

Figure 4 depicts the freezing point characteristics of binary mixtures of water and anhydrous
hydra zine as a function of the percentage by weight of hydrazin e in the mix. The required -65°F
freezing point may be obtained in fuel mixtures containing 32 , 57 , or 68 percent hydrazine. A
hydra zine/water mixture containing 68 percent hydrazine would maximize the energy content of
the fuel mix.

Freezing point depression to -65 °F can be obtained with any ternary mixture of hydrazine ,
hydrazine nitrate , and water within the bounda ry established by the dashed envelope of Figures 5
and 6 (i.e., outside the shock-sensitive boundary). The energy content of the resultant mixture
increases as the mixture becomes richer in hyci razin e or hydrazine nitrate content as noted by the
superimposed exhaust gas isotherms. Figure 5 presents isotherms for 40% ammonia dissociation.
and Figure 6 presents data for 60% dissociation . The most energetic mixtures lie in a regime that is
classified as detonable by the card gap test method .

The liquid bulk density of the candidate binary and ternary fuel mixes can be determined from the
data shown in Figure 7. It will be noted that the terna ry mixes of interest for the APU starter are
significantly denser (approximately 1 0%) than the binary hydrazine /water mixtures .

The relatively high bulk density of the terna ry mixes and the energ y content of the resultant
exhaust products will combine to ~‘ield the minimum req uired fuel storage volume for a given APU
starte r operating cycle.

The temperature and the composition of the exhaust gas generated by the decompositio n of
hydrazine-base d fuels is a strong function of the chemical composition of the fuel mix. temperature
of the fuel supplied to the gas generator , and certain physical design variables i n the decomposition
chamber.
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Figure 4. Freezing Point of Hydrazine Water Mixtures
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1-lydrazine fuel may be considered to be decomposed in the gas generator reactor according to the
following consecutive reactions:

3N2H4~~~ 4NH3 ÷ N 2 + 144,300 Btu (I)

4NH 3 ~~~~
- 2N 2 + 6H2 -  79 ,200 Btu (2)

cat

In the first step of the reaction model , the hydrazine is broken catalytically into ammonia and
nitrogen . In the second step, the ammonia formed is dissociated into nitrogen and hydrogen. In the
firs t step, the exhaust products would be slightly toxic due to the presence of ammonia and
relatively nonflammable due to the absence of hydrogen.

In the second step, which is exothermic , the exhaust gas temperature decreases as the ammonia
dissociates into nitrogen and hydrogen , effectively reducing the toxicity of the exhaust products
and increasing their flammability due to the presence of hydrogen.

Basically, the contro l of the flow variables and the geometry of the gas generator control the degree
of completion of the second step of the reaction process for a neat hydrazine fueled gas generator.

• . This provides the designer a means of controlling the exhaust gas temperature and composition of
the exhaust products. Equations ( I )  and (2) may be combined as follows for calculation purposes:

where X = fractAon of NH3 dissociated

The generalized reaction equation for the hydrazine/hydrazinium nitrate /water propellant blend
may be expressed by the following eq uation :

(l—x)(4 — hn) X(4— hn)
N2H4+ hn N2HSNO3+WH2O —..(3hn +W)H20+ NH3+ 2 H2 (3)

2(2X+ l)+hn(lO—x )
+ 6 N2+~~Qr

where:

hn = number of moles of hydrazinium nitrate in reactants per mole of hydrazine in
reactants

W = number of moles of water in reactants per mole of hydrazine in reactants
X = fraction of dissociation of ammonia

~ Qr = net heat release from react ion .

The ternary mixes selected for further study for this application are shown by triangular symbols on
Figures 5 and 6 and the compositions are shown in Table I. The TSF-2 mix lies within the -65°F
freezing point envelope and sl ight ly below the detonable boundary . 1SF-I is also wi th in  the -65°F
freezing point envelope , wi th  addi t ional  margin below the detonab le boundary . There fore , TSF- I is
the least energetic of the two ternary mixes but has improved safety mar gin. Both of these
propellant blends have been mixed and tested as a part of the Wright Patterson hydrazine stauer
cartridge program recently completed by RRC.
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Table 1. Composition of Candidate
APU Starter Fuels

Composition % by Weight
Fuel Mix
Identifier N2H4 N2H5N03 1120

TSF-l 60 21 19

TSF-2 58 25 17

TSF-3 68 — 32

For the fuel mixes of interest, equation (3) may be utilized and calculations made of all of the
properties of the resultant exhaust gas for a meaningfu l range of ammonia dissociation (X) over ~
fuel supply temperature of -65 to + 160°F. Table 2 summarizes the thermochemical characterization
of the candidate fuel mixes for study. Table 3 summarizes the exhaust gas composition of the
candidate propellant blends as a function of ammonia dissociation.

Tests conducted by RRC on water/hydrazine mixture s indicate that no ammonia dissociation is
obtained below 1 ,000°F exhaust gas temperature. For the selected water /hydrazine blend .
ammonia dissociation values of zero to 20 percent are expected. For the nitrated propellant blends .
tests on the hydrazine cartridge starter program have resulted in ammonia dissociation values of 0 to
60% over environmental temperature extremes of -65 to + 160°F.

To summarize the foregoing, the characteristics of the candidate fuel mixture s can be compare d to
the unique requirements associated with the APU starter application. These considerations are :
I)  There is a basic requirement to package the fuel in a minimum storage volume envelope and to

minimize overall system weight. TSF-2 has the highest energy density, followed by TSF- 1 and
TSF-3.

2) There is a desire to minimize the amount of ammonia and hydrogen in the starter exhaust
products.

Ammonia-rich exhaust products will have a toxicity roughly equivalent to that of existing solid
propellant cartridge starter exhaust products. A review of the exhaust products generated by the
current solid propellant cartridge indicates that these products are more toxic (carbon monoxide ,
hydrogen cyanide , and ammonia) than the exhaust from a hydrazine-fueled starter with
ammonia-rich exhaust (TSF-3). The flammability of an ammonia-rich exhaust is not considere d to
be a problem.

Hydrogen-rich exhaust products will be no more flammable than the existing solid propellant
cartridges. A hydrogen-rich exhaust would be the most flammable. The flammability of the existing
cartridge starter exhaust products is roughly equivalent to a hydrogen-rich hydrazine exhaust
(1SF-I or TSF-2).
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Table 3. Exhaust Gas Composition of Candidate Propellant Blends

Propellant Ammonia Exhaust Gas Composition , % by Volume
Dissociation -________

Blend % Nitrogen Ammonia Hydrogen Water

TSF- l 40 23.7 24 24 28.3
60 25.7 14.8 33.3 26.2

TSF-2 40 24.4 23.4 23.3 28.9
60 20.2 14.4 32.4 26.9

TSF-3 0 13.3 r3.2 0 33.4

20 16.8 38.5 14.4 30.2

Catalytic Decomposition

Catalysts for the decomposition of hydrazine fall into two classes: those which are spontaneous and
initiate decomposition at ambient temperature , and those which must be preheated to varying
temperatures before they exhibit sufficient catalytic activity to sustain decomposition.

Catalysts which will not initiate decomposition at ambient temperature typically have to be heated
to 500 to 700°F before sufficient activity is obtained to sustain decomposition. These catalysts are
typically one or two orders of magnitude less costly than Shell 405 catalyst. Rocket Research
Company and other organizations have developed several catalysts which fall in this category.
Starting is typically obtained by preheating the bed electrically or with a solid propellant or by
coating the catalyst with a solid oxidizer.

Shell 405 catalyst represents the best catalyst available to initiate hydrazine decomposition at
ambient temperatures. The catalyst has been thoroughly characterized and developed within the
industry . Other catalysts having been developed by Shell , RRC , and others which will initiate
decomposition at ambient temperature ; but their life characteristics are inferior to Shell 405.

Catalysts other than Shell 405 are available for the decomposition of hydrazine-based propellants.
Other catalysts available in the industry are shown in Table 4.

Shell 405 is the catalyst which is currently used in all major space programs involving
monopropellant hydrazine thrusters. It is the only spontaneous catalyst which has flight experience
and has been extensively characterized and developed for monopropellant applications. The catalyst
u ses iridium metal deposited on a Reynolds alumina (R A - l )  alumina substrate. Because of the high
cost of iridium metals and the processing costs , the catalyst is relatively expensive. It should be
remembered , however, that for the APU engine starter , the catalyst can be reclaimed after use so
that its effective cost is substantially reduced.
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Table 4. General Characteristics of Candidate Jet Engine Starter Catalysts

RelativeCatalyst Cost per Ibm Spontaneity Activity

Shell 405 $4,000 Spontaneous High
at ambient

temperature
or below

Shell X-B $300 Low at ambient Low
temperature

Shell X-C $600 Spontaneous Med
at ambient
temperature

Shell X-4 $600 Spontaneous Med/High
at ambient

temperature

Shell experimental —$500 Spontaneous High
at ambient
temperature

ESSO 500 — S 300 Spontaneous High
at ambient

tem perature

Pioneer I n ran ge Low at Low
of Shell at am bien t
X-series 

— 

temperature

LCI-1-l0l $100 Nonspontaneous Low
at ambient
temperature

LCI-1-202 $450 Nonspontaneous
at ambient
temperature
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On past programs, RRC has utilized other catalysts than Shell 405 and has also utilized
combinations of Shell 405 and nonspontaneous catalysts to lower overall cost. While such
techniques may be employed at ambient temperature conditions and/or for short life , RRC has
demonstrated on the hydrazine starter cartridge program that a catalyst bed of all Shell 405 must be
utilized in order to obtain reliable and repeatable ignition at -65°F. Rocket Research Company has
therefore selected a catalyst bed of all Shell 405 catalyst to utilize in the gas generator.

Gas Generator Design
During Wright Patterson contract F336l5-75-C-2027 , RRC demonstrated the feasibility of a
hydrazine-fueled cartridge starter. The gas generator developed was capable of reliable -65°F starts
and had a higher life capability than the application proposed herein requires. The design
characteristics of this gas generator were as follows:

1) Flow rate: 0.5 Ibm/sec
2) Chamber pressure : 1 ,000 psia
3) Operating temperature range: -65 to +160°F
4) Individual bum time per start: 17 seconds
5) Total number of starts: 800 to 1 ,000

The gas generator developed for the cartridge starter application is shown in Figure 8 prior to
assembly of the catalyst bed and in Figure 9 after complete assembly. As shown , the unit consists of
eight individual gas generators or cups manifolded to a common fuel inlet. The eight-cup
configuration was chosen to allow optimum packaging within the existing solid propellant cartridge
breech and also represents a design approach capable of being produced in production at very low
cost.

This eight cup gas generator design technology and experience is very applicable to the gas generator
require d for the APU starting system; hence , it is felt that once the analytical and experimental
performance characteristics of the hot gas rotary vane motor are defined , one of the individual
“cups” could be scaled up to meet the gas flow req uirements. Mounting of the gas generator would
be quite near the motor itself to reduce the need for hot gas supply ducts , and a mounting
configuration shown in Figure 10 would be typical.

To provide meaningfu l design data for the hot gas motor , pertinent performance characteristics of
the 1SF-I propellant blend measured under Wright Patterson AFB Contract F336 15-75-C-2027
have been projected for the flow rates required of the hot gas motor , and this da ta is su mmari zed in
Figure 1 1.

APU STARTER SYSTEM DESCRIPTION
There are several types of hydrazine feed systems which have been employed to supply propellant
to the decompc ~tion chamber. These types of pressurization systems may be classed into the
following general categories which are shown schematically in Figure 12:
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a. Nitrogen pressurized blowdown
b. Nitrogen regulated
c. Nitrogen pressurized-liquid regula ted
d. Hydrazine pressurized
e. Pump fed
f. Bootstrap pressurization
g. Remote (GSE) feed system

Rocket Research Company has examined each of the monopropellant hydrazine gas generating
system approaches depicted in Figure 12 for the APU starter application. These candidate
subsystems are described below and a trade study presented to select the preferred concept. Rocket
Research Company has prior design and test experience with each of the system concepts discussed
and therefore has data available to mak e realistic system trade studies on all of the concepts. The
analysis of candidate systems has been made assuming the following specification requirements are
inviolate:

a. The system shal l be capable of a minimum of 20 starts prior to replacement/refilling of
the propellant and pressurization tanks.

b. No maintenance of any kind is to be conducted on the system between each of the 20
starts in item a. above .

c. No power is available to initiate system operation.

d. No auxiliary equipment from the aircraft may be utilized to aid in system operation.
e. The system is to be self-contained within the aircraft.

The above constraints will immediately eliminate a portion of the systems examined. However, all
potential system concepts are presented for completeness of the study.

Description and Operation of Candidate Systems

Each of the feed systems shown in Figure 12 is described in the following sections . and its
applicability for use in the APU starter application is evaluated.

BLOWDOWN SYSTEM - - The nitrogen-pressurized blowdown system is the simplest of all system
approaches shown . Because of its simplicity, it has found wide use in space programs. The system
major components consist of a fue l tank , fuel contro l valve , a gas generator and associated fill valve.
and pressure gauge for monitoring system pressure. The fuel tank contains a quick disconnect for
removal from the system , refueling, and subsequent installation back into the system.

In this system the fuel and nitrogen are contained in a common tank. The system therefore operates
in a blowdown mode with the tank pressure decaying as propellant is expelled from the tank.

While this system does provide the least complex system design approach , it does have drawbacks
for the APU starter application. These include:
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a. Blowdown systems are larger in total volume than a nitrogen regulated system.

b. Blowdown systems are heavier in weight than nitrogen regulated systems.

c. The system provides a decaying pressure characteristic and therefore variable input to the
gas generator. For this application , this characteristic has serious drawbacks. The motor
must meet minimum and maximum torque output levels which limit the blowdown range
for the system. In order to satisfy both of these constraints , a small blowdown ratio must
be used resulting in large r tank volume and high weight.

LIQUID REGULATED SYSTEM -— The liquid regulated system is similar to that described under
“Blowdown System ” except that a liquid regulator has been added to the system in order to
produce constant pressure to the gas generator. The system therefore consists of a fuel tank ,
pressure regulator , fuel control valve , gas generator , and associated fill valve and pressure gauge for
monitoring system status.

As in the previous system, this system contains fuel and pressurant in a common tank. As fuel is
consumed , the fuel tank pressure decays, but the liquid pressure regulator main tains a constan t
pressure to the gas generator. While this system offers only slightly increased complexity compared
to the blowdown system, it suffers similar disadvantages in that it requires additional volume and
weight when compared to the nitrogen regulated system.

NITROGEN-REGULATED SYSTEM — The nitrogen-regulated system consists of a high pressure
GN2 tank , a gaseous pressure regulator , fuel tank , GN2 and fuel control valves , a gas generator and
associated fill valves , and pressure gauges to monitor system status. The system is compliant with
the baseline shown in the RFP except for the addition of the control valve in the GN2 circuit. This
valve has been added to provide assurance that possible leakage past the pressure regulator in its
lockup position will not overpressurize the fuel tank.

In operation , high pressure from the GN2 tank is pressure regulated to the desired fuel tank pressure
by the pressure regulator. To initiate system operation , both the GN2 and fuel control valves are
actuated which provides pressu rant to the fuel tank and propellant to the gas generator. System
operation is terminated by closing of the control valves. Of the systems employing inert gas
pressurization , the nitrogen regulated system offers the lowest volume and weight.

HYDRAZIN E PRESSURIZATION — The hydrazine pressurization system utilizes a separate
hydrazine supply to pressurize the main propellant tank. Since the pressurant is stored as a liquid
rather than a gas and the molecular weight of the gas products is less than that of nitrogen , this
system offers reduced weight and volume over that of the previously described systems. The
hydra z ine pressu rization system consists of a small hydrazine tank containing its own pressurant , a
pressurant control valve , a liquid regulator , a pressurant gas generator , a main fuel tank , a gas
generator and main fuel control valve for driving the hot gas motor , and associated fill valves and
pressure gauges for monitoring system status.
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To initiate system opera tion, the pressurant and fuel control valves are opened. Hydrazine from the
pressurant tank is regulated to the desired pressure and decomposed in the pressurization gas
genera tor. These gases pressurize the fuel tank allowing fuel to flow into the main gas generator
where it is decomposed and drives the hot gas motor.

= While this system minimizes system weight and volume as compared to the nitrogen regulated
system, it has certain disadvantages for the APU starter which include:

a. Two separate fuel tanks which must be handled.

b. More complex system having higher cost.
c. Condensible constituents in pressuran t (water and ammonia) which must be removed

during fuel tank refilling resulting in higher maintenance costs.

PUMP-FED SYSTEMS — Two types of pump-fed systems are shown in Figure 12, differing only in
the type of pump utilized. The systems both consist of a propellant tank , fuel pump, pressure
regulator , fuel contro l valve , gas generator , check valve , and associated fill valve and pressure ga uge
for monitoring system status.

In the electric pump system, the system operation is initiated by energizing the motor pump and
the fuel control valve. Pressure from the gas generator is utilized to pressurize the fuel tank as well
as drive the hot gas motor. The electric pump supplies the pressure loss in the liquid circuit.

The mechanical pump system utilizes the gas generator hot gases to drive a piston which provides
the required pressure amplification to compensate for the liquid pressure drop.

The electric pump option violates a “no power” system design constraint and is therefore
eliminated from consideration.

In this application , both system design approaches have a disadvantage which make them
unattractive for the APU starter application. In the starter application , the gas generator chamber
pressure vanes with motor speed. Therefo re, a constant chamber pressure is not maintained , and a
result ant regulated system pressure cannot be realized. As motor speed and flow rate increase ,
chamber pressure and thus tank pressure drop giving undesirable feed pressure characteristics and
eliminating this system from consideration for the APU starter application.

BOOTSTRAP SYSTEM — The bootstrap system as shown in Figure 12 consists of a propellant tank
with a differential area piston , a pressure regulator , a fuel control valve , a gas generator , and a check
valve. Initial ly , the system is charged to a low pressure . Once the fuel contro l valve is actuated ,
propell ant flows to the gas generator and is decomposed . This gas pressure is fed back to the top of
the different ial are a piston where amplification of the pressure occurs which compensates for the
liquid pressu re drop and pressure is regulated to the engine.

For the APU starter , this system suffers the same problem as the pump fed systems in that the gas
generator pressure output is controlled by the motor speed and is not constant. Additionally, the
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differential piston tank is very heavy if the fuel load exceeds a few pounds. For these reasons and
the high maintenance associated with a piston type tank , this system is eliminated from further
considera tion.

REMOTE FEED SYSTEM — In this system concept , the fuel supply and pressurization is remote
from the gas generator and fuel control valve being in ground support equipment. This system
approach is only applicable for ground starting where remote equipment could be connected for
APU starting. It violates a system design constraint and is there fore removed from further
consideration.

Selection of Baseline System Design Approach

Eight system design approaches for the APU starter were presented under “Description and
Operation of Candidate Systems”. Four of these system design approaches are eliminated in initial
screening because they violate design constraints for the system . The remaining four system
approaches . blowdown , liquid regulated , nitrogen regulated and hydrazine pressurized have been
quanti tat ively evaluated against criteria and weighting factors applicable to the APU starter
program. The results of this analysis are shown in Table 5. The nitrogen-regulated system rank s
highest of the candidate systems and has been selected as the baseline design approach for the
hydrazine fueled APU starter program.

Table 5. Evaluation of System Design Approaches

Liquid Nitrogen HydrazinePotential BlowdownCnteria Score System Regulated Regulated Pressunzed
System System System

System weight 30 10 9 25 30

System volume 30 10 10 25 30

Reliability 30 30 25 23 17

Maintainability 25 25 22 20 10

Cost 25 25 22 20 15

Performance variation with 
20 12 20 10 1 7environmental temperature

Prior system use 20 20 10 1 7 5

Total 180 132 118 140 124

BASELINE SYSTEM DESCRIPTION — The baseline flight system schematic is shown in Figure 13.
and a description of each of the system components is presented below .
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Item Description
( 1) Pressure indicator — Provide indication of system readiness. GN2 storage

pressure together with an appropriate pressure/temperature placard provides
in formation regarding fuel remaining.

(2) Fill/drain valves — Provide system access for pressurant and propel lant tank
venting after 20 starts have been accrued.

(3) Burst disc/relief valve assembly — This assembly provides positive sealing
against leakage in normal operation but prevents propellant tank overpressure
in the event of regulator failure during operation.

(4) Manual start valve (GN2) — The manual start valve in the GN2 system serves
the primary function of long-term pressurant sealing between system firings.
This avoids dependence on the regulator as the only means of sealing. An
additional function of this valve is to limit maximum system pressure at
minimum ullage condition , by isolating pressurant prior to the first firing,
to permit optimization of the fuel tank for minimum weight. The valve is
functionally linked with the manual fuel start valve and initiates the fuel flow
start sequence at the same time as it initiates pressurization function.

(5) Check valve — This check valve serves the function of retaining pressure in the
tank which will permit one start in the event an upstream failure results in loss
of supply pressure.

(6) Regulator — This component reduces the high pressure stored nitrogen to the
required operating pressure in the fuel tank.

(7) Manual start valve (fuel) — This valve is actuated “on” by the supply of
regu lated GN2 from the GN2 start valve and sequences all req uired funct ions
for the start. When the turbine has reached cu toff speed , a signal (electrical ,
mechanical , or hyd raulic) shuts the valve off and sequences all components
back to the required position for the next start. This valve also provides the
required flow rate control on start to achieve ~650F ignition.

(8) Gas generator — The gas generator decomposes the fuel to prod uce gas at high
temperature and pressure in sufficient quantity to produce the required work
to start the turbine.

(9)  Hot gas motor — This component expands the high pressure hot gas and
provides a torque input to the APU via a 10: 1 ratio gearbox to spin up the APU
turbine to starting speed.

Referring to the baseline schematic of Figure 1 3, the system operation is described as follows.
Manual operation of the GN2 start valve initiates a sequence which opens both the GN2 supply
valve and t he fuel start valves. The opening rate of the fuel valve is con trolled providing an initial
low flow rate followed by a ramp rise in flow rate to prevent instantaneous buildup of excessive
stall torque and excessive fuel flow to the gas generator preventing ignition at low te m perat u re .
Opening of the GN2 control valve supplies high pressure gas to the pressure regulator where it is
regulated to the desired pressure. Fuel is pressure fed to the gas generator where it is decomposed
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and drives the hot gas motor. The motor output drives the turbine thro ugh a 10: 1 gearbox ,
accelerating it to 50,000 rpm. When rated speed is reached , a speed-derived signal initiates
shutdown. The shutdown signal closes both the main fuel supply valve and the GN2 supply valve
and returns the system to the ready condition for the next start .
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SECflON II
STRUCTURAL AND MECHANICAL DESIGN

This section describes the basic design features of the 8 vane rotary hot gas motor.

A detailed design of the rotary motor has been completed. A full set of detailed drawings of the
unit are included as Section V of this report . The top assembly drawing of the rotary motor (RRC

• drawing 26650) is shown in Figure 14 of this section.

The basic operating requirements for the rotary motor , herea fter refe rred to as the starter motor ,
are as follows:

I )  The starter motor must be as small and lightweight as possible consistent with aircraft
mounted components.

2) The starter motor must operate after extended exposures to ambient temperatures in the
range of-65 to + 1 30°F.

3) The starter motor must be capable of operating through a minimum of I ,000 full power ,
full duration starter operating cycles without maintenance.

4) The starter motor must be capable of operating in a successfu l manner when powere d by
the products of decomposition * of the hydrazine based propellant blend that are supplied
by the hydrazine fueled hot gas supply system.

5) The starter motor must be capable of operating successfully during APU restart attempts
in the event that the first start attempt is unsuccessfu l .

6) The starter motor shall develop torque versus speed characteristics (at  the output shaft of
the gearbox) with reasonable margin , consistent with the APU load characteristics shown

= in Figure 2.

The following subsections discuss the structural and mechanical design features of the starter motor.

DESIG N DISCUSSION

The major components of the starter motor (see Figure 14) include the ball bearing mounted rotor .
the rotor vanes (8 each), the stator shell , the end plates that support the rotor hearings and position
the rotor eccentrically in the stator bore , and the various seals and springs. The output end of the
starter motor is configure d to interfac e with a gearbox. The gearbox would provide a 10:1 setup in
shaft speed at the APU starter input  pad .

The m~jor design efforts associated wii the development of the configuration shown itt Figure 14
were related to the requirements imposed by powering the device with the high pressure hot gas as
supp lied by the hydrazine fueled gas generating portion of the APU starter system. Hot gas will be

*The exhaust products include nitrogen , hydroge n , ammonia , and water vapol as discus.sed in Section I.
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delivered to the starter motor inlet port at nominal conditions of 1 ,000 psig and 1 .600°F.
Successfu l system operation will require minimal hot gas leakage across the rotor vane surfaces and

- 
- shaft seals. Excess gas leakage would degrade the power output characteristics of the starter motor

and increase the quantity ot’ fuel required for each start cycle , Addit ionally,  provisions for therma l
growth are provided on all moving parts to avoid component damag e and performance degradation
during the transient heating conditions that occur during each starter operating cycle. Due
consideration is also imposed on the selection of materials t’or each component to assure
compatibility with the hot gas supplied by the hydrazin e fueled gas generating subsystem.

The design approach and the major design feature s of’ the starter motor are discussed in the
following subsections. Detailed design drawing of each starter motor component are presented in
Section V of this report .

STRUCTURAL CHARACTERISTICS

Gas Leakage
The following major provisions have been incorporated into the starter motor design to minimize
gas leakage.

1) Vane Sealing — The vane material is carbon providin g self-lubrication at all moving
contact points, A surface finish of 8 micro inches (~I) is specified for the contact surfaces
of each vane and all surfaces in contact with each vane.

Vane leakage at the stator wiping surface will be minimized by the~J surl ’ace finish on the
stator bore. A light spring force is applied to each vane by the P/N 26657 -10 1-1 1 split ring
which is supported by the cam surface on each end plate. The spring loading feature
assures good vane to stator contact during initial starting and low-speed rotor operating
periods. The contact pressu re at the vane to stator line of contact increases as the rotor
speed builds up due to centrifugal forces acting on the vane mass. The final shape of the
carbon blade at the stator contact surface will be established by motoring the unit with
high pressure gaseous nitrogen after the initial assembly operation.

The leak path between the end plates and the rotor is minimized by dimensional
tolerance contro l (see Dimension “D” in the side view of the starter motor , Figure 14) by
installing a shim at “G” during assembly. Additionally, spring-loaded carbon face seals ,
P/N 26684-301-1 1 , are installed between each vane (16 places) and the end plates to
reduce the leakage in the “D” clea rance gap.

A small amount of leakage will be unavoidable between the end of each vane and the end
plates and between each vane and its retention slot in the rotor. Gas leakage between the
end of each vane and the end plates will be minimized by establishing a zero clearance
tolerance in this dimension during the initial assembly operation. Gas leakage between
each blade and its retention slot in the rotor wil l be minimized by allowing the vanes to
cock slightly, due to rotational drag at the stator rubbing surface.

2) Rotor Bearing Gas Leakage — A very considerable design effort has been expended to
reduce gas leakage into the rotor bearing areas, and minimize bearing heating fro m the
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hot gas leak source . Minimum clearance has been allowed , considering rotor deflection
and thermal growth , in the bore gap between the end plates and rotor shaft to provide a
maximum flow resistance to hot gas leakage into the end cap bearing cavities. The
unavoidable flow of hot gas into the bearin g cavities is routed overboard pre ferentially

S 

thro ugh a series of four 1 /4-inch diameter holes in the P/N 26 553/26554 -10 1-Il end
plates. The direct impingement of hot gas leakage on the rotor shaft bearings is minimized

S. by the labyrinth formed by the P/N 26556-101 - 1 1 deflector , the P/N 26 556-102-I l
bearing seat at the output end of the starter motor , the P/N 26558- 1 03-11 spacer , and the
P/N 26658- 104-1 1 retainer at the other end of the starter motor. -

Major Component Design Detail
-

- 

• 
A stress analysis of each major component has been completed , as summarized in Figures 15
through 29 , which combined gas pressure loads , inertia loads , and thermal transient heating effects.
Table 6 presents a summary of the maximum stress level and the strength of materials for the rotor ,
stator . end plates , and rotor vanes.

The maximum stress in the rotor occurs at the root of the pie se - ion fo rmed by adjacent vane slots.
S The maximum stress in the stator case and end plates occurs at the root section, formed

immediately inboard of the bolt pattern . The maximum stress in the vanes occurs during start , when
the cold vanes are flexed over the curved blade slots in the rotor. The unique design features of the
major components of the hot gas motor components are as follows:

I )  Starter Motor Assembly, General — During each start cycle , the starter motor assembly is
subjected to internal pressure loads and transient heating effects by the hot gas driving
media. Analysis has shown that the stator case will expand diametrically and axially at a
greater rate than the rotor. The bearing that supports the rotor at the output end of the
starter motor floats to accommodate axial expansion. The bearing at the other end of the
motor is fixed.

2) Rotor and Vanes — Hot gas impingement on the rotor and vanes during starter motor
operation, results in severe temperature gradients that effect the clearance between the
vanes and the slots in the rotor that support and guide the vanes. In order to minimize the
clearance between the vanes and slots (for minimum gas leakage), while avoiding
mechanical interference due to thermal expansion effects , analysis has shown that the
rotor slot geometry noted in Figure 30 will be required.

The trailing edge contour in the rotor vane slot allows the vane to flex under initial cold
start conditions. The amount of flexure decreases as the rotor and blade heat up, and
thermal expansion effects reduce the trailing edge gap.

3) End Plates — The end plates locate the rotor support bearings , such that the centerline of
the rotor is parallel to the centerline of the stator bore , but displaced by the 0.231-inch
eccentricity requirement. The end plat es also include the integral cam surfaces that assist
the vanes in following the stator bore during the expansion portion of the rotary motor

S operating cycle.
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\ R~ = 9580 lbs

R5 = 93 \
~~~~~~~~ =

Ri 8400 lbs

8 
~~~~~~ \ > JFi=2688 1bs

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1775 Ibs~~~~~~~~~~~~~~

7

F4~~878 Ibs ~ F6=465 Ibs
F~ = 755 lbs

15 

/

ACTUAL LOAD ON SHAFT 9650 lbs 19
USE FACTOR 2.5 (AIRCRAF T PRACTICE) /DESIGN LOAD OF SHAFT AND BEARINGS

SHALL BE 24125 lbs ULT IMATE
EACH BEARING SHALL BE GOOD FOR 12,000 lbs MKP 16

RADIAL AND “-1000 lbs-AXIAL LOAD MKP 20

Figure 26. Shaft Loads (25° m Ist)
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VANE

ROTOR
CONTOUR
(EXAGGERATED)

ROTi~~~~~~~

46.OO R

24002-57 
TP

Figure 30. Rotor Vane Slot Contour

4) Bearings and Bearing Support Components — The rotor is positioned and supported with
standard MS-rated ball bearings. The fixed bearing (MS 2764 1-20) is designed to react the
axial and radial loads. The bearing at the output end of the rotor shaft (MS 27641 - 16) is
allowed to react against the radial loads while floating in the axial direction , Axial
flotation compensates for the differences in thermal expansion between the rotor and
stator.

The MS bearings, selected for this application , include integral dust shields that will retain
the lubricant that is applied during bearing assembly by the supplier. These bearings are
rated for i n-service temperatures up to 325°F.

Thermal analyses, as discussed unde r “Thermal Considerations ” below , indicate that the
bearing temperature in the starter motor application can be maintained below the 325°F
li mit under worst-case operating conditions which combine two successive full power . full
duration start cycles and hot day surrounds .

Primary bearing heat sources include heat conduction from the end plates , heat
conduction from or to the rotor shaft, radiation from the end plates, and convection
heating from hot gas leakage. As discussed under “Gas Leakage”, heat input to the
bearings from the hot gas leak source has been minimized by providing a p referred leak
path overboard , up strea m of the bearing cavities . The major source of heat in the
conduction mode is fro m the end plates. End plate heat rejection into the bearings has
been substantially reduced by the installation of the P/N 26658-104-I l and
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26656-102-I I t i tanium inserts. These inserts increase the thermal resistance between the
endcaps and the bearings. The bore in the rotor shaft is also effective in reducing the
bearing heat load.

Manufacturing/Assembly Tolerances
Figure 31 (RRC Drawing SK 6013) summarizes all of ’ the manufacturing and assembly tolerances
for the starter motor.

Materials of Construction
Figure 32 (RRC Drawing SK 5957) summarizes the materials of construction selected for each

S component of the starter motor.

THERMAL CONSIDERATIONS

The starter motor has been modeled for computer analysis of the thermal-structura l and
thermal-performance design verification. These computer programs are described and discussed in
Section III  of this report. The importance of the thermal analysis is evident from its repeated design
influence , as discussed in the fo regoing subsections of the structural and mechanical design review.

Figure s 33 through 64 are plots of the temperature of the fixed bearing, floating bearing, rotor and
vanes as predicted by the thermal-structural model during typical starter operating sequences at the
extreme operating ambient temperature conditions of -65°F and + 120°F. The node terminology
from the computer program is defined in Section III and noted on each figure, where applicable.

Figures 33 through 48 present compOnent temperature versus time predictions for a starter
operating sequence at -65 °F soak conditions of:

I) A full power, full duration start at -65 °F soak conditions, followed by
2) A I-minute soakback time period simulating a delay between restart attempts , followed

by

3) A second full power, full duration restart (assumed successful), followed by
4) A I 5-minute soakback period which is shown to be sufficient to assess the peak

temperatures in each of the four components.

S Figures 49 through 64 are plots of the predicted temperatures of the same starter motor
components during the same sequence of opeation at an ambient temperature of + I 20°F. It is
noted that the ti me required to start the turbine is 12 seconds at -65°F , and 7 seconds at +120°F.
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SECTION Il
PERFORMANCE AND THERMAL ANALYSES

This section discusses the methods developed and significant results attained from extensive thermal
and performance analyses of the hydrazine APU starter motor . Two computer programs were
developed. One is pri m arily thermal-structural and the other is thermal-performance .

THERMAL-STRUCTURAL ANALYSES

This section discusses thermal analysis work accomplished in support of verifying the structural
integrity of the starter motor.

Thermal-Structural Modeling and Methods

Networks corresponding to the thermal-structural model mentioned above are presented in Figures
65 , 66, and 67. Each network corresponds to one of the three modes of heat transfer via
conduction , convection , and radiation. It is necessary that the thermal-structural model be more
detailed than the thermal-performance model in order to accurately predict local thermal gradients
and hot spots. Such predictions are critical because they are used for thermal expansion and
rotor-vane-stator tolerance determination. Such tolerance determination is critical because of the
opposing goats of minimization of leakage losses while ensuring against metal-to-metal contact
which could result in engine seizure .

The thermal-structural model consists of 62 nodes, 82 conduction resistance elements , 86
convection resistance elements , and 60 radiation elements. All such items are depicted in Figures
65 , 66, and 67.

Nodal finite diffe rence heat balance equations are solved on a CDC 6600 computer with a
RRC-developed , 500-node capacity, thermal analysis program. Transient solution of the network
heat balance equations for the shadow analyses utilizes that part of the RRC thermal analyzer
program which employs a precise exponential explicit formulation of the nodal diffe rential
equations. The mathematical technique employed is the same as that employed in the Lockheed
thermal analyzer , an indu stry standard .

Multisurface , diffuse , grey body radiant heat exchange calculations are made utilizing the
Oppenheim network method , in conjunction with view factors from NACA TN 2836 and other
refe rences. The motor was split into separate enclosure s, and corresponding view factor
conservation equations were established for each. These view factors were utilized in an RRC
program which solves the following matrix equation for grey body view factors:

A.A /-D~•
= J..J € i€•J p1p~ ~ ‘ D
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in which D is the determinant of the coefficient matrix of radiation balances on all surfaces, and Dii
is the cot’actor of its i-th row and j-th column. A’s, e’s, and p ’s are respective areas , emittances , and
retlectances ot the surfaces in the enclosure . For most surfaces, a nominal emittance value of 0.5
was assumed which accounts for a reasonable degree of surface degradation .

For convection between the expanding hot gas and the rotor/stator surfaces , the following empirical
formula was utilized as suggested in reference “Heat Transfer in Rotary Combustion Engines , by
Atesmen , ASME Paper No. 75-HT-FF , June 18 , 1974.”

h -~~~Rey r
b

where :

h = convective heat transfe r coefficient (Btu/hr- °F-ft2)

a = empirical constant ( 0.25)

k = thermal conductivity of expanding hot gas (~ 0.1 5 Btu/ ft-hr-°F)

r = rotor radius (ft)

Reyr = Reynolds number based on rotor radius

b = constant derived from slope of Nusselt versus Reynolds number data (= 0.7)

Since all required motor operations are transient in nature , an average value of h in the above
equation was assumed between 0 and 6,000 RPM. Values of h ranged from 2 1 1  to 709
Btu/ ft2 -hr - °F: however , stagnation values as high as I ,239 Btu/ ft2 -hr- °F were used where incoming
hot gas init ially impinges on the rotor and vane surfaces.

Much higher values than the above are reported by Wolgemuth in reference “Report on Task II ,
March 13. 1977” ; however . RRC found that using such values resulted in unrealistic heat losses
from the hot gas to the motor. The thermal-performance computer program results , to be
subsequently discussed , also validated the above values of Ii.

External ly ,  the motor was assumed to be exposed to ambient air ranging in temperature from -65 to
1 20°F. Fre e convection was assumed , and a heat transfer coefficient of approximately 1.0
Btu/hr- °F-ft 2 was uti l ized.  Radiation cooling was also utilized. Conduction cooling of the motor by
the relatively massive gearbox and APU was assumed to he minimal.

Thermal-Structural Results
Based upon performance calculations and anticipated operational procedure s, cold and hot
environment thermal analyse s were made assuming respective 1 2- and 7-second firings , followed by
a I - minute  soakback , which was subsequently followed by another firing and soakback period.
Temperature distr ibutions at the end of the second firing are given in Tables 7 and 8.
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Significant local motor temperatures taken from the above analysis results are plotted in Figures 68,
69, and 70. Figures 68 shows that substantial thermal gradients exist in the rotor and vanes from
root (nodes 17 and 19) to exposed ends (nodes 18 and 20). Node 17 is 0.70 inch radially inside the
rotor from the surface node 18. Node 19 is 1.26 inches radially inside the vane from the surface
node 20.

Figure 69 shows temperature gradients for structures situated near the bearings , plus gradients
within the bearings themselves.

Figure 70 shows typical stator case temperature s and gradients.

THERMAL-PERFORMANCE ANALYSES

This section discusses performance analysis work accomplished in support of verifying such
significan t operational parameters for the -65 to 130°F environment as:

• Motor speed versus time

• Motor inlet pressure versus time

• Propellant flow rate versus time

• Propellant consumed versus time

Other significan t parameters such as shaft power available out of gearbox , torque available and
required , motor efficiencies and individual energy losses (heat , leakage , and friction) are all
tabulated in the actual computer printouts , summarized in Section VI.

Thermal-Performance Modeling and Methods

As mentioned in “Thermal-Structural Modeling and Methods ,” it is not necessary to split the motor
into as many nodes for the thermal-performance model as the thermal-structural model. However .
the same mathematical finite difference transient solution techniques are used for both models.
Thus, networks corresponding to the thermal-performance model are presented in Figure s 71 , 72 ,
and 73, and consists of only 18 nodes , 19 conduction resistance elements , 21 convection resistance
elements , and 22 radiation elements.

Actually, heat loss is only a part of the performance loss calculation. Other significant parts are
leakage and vane friction. The primary reason for the work represented in Figures 7 1 , 72, and 73 is
the utilization of the general finite difference transient solution capabilities of the RRC thermal
analyzer program . Since this general program has subprogramming capabilities , leakage loss, friction
loss, integrated heat loss , and all other significant performance parameters can be computed during
each iterative time step that the main program performs a nodal heat balance.

Leakage and friction losses were incorporated from the work previously performed by Wolgenuith ,
presented in reference “Report on Task II . March 13 , 1977 ,” which was performed in support of
this effort . The minimum leakage design in the above refe rence was chosen for incorporation into
the performance model , and significant design attention has been expended to achieve this goal.
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The performance model is essentially developed around the ideal energy available from the general
expander open cycle depicted in Figure 74 below.

P3~~
VOLUME

Figure 74. Thermod ynamic P-V Dia~ am for Expander Motor

Summing the PV work around the above cycle gives the following relation for ideal energy available ,
QI in Btu.

‘y(P 1V 1 - P 2V~,) V2
= 

(y~~~ ) J  
+ ( P 2 — P 3) j ( I )

where:
P~ inlet pressure in first control volume between vanes

V~ volume of first control volume

P2 isentropic expansion pressure fro m P~ and VI to V2
V2 maximum expanded volume in design relative to V 1

P3 ambient pressure

To verify that the design will perform satisfactory heat QQ, frict ion QF, and leakage QL, losses
must be subtracted from 01 above. This results in the following equation for actual efficiency.

- Q I - (QQ~~~QF~~~
QL)

Q 
(2)
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Then , the energy available for shaft work , QA, is calculated fro m

= 
~A0I (3)

and if QA is greater than the energy require d , Qp., by a sufficient margin , the motor design will be
satisfactory.

Thermal-Performance Results

The thermal-performance computer program , discussed above , was utilized for motor performance
analyses at three different environmental temperatures , -65 , 59 , and 130°F. The analyses were
terminated when the motor reached 6,000 RPM. In each case there was sufficient energy available
to overcome the specified APU torque requirements without the expenditure of excessive
propellant. It was found that a gas generator supply pressure of 1 ,500 psia would be require d in
order for the motor to perform satisfactorily .

Typical performance results of motor speed , inlet pressure , flow rate and propellant consumption
all versus time are presented in Figures 75 , 76, and 77. As shown , the performance analysis predicts
that the motor will start the APU in 6 to 10 seconds , which verifies the assumed thermal-structural
analysis time periods of 7 to 12 seconds mentioned in “Thermal-Structural Results. ” Furthermore ,
fuel consumed per start ranges from 0.97 to 1.34 Ibm. More fuel is expended for the cold starts
because APU torque requirements are significantly higher.

All other performance parameters calcu ’tated si multaneously with the results in Figures 75 , 76 , and
77 are presented in Table 9 of Section VI. As a matter of interest , significant energy items con-
tained in equations 1 , 2, and 3 are plotted in Figure 78 for the -65°F start . These data were taken
from Section VI. At the start , heat transfer and friction losses are smal l because the motor is not
turning: but leakage losses are relatively higher because of cold clearances between all moving parts.
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SECTION IV
DETAILED DESIGN DRAW INGS AND PARTS LIST

This section presents the detailed design drawings and the parts list for the hydrazine-fueled APU
starter.

The detailed RRC design drawings are as follows:

2665 1 — Rotor , Figure 79
26652 — Stator , Figure 80
26653 — End Plate , Figure 81
26654 — End Plate (Output), Figure 82
2665 6 — Bearing Retainer , Figure 83
26657 — Shim and Spring, Figure 84
26658 — Bearing Retainer , Figure 85
26684 — Rotor Seal; Figure 86
26685 — Vane Assembly, Figure 87
SK 5957 — Materials Summary Drawing (including parts list and weight

summary), Figure 88 
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SECTION V
SUMMARY

A detailed design of the hydrazme-fueled starter motor has been completed. Manufacturing
drawings for each “make” item have been prepared , and all purchased “standards ” have been
identifIed.

Two computer models of the starter motor have been developed and utilized in support of the
design analysis task a thermal-structural model and a thermal-performance model.

The thermal-structural model has been used to determine the temperature versus time characteris-
tics of each starter motor component during typical starter operating sequences. A thorough
understanding of the temperature history of each component is essential in selecting the proper
materials of construction and establishing the proper clearances between moving parts for
in terference-free operation with minimum gas leakage.

The thermal-performance model has been used to verify the power output characteristics of the
starter motor during various start and restart operating duty cycles at -65 , +59 and + 1 30°F ambient
soak conditions , as discussed in the following subsections.

PROJECTED STARTER MOTOR PERFORMANCE
Figures 89 through 91 depict propellant consumption , propellant rate , motor inlet hot gas supply
pressure , and the starter motor shaft speed as a function of time for “first-start” starter operation at
-65 , +59 , and + 130°F ambient soak conditions as predicted by the performance model.

The performance model accepts a certain assumed shaft load at any operating temperature. Figure
92 presents a typical shaft load input at the worst case (-65°F) APU start condition. For a given set
of inlet gas supply parameters , the computer model is then capable of generating a starter output
torque versus speed curve for the assumed load as shown in Figure 93.

The net torque available between the starter output characteristics and the starter load is used to
generate the output shaft speed versus time curve as shown in Figure 94.

With the rotor speed known , the minimum gas consumption rate can be calculated based on the
displacement of the motor. The total gas consumption requirement is the sum of the displaced
volume and losses as shown in Figure 95. The computer program accounts for energy losses from
gas leak age, vane friction , and heat transfe r effects between the driving gas and the starter motor
components. Figure 96 depicts a typical fuel consumption output trace from the computer model.

The thermal-performance model can be programmed to calculate starter performance parameters
under multiple restart attempts at any ambient temperature condition. Figure 97 shows the effect
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on starter output torque of operating the starter through three full power , full duration start cycles
at -65°F soak conditions with a 10-second delay between restarts. It is noted that the starter output
torque increases significantly during each successive start cycle due primarily to a large reduction in
therm al losses between the incoming hot gas and the mass of the starter componen ts which are
being heated during each start cycle . Fuel consumption is reduced during each successive start as
shown in Figure 98, and the increase in output shaft torque available during each successive restart
results in a decrease in start time as shown (for two starts) in Figure 99.

The computer output data from the thermal-performance model demonstrates the usefulness and
flexibility of the model. Computer output tab runs for other operating conditions are presented in
Section VI of this report.
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SECTION VI
HOT GAS MOTOR PERFOR MANCE

(START /RESTART )

This section presents computer print sheets depicting projected hot gas motor performance
characteristics during first start and two subsequent restart operating cycles with a 10-second 1delay

be tween the restart attempts . A total of nine computer runs is included to fully document operating
characte ristics at -65, +59 and +1300F ambient temperature operating conditions.

The computer print sheet format accommodates a print-out of 60 parameters at approximately
0.5-second intervals during hot gas motor operation. The output data is grouped in a 10 x 6 matrix
as shown in Figure 100, which also includes parameters for each matrix location.

The computer was programmed to allow the starter to operate for approximately 12 seconds
(0.0033 hour) , maximum. The program stopped the fuel flow to the starter when the starter speed
reached or exceeded 6,000 rpm (60,000 rpm APU speed). In all cases, terminal starter speed was
achieved before the 12-second interval was completed. The heat transfer portion of the computer
modeL continued to operate during the remainder of the 12-second start interval and the additional
10-second soak period that was allotted between restart attempts.

The nine computer runs are located as shown in Table 9.

COMPUTE R RUN LOCAT IONS

Ambient Soak
Temperature , OF 1St Start 2nd Start 3rd Start

-65 Pages 139 through 143 Pages 145 throu gh 147 Pages 149 throug h 15 1

+59 Pages 153 throu gh 155 Pages 157 throu gh 159 Pages 161 through 163

+ 130 Pages 165 throu gh 167 Pages 169 throu gh l7 1 Pages 173 throu gh 175

_ 
_ _ _ _ _ _ _ _ _ _ _  J
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_____ _ _ _ _ _ _ _  - -

1 2 3 4 5 6 7 8 9 1 0

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25 26 27 28 29 30

31 32 33 34 35 36 37 38 39 40

41 42 43 44 45 46 47 48 49 50

51 52 53 54 55 56 57 58 59 60

Parameters:

I) Ambient temperature-surrounds , OF 36) Hot gas supply pressure , psia
2) Motor mount base temperature , OF 37) Vi pressure , psia
3) Gas generator — gas tem perature , OF 38) V2 pressure , psia
4) 39) Ambient pressure , psia
5) Control volume gas temperature , OF 40) Mass of gas used per revolution , Ibm x 10,000
6) 41) Cycle ideal energy available , Btu/ lbm
7) Exhaust gas temperature, OF 42) Actual cycle efficiency, percent
8) Shaft temperature , oF 43) Cycle useful energy available , Btu/lbm
9) Rotor temperature, °F / See \ 44) Cycle leakage energy loss. Btu/ Ibm
10) ~ End plate temperature, OF ( Figurej 45) Cycle heat transfer loss . Bt u/ lbm
1 1) f \ 73 / 46) Cycle vane friction loss, Btu/ lbm
12) ~ Bearing temperature, OF 47) Leakage flow rate , Ibm /sec x 100
13) ~ 48) Total flow rate , Ibm/sec x 100
14) 49) Tota l propellant expenditure , Ibm x 100
15) Stator case temperature , OF 50) Actual torque produce d, ft-Ib f
16) 51) Require d torque , ft.lbf
17) 52) Margin allowance , percent
18) Exhaust fl ange temperature , OF 53) APU moment of inertia , lb f.sec 2-ft
19— 29) Not used 54) Specific fuel cor~umption , lbm/h p .hr
30) Ambient temperature , OF 55) Shaft work available out of gearbo x, h p
31) Hot gas specific heat capacity, Btu/ lbm-°F x 100 56) Starter motor speed , rpm
32) Hot gas specific heat ratio x 10 57) Gearbox efficiency . percent
33) Hot gas molecular weigh t — Ibm/Ibm mole 58) Gearbox rat io
34) Initial volu me — in.3 x 100 59) Thermal efficiency . percent
35) Volume ratio V2/V 1 x 10 60) Initial CV heat transfer coefficient , Btu / ft 2.hr-°F -

Figure 100. Terminal Locations for Output Data
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