approving technical reports, the Board and its Committees will not investigate or consider patents which may apply to the subject

in industry or trade is entirely voluntary. There is no agreement to adhere to any SAE standard or recommended practice, and no commitment to conform to or be guided by
matter. Prospective users of the report are responsible for protecting themselves against liability for infringement of patents.”

‘AE Technical Board rules provide that: *‘All technical reports, including standards appro ud and practices recommended, are advisory only. Their use by anyone engaged
any technical report. In formulating and

AEROSPACE AIR 1467

INFORMATION —
Saciety of Automotive Engineers, Inc. REPORT | roms

400 COMMONWEALTH DRIVE, WARRENDALE, PA. 13006

GAS ENERGY LIMITED
STARTING SYSTEMS

PAGE

1. INTRODUCTION 1
2. SYSTEMS DESCRIPTION 2
2.1 SOLID PROPELLANT CARTRIDGE GAS 2

2.1.1 CARTRIDGE 3

2.1.2 PERFORMANCE CHARACTERISTICS 6

2.1.3  STARTER DESCRIPTION 9

2.1.4  APPLICABLE SPECIFICATIONS 13

2.2| MONOPROPELLANT HYDRAZINE GAS 13

2.2.1  HYDRAZINE 15

2.2.2 PERFORMANCE CHARACTERISTICS 17

2.2.3  SYSTEM DESEGRIPTION 21

2.2.4  APPLICABLE SPECIFICATIONS 26

2.3 STORED GAS 26

2.3.1 COMPRESSED STORED AIR SYSTEM 26

2.3.2 (SPORED CRYOGENIC NITROGEN 32

1. PURPOSE AND SCOPE

This report presents information on gas energy limited starting
systems which represent current state~of-the-art technology. The
systems presented are those which utilize solid propellant cartridge
gas, monopropellant hydrazine gas, compressed stored air, and cryo-
genic stored nitrogen. These gas energy limited starting systems
have been utilized in various commerical and military aircraft,
onboard Naval vessels, and at remote industrial sites. The infor-
mation presented herein is intended to familarize the aerospace
industry with the design, performance, capabilities, and limitations
of these systems.

Copyright 1978 by Society of Automotive Engineers, inc. Printed in U.S.A.
All rights reserved.
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2. SYSTEMS

2.1

DESCRIPTION

Solid Propellant Cartridge Gas

Solid propellant cartridges were first used for starting the

reciprocating engines of World War II military fighter aircraft.
- small cartridge,
provided a short

engine for a

a large increase

approximately the size of an 8-gauge sho

few revolutions.
in starting energy was required to rotat

for several thousand revolutions.

The
starters

duration burst of energy sufficient to rotate
With the advent of the turbojet

A
shell,
the
engine,
engine

t gun

e the

British were the first to employ solid propellant cartridge
for turbojet engines on the Hawker Sea Hawk and the English

Electric Cank
expanded acrd
engine self-g
first Americg
on the Martir
starters werqg
including ths

The cart
aircraft to |
ment is not 4
simultaneous
Since no groy
is ready for

A disady
special cartn
present in mg
sufficiency 1
aboard the aij
there will be
home base.

Early cg
gas only. Cy
low pressure

L B_57’

erra. For these applications, the cartridge
ss a single stage turbine rotating the engin
ustaining speed before the cartridge burned
n cartridge starter was designed and develop
the American version of the Canberra.
subsequently employed on numerous,military
Fl100, F101, F1l05, Flll, F4C, B-52, KC-135,

ridge starter is a self-sufficient unit whic
e dispersed to remote areas where ground sup
vailable. The cartridge s¥arter provides a
engine start capability for aircraft on aler
nd support equipment must be disconnected, t
takeoff immediately after completion of the

the nee
cost fa
meet th

antage of cartridge start systems is
idge which results in a logistic and
st other types ‘0of start systems. To
equirement, it'is necessary to carry extra c
rcraft so ghat if the aircraft lands at a re

cartridges’available to return the aircraft

rtridge starters were designed to operate wi
rrent designs operate either with cartridge

gas was

e past the
out. The
ed for use
Cartridge
hircraft
and GAM77.

h allows
port equip-
quick

t status.

he aircraft
start cycle.

d for a
ctor not
e self-
artridges
mote base,
to its

th cartridge
gas or

bleed air and are referred to as cartridge/p

heumatic

starters.

is available
service life

The combination
the cartridge mode for all

starter does not have to be op
starts. Whenever ground suppo
the pneumatic mode can be utilized which ext
of the starter and reduces starting costs.

erated in
rt equipment
ends the

Starting a jet engine by direct impingement of high velocity
cartridge gases on the jet engine turbine has been studied because

of several advantages offered.

An impingement start syst

em could

provide a significant weight savings by eliminating a starter turbine
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and gearbox.
date primarily due to the high temperature and corrosive
of cartridge gas and their adverse effect on jet engine

blades.

2.1.1 Cartridge

A double base cartridge, designated the MC-1, was d
for the J65 engine starter on the Martin B-57. The MC-1
generated a heavy black smoke as the four-pound nitrocel
nitroglycerine propellant grain burned. 1In the mid 1950
ment of the MC-2 cartridge with a four-pound composite p
grain was initiated. The MC-2 cartridge, which replaced
incorporategd i i he—main—econstitite

Production began in 1957 of the MXU=~4/
incorporated an eight-pound grain of amméniu
synthetic rpbber and has sufficient energy to start the
J75, J79, ahd TF33 engines. A product improvement’versi
MXU-4/A in pse today, is designated the MXU=-4A/A) A fou
cartridge, fesignated the MXU-129/A, is also.available.

The ba
shown on Fi
inhibitor,

ic components of a typical solid propellant
gure 1, are the solid propellant charge or gr
An igniter assembly, the carfrige case and a
screen. The inhibitor, which is bonded, taped or dip-dn
propellant restricts the burning surface to achieve the
burning characteristics. The particle screen restricts
of any piece¢s of unburned propellant from the cartridge
could plug the turbine nozzlesi- The cartridge case is m
from a metallic or rubber material. A thin disc seal co
particle screen prevents moisture from contacting the pr
hence, alloys the cartridge to be stored in the starter
breech in the "ready" po6sition for a long duration. The
tures and byrns upon ignition of the cartridge.
seal around|the outside of the cartridge case prevents h
gases from decompo$ing the cartridge case during a start
thereby preyenting-“a buildup of carbon on the breech wal
also provides al’gas tight connection at the starter bree
line.

A circu

Impingement start systems have not been developed to

properties
turbine

eveloped
cartridge
lulose-

's, develop-
ropellant
the MC-1,

d produced

A cartridge.

m nitrate and

J52, J57,
on of the
r-pound

cartridge
ain, an
particle

ied onto the
desired

the passage
case which
anufactured
vering the
opellant and,
cartridge
seal rup-
mferential

bt cartridge
cycle,

ls. The seal
ch parting

The igniter assembly is a pyrotechnic type consisting of an

igniter case containing an igniter charge and an electri
surrounded by a small primer charge. The primer is heat
igniting readily when the wire is supplied with an elect
rent. The hot flame from the igniter charge ignites the
grain.
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There are two major types of solid propellants. The first,
often called composite propellants, has two constituents, a mixture
of fuel and an oxidizer. The oxidizers of composite propellants
usually consist of crystals of potassium, lithium, ammonium
perchlorate or nitrate. A great variety of fuels are available
including asphalt, rubber, synthetic resins and elastomers, which
bind the finely ground oxidizer crystals in plastic-like cake form.
The second type, called double base, uses fuels that are chemically
bonded to the oxidizer material, that is the fuel and oxidizer are
contained in the same molecule. Cordite and combinations of nitrated
glycerin and nitrated cellulose are the most common examples of
double base solid propellants. Double base propellants are not in
use today primarily because of the heav erated as the
propellant [burns.

In addition to the fuel and oxidizer, the propellant contains a
small percentage of material to control the physical and chemical
properties jof the solid propellant. Typically, additives have been
used for the following purposes:

° accelerate or decelerate the .burning rate.

° increase chemical stability, and increase
storage life.

° improve the fabrication properties of the
pgpopellant such as curing time and castability.

° Tp control radiation’ absorption properties of
the burning propellant.

° Tp improve the propellant physical properties.

° Tp minimizé. sensitivity to ambient temperaturd.

e Tp minimize smoke.

There pre~d wide variety of propellants to select firom, each

with differgpnt properties. Some important propellant prioperties

used to evaluate and compare solid propellants are:
° High release of chemical energy.

° Combustion products with a low molecular weight
to provide high specific impulse.

[ Long storage life.

° Smokeless, non-corrosive and non-toxic propel-
lant gases.

Page 5
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High density to permit small breech volume and

low weight.

Safe to manufacture and use.
Good physical properties.
Low cost.

High auto-ignition temperature and impact

sensitivity.

Low sensitivity to ambient temperature.

Suj
inH

Safety g
and storage ¢
life of the ¢
propellant dg
ential expang
increases thg
lead to an e3

Today t}
for use in t}
grain, and t}
energy requiz
engines are ¢
New cartridgd

2.1.2 Perfoz

[table for case bonding and application of
1 ibitors.

recautions must be observed in the opeération
pf cartridges. The storage temperature range
rartridge must be adhered to prevent the poss
bterioration. Temperature cyclingvcan result
ion and cracking of the grain..\ Any crack in
» burning area, and, thereforeithe mass flow
rplosion.

le military inventory, -the MXU-129/A with a f
le MXU-4A/A with an eight-pound grain. The g
rements of many of the current operational ai
bither too large ,0r too small for the above ¢
bs for these applications would have to be de

'mance Characteristics

The burm rate

is the veloc]
burn rate is

breech pregsure (PC) as follows:

(r)), a major performance and design co
[ty at, which the grain is consumed during ope
directly proportional to the cartridge operd

, handling
and storage
ibility of
in differ-
the grain
which can

lere are two sizes of cartridges qualified and available

our-pound
tarting
rcraft
artridges.
veloped.

nsideration,
ration. The
ting or

r

where a and n are constants.

n
ap
c

These constants which are different

for each type of propellant can be obtained from cartridge ballistic

characteristics published by various cartridge manufacturers.

The

constant a also varies with the initial propellant temperature, and
thus the burning rate is a function of the grain soak temperature

prior to combustion.

of the initial grain temperature.
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The burn characteristics of the cartridge propellants are such
that they will burn approximately twice as fast with the cartridge

at 160F than when the cartridge is at minus 65F.
turbine nozzle area,

the faster burn rate at 160F will i

With a constant

ncrease the

breech pressure, which in turn increases the burn rate of the grain

until a stabilized pressure is attained.

Therefore, on

a hot day

when the starting energy requirement for an engine start is the
smallest, the energy available at the turbine is the greatest.

Some of the early cartridge starters utilized constant area
nozzles, with the result that the starter torque on a hot day due to
the higher flow rate and pressure was considerably higher than on a

cold day.
varies the
hot day, th
rate, so th
cartridge i

The £l
burning sur

the propell
which the p
surface.

There are t
regressive,
that the bu
burning tim
The grain i
neutral if

and MXU=-4A/

The en

Current starter designs utilize a control wval
effective nozzle area as a function of pressu
nozzle area is increased to lower the press
At the difference in burn time between a: cold
5 greatly reduced.

=1

=

bw rate (w) of a cartridge grain isca function
face area (Ab), the density of the.propellant]

Aant linear burning rate (r), which is the vel
ropellant is consumed in a direction normal 4

= Bprey

hree types of variations of burning area with
neutral and progressive. If the grain is so
'ning area and,  therefore, the flow rate, ing
2, the grain-has a progressive burning charac
regressive i1if the flow rate decreases with

-

the flow)¥ate remains constant with time.
A cartfidges have neutral grains.

rgy‘vavailable from a cartridge can be calcul

ve which

re. On a

ure and burn
and hot

n of exposed
(pb) , and

ocity at
o the burning

time,
designed
rease with
teristic.
time and

The MXU-129/A

ated in

=3
=
5

terms of gagChorsepower (GHP) as follows:
w H
_ AD
GHP = =500
where,
w = Flow rate, lb/min
HAD = Adiabatic head, ft
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The adiabatic head can be expressed as follows:

o}
il
|<

J

=

*_l
{

AD y=1

where,

vy = Specific heat ratio

R = Gas constant, rt-1b./Ib =R

P| = Breech pressure, psia

{1

P| = Nozzle exit pressure, psia

[1]

T = Cartridge gas flame temperature, R

The perfformance characteristics of a MXU-4A/A cartridge at 80F

are:
Pc = 1000 psia
T| = 2560R
Yyl = 1.27
R = 79.7 ft—lbf/lbm—R
W = 30.6 lb/min

Assuming an exhaustsptessure of 14.7 psia, the adiabatic head (HA )
D
and gas horsgepowexr )(GHP) are:

H

568,400 ft

D

GHP

527.1 hp

The cartridge gas energy or gas horsepower is converted to shaft
horsepower at the starter output pad by the starter turbine. Due to
aerodynamic losses in the turbine stage and mechanical losses in the
gearbox, only a percentage of the gas horsepower at the inlet is con-
verted to useful work. The overall starter efficiency is the measure
of the amount of shaft horsepower the starter will provide at the
starter output shaft utilizing the available gas horsepower at the
starter inlet.

Page 8
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The cartridge/pneumatic starter must be designed to operate as
efficiently as possible with both high pressure, high temperature

cartridge gas and low pressure, low temperature bleed air.

An

optimum turbine design for operation with low pressure bleed air
would be a reaction type turbine with a converging nozzle cascade;
whereas a turbine designed for maximum efficiency operating with
cartridge gas would be an impulse type turbine with converging-

diverging nozzles.

A single turbine for both modes of operation,

therefore, must be a compromise design based on the best efficiency
for both energy sources.

The gear ratio selected for a cartridge/pneumatic starter is
also a compromlse between the best gear ratio for the cartridge mode

Mes  ladem 2 on bl venomae

and the pn
speed chara
ratio which

The ig
starter des
istics must
must be sel
if the igni
enough to 4
pressure ri
transient i
ponents frg
control of
modulating

2.1.3 Stary

£
umaticmode——of uyc.n_ux_;.un. To—obtain—the—coxs

cteristics in one mode, it is necessary to-'hg
is not optimum for the other mode.
nition characteristics of the cartridgerare &
ign consideration. The igniter pressire risg
be rapid enough, and the correct effective 1
ected, to ensure proper ignition0Dat minus 65}

[

chieve proper ignition, it is*probable that
se will result with a 160F_.ecartridge.
s often required to protect- the starter mechg
m impact torque loads. . (This can be obtained
the ignition characteristics or by utilizing

device.

ter Description

A typil
single stag
the turbine
pressure Cca

nozzles, an
cycle.
The b

cal combination pneumatic/cartridge starter ¢
e impulse turbine, a gearbox to reduce the hj

rtridge. wessel or breech with ducting to the
d contr6ls to initiate, terminate and regulaf

ee¢h consists of two halves, the breech and }

ter pressure rise rate for a minus 65F cartri

A soft

to a lowek’/speed at the starter output shaft

ect torqgue/
jve a gear

in important
t character-
10z2zle area
'. However,
dge is fast
. very rapid
ignition
anical com-
by close

a pressure

ronsists of a
Llgh speed of
t, a high
turbine

re the start

breech cap,

PR- | alein

which inclu

The locking device includes the contact for
To prevent an accidental firing of the igniter, the breech

circuit.

3 1 h P PR~ D Lonom 3ol mwpd o e 1
U d IULKRIINIY UCTVIOUT TUL LIHIUTATITIg Uil .Luv.na.u\,

the breech.

the electrical igniter

handle is de51gned so that the electrical circuit is not completed
until the breech is locked.
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Figure 2 shows a schematic of a combination cartridge/pneumatic
starter. The energy from either the cartridge gas generator for a
cartridge start or low pressure air from an APU or engine crossbleed
for a pneumatic start is transferred to the appropriate nozzles. The
same turbine, which is used for either mode of operation, converts
the energy to shaft power.

Figure 3 shows a schematic of a cartridge/pneumatic starter
where ambient air is induced through annular secondary nozzles. In
the short tubular section downstream of the nozzles, the air and
cartridge gases mix, and then the relatively cool cartridge gas-air
mixture is then directed to the turbine wheel where it is expanded,
and discharged through an exhaust plenum. The secondary nozzles are
also used to|direct air to the turbine to provide pneumdtiic engine
starts.

Some cartridge/pneumatic starters utilize a speed limiting
mechanism to|terminate the start cycle when the p¥oper erJgine assist
speed is reathed, and to prevent overspeed of the turbing wheel
during an en¢ine start or no-load. The speed limiting mgchanism
diverts the ¢artridge gas around the cartridge gas nozzlgs. Other
cartridge/pne¢umatic starters employ a braking fan mounted directly
to the turbine wheel via a common shaft &s shown on Figuye 2. By
use of the a¢rodynamic brake, speed limiting is inherent |to the
turbine assempbly and a safe maximum speed is assured for |both
cartridge and pneumatic modes.

A burst|diaphragm or a pressure regulating valve prqtects the
starter from|overpressure due. t¢ an abnormal burning carfridge. In
addition, the pressure regulating valve improves starter |performance
by providing|optimum perfoxmance throughout all ambient femperature
conditions.

The proper dissipation of cartridge starter exhaust |gases is an
important ingtallation consideration. Due to the high tgmperature
and velocity| and-.chemical composition of the cartridge gxhaust

gases, special imstallation precautions must be taken. An exhaust
duct to an alrcrdaft overboard port adequately sealed to prevent
leakage of the cartri as within the engine required.

The duct must be properly oriented so that the gas does not impinge
on the aircraft skin or external stores. The exhaust gas of current
ammonium nitrate cartridges can produce corrosion on the aircraft
not only during exposure to the high temperature gases, but from the
residual exhaust particles remaining on the aircraft skin.

Page 10



https://saenorm.com/api/?name=ef61c7a2d7f8fac8a2e90be3c54d71d1

FUEL CARTRIDGE

CONTROL VAILVE

(PRESSURE RELIEF)

( GAS

SOLID
PROPELLANT

\tﬂm—//

IGNITER

i~ i
\ ” HOT GAS NOZZLES *

TURBINE
ROTOR

=

AERQDYNAMIC
BRAKRING FAN

™.

COMPRESSED
AIR INLET

CARTRIDGE/PNEUMATIC 3TARTER

FIGURE 2

FLOW DIAGRAM

Page 11



https://saenorm.com/api/?name=ef61c7a2d7f8fac8a2e90be3c54d71d1

SOLID

(1) INDUCED AMBIENT AIR
OR

(2) PNEUMATIC INLET FROM
GROUND CART

PRIMARY NOZZLES

SECONDARY NOZZLES

Y\___)\___Jk___JK.__jY

N
S
—
%
_

PROPELLENT

STARTER
EXHAUST

FIGURE 3

FLOW DIAGRAM
CARTRIDGE EJECTOR-PNEUMATIC STARTER

Page 12



https://saenorm.com/api/?name=ef61c7a2d7f8fac8a2e90be3c54d71d1

2.1.4 Applicable Specifications

MIL-S-27266 Starter, Engine, Cartridge and

Pneumatic Shaft Drive, General
Specification for

MIL-C-27505 _ Cartridge Engine Starter MXU-4A/A

MIL-C-27658 cartridge Engine Starter MXU-129/A

addit
applicable
Automotive

2.2 Monop

ional military and industrial specifications and standards
to cartridge starting systems are listed in Society of
Engineers Aerospace Information Report AIR 1174.

ropellant Hydrazine Gas

The h
hydrazine
generating
expanded t
period of
of hydrazi
employed o
engine sta
national
provide e

engine stafrts.

bt gas, produced by the decomposition of mongpropellant

in a gas generator, can be used as the working fluid for
shaft power in a turbine starting system. The gas,
hrough the turbine section of a starter for ghe desired
time, produces the power for an efgine start. The use

he, as the working fluid in a stdrting systen, was first

n the Grumman F-14B aircraft to provide inflight emergency
rts in support of the flightgtest program. The multi-

CA Fighter aircraft employS'a hydrazine powgr unit to
rgency power to drive the' aircraft accessories and provide

The FF14B hydrazine emergency air start system, shown schemati-
cally on Fligure 4, consists.éf a fuel supply system logated in the
aircraft rpdome and a gas generator and starter locateq in each
engine nacelle. A nitrogen storage tank stores 1100 cybic inches of

nitrogen
regulator

3000 psig (to pressurize the fuel system. A pressure
egulates the fuel tank pressure to approximgtely 300 psig.

A 4200-cublic inch eylindrical fuel tank holds 155 pounds of the

70 percen

hydrazine-30 percent water fuel mixture. The gas genera-

tor uses Shell 405 iridium catalyst to initiate the hydrazine decom-

position

d dmmonia dissociation processes. The catalytic type

decomposition-chamber provides a multiple restart capahpility with

maximum relliability.

The F-14B aircraft monopropellant hydrazine gas start system
utilizes the existing pneumatic starters and starter valves, but does
not compromise the primary pneumatic start mode using ground equip-
ment. The system provides approximately 140 seconds of operation
time, allowing for at least four normal engine starts. The system
can also be used to motor the engine to drive the aircraft hydraulic

pump at a
required,

speed which provides aircraft control capability, if
prior to initiation of start-stop operation. In the event
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EMERGENCY AIR START SYSTEM
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the system is actuated and a successful start is made, the flight
test plan could be continued because of the multiple start capability.
After inflight use, the system requires minimum purging and refur-

bishment fo

r subsequent flight readiness.

imately one-half to one hour.

Turnaround time is approx-

The MCRA hydrazine power unit mounts on the aircraft accessory

gearbox.
initiation

of the start cycle.

The power unit drives the aircraft accessories prior to the
The start cycle is initiated by

filling a torque converter in the gearbox which connects the power

unit to the engine.

accessories and two inflight engine starts.

The system provides for operation of the aircraft

The us
application
resulting f
turbofan en
increase th
restart cap
and increas
accessory d

Hydragz
energy limi
plicity, hi
the desiral
stored in i
temperature
long shelf
tively inds
combustion
boiling pol
point to mi
system appl

2.2.1 Hydn

Hydraz

e of hydrazine start systems should find inciy
s in aircraft with reduced engine windmilliIng
rom the design requirements of new high bypag
gines. The extreme flight maneuvers of fighf
e possibility of an engine flame-out,’and thg
ability is marginal due to the reddced ram st
ed drag of larger airframe accessories couple
rive gearbox.

ine engine start systems arepstrong contendefy
ted starting systems applications because of
gh power to weight ratio,i\installation flexik
le properties of hydrazine. Hydrazine can bs
ts liquid form without, the necessity of emplq
s to maintain liquidity. In addition, hydraZz
life and provides.packaging flexibility, ope1
pendent of ambient conditions, exceptional cl
products, and relatively low vapor pressure g
nt.

nus 65F and tailor the gas temperature for vg
ications,

azine

ine-is a clear, colorless hydroscopic liguid

ammonia 1lik

Additives' mixed with hydrazine can lowex

reasing

f envelopes
ts ratio

ter aircraft
e windmill
rart envelope
ed to the

rs for gas
their sim-
pility and

> easily

ving low

ine has a
ration rela-
leanliness of
ind a high
its freezing
yrious start

with an

e_odor. Its density is approximately the sai

and it is miscible with

commonly re
freezing po

water.
ferred to as
int is 35.6F

he as water

In 100 percent concentrations,
"neat" or "anhydrous" hydrazine, the
and its boiling point is 236.3F.

Hydrazine fuels are toxic and must be treated with due respect.
Personnel health hazards can result if proper precautions and pro-

cedures are

not followed when handling and servicing.

The vapors

are a strong irritant and may damage the eyes and cause respiratory

tract irrit

ation and systematic effects. If spilled on

the skin or

eyes, liquid hydrazine can cause severe local damage or burns and can

cause derma

titis and other systematic effects.
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Although these fuels are combustible and can undergo rapid de-
composition when subjected to high temperatures or certain catalytic
materials, they do not present any unusual explosion hazard. Rags,
cotton waste, sawdust, or other materials of a large surface area
that have absorbed hydrazine may eventually cause spontaneous
ignition.

In storage, hydrazine fuels can react with moisture, rust (or
other metal oxides), oxidizing agents and most organic substances;
therefore, cleanliness.is of utmost importance. The surfaces of
compatible materials must be cleaned to the point where no reaction
occurs, i.e. the surface must be "passive". 1In the system design,
care must be exercised in selecting proper resistant and compatible

materials to ct With the rluid. Some matérials
generally found compatible with hydrazine fuels up to 160F are
titanium, some types of stainless steels and aluminum, glass, teflon,

ethylene propylene rubber, and polyethylene.

in, a
intained
dures in
recognized

In spite| of the hazards and conditions described her
properly designed hydrazine fueled system can be safely m
by adequately| trained personnel following prescribed proc
any required pperation. Hydrazine has long -been used and

as a high energy rocket fuel, and more recently in variousg aircraft
applications,| and many good procedures fOr its utilization have been
written. One|of these documents is ineluded in a section |of the
Chemical Rockget/Propellant Hazards Manual number AD870259 CPIA/194,
Volume III.

Hydrazing has several advantages as an energy source The
absence of carbon in the comp6und leads to an exceptionally clean
exhaust gas cpnsisting of ammonia, nitrogen, hydrogen, and the
addition of steam if a water blend fuel is used. The condentration

of hydrogen apd ammonia preésent in the exhaust must be considered in

the safety aspect of the-design.

Other adyantages: of hydrazine include its long term
capability unfler noermal storage temperature conditions an
flexibility. [Thé{fuel is also stable to friction and shodk

torage
packaging

The mono P gh energy per pound of fuel
(approximately 1500 btu per lbm) with an adiabatic head almost twice

that of compressed air at similar conditions of pressure and temper-
ature,

Due to the relatively high freezing point, "neat" hydrazine is
generally not used in turbine driven power .and starting system
applications. Additives such as water (H,0), monomethyl hydrazine
(NoH3CH3), or hydrazine nitrate (NpH5NO3) , or ammonia can be added
to improve or vary the properties of the mixture. A wide variety of
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nydrazine mixtures is thus obtained. Two important properties:

1) freezing point, and 2) working fluid temperature and composition,
must be considered in selecting a hydrazine mixture for a start
system. A low freezing point exposure to high altitude flight
ambient temperatures, and the correct turbine inlet temperature
insures the maximum performance compatible with the turbine mechanical
design constraints.

The working fluid temperature must be compatible with the appli-
cation and design requirements. The useful gas temperature range of
hydrazine mixture can be varied from approximately 900F to 2700F by

the addition of various additives.

and the ge
controllin

Table
some comme
Although n
applicatio
vides a ba
hydrazine
tively low
containing
gas generaf
poison the

None (
gap or othg
auto ignit:
addition o]
lower auto
considerab]
codes shoul
ular hydra

2.2.2 Per

Control of the flow
the exhaust gas temperature and products.

1 summarizes some of the properties and /desi
cially available hydrazine based monofuel mi
at hydrazine is not suitable for mosgt:starti
s because of its relatively high f¥eezing po
is to compare other mixtures. The 68-percen
sed on the F-14B emergency air.,start system
freezing point and gas. temperature range. T
monomethyl hydrazine are notr;suitable with c
rors since the carbon in the decomposition pr
catalyst.

bf the mixtures shown are shock sensitive in

br sensitivity tests, © Neat hydrazine is more
lon than are hydraZine blends which contain w
F monomethyl hydrazine to neat hydrazine also
ignition temperatures. The various hydrazin
ly in stability and sensitivity. The appropr
|d be referred to before selecting and handli
rine blendy

Formance Characteristics

Hydra

»ine fuel may be considered to be decomposed

generator

cdording to the following consecutive reacti

variables
eans of

on data of
Ktures.

ng system
int, it pro-
t mixture of
nas a rela-
he mixtures
htalytic type
bducts will

standard card
prone to
hter. The
results in

> blends vary
iate safety
ng a partic-

in the gas
ons :

3N2Hy

cat

2N, + 6H, - 79,200 Btu

4NH 3 -

Acat
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In the first reaction, hydrazine is decomposed catalytically into
ammonia and nitrogen. In the second reaction, the ammonia formed

is dissociated into nitrogen and hydrogen. This second step is
endothermic and absorbs a portion of the heat generated during the
first exothermic decomposition step. Basically, control of the flow
variables and the geometry of the reaction chamber control the degree
of completion of the second step of the reaction process. This pro-
vides the designer an additional means of controlling the exhaust gas
temperature and products in addition to altering the fuel mixture
composition by adding various additives.

Table 2 presents a comparison of the important performance
parameters of the decomposition products of the monofuel mixtures
previously described. The gas generator chamber temperature (TC)

shown are basedomthe percent—disseciation—of—ammonia ccurring_in
some typicall gas generator designs. The mean moleculdr |weight (M),
and the ratlio of specific heats (y) correspond to the.-chamber temper-
ature. Thed adiabatic head (HAD) is for an assumed Chamber pressure

(Pc) of 100 psia and for a sea level expansion ratio of|6.8 to 1.

The adiabatic head is calculated from the following equation:

i ]
= X - 1
Hap = 7-1 R Tc | v=1
oA NN
Pe
where, L =
HAD = Adiabatic head, ft

y = Specificiheat ratio
R = Gas cohstant, ft—lbf/lbm—R

Tc = Chanber temperature, R
P, = €hamber pressure, psia
- \'en Nozzle exit pressure, psia

The gas horsepower (GHP) can then be calculated from the
following equation:

w HAD

GHP = 337500

where,

H Adiabatic head, ft

AD

Mass flow, lb/min
Page 19
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TABLE 2

MONOFUEL PERFORMANCE COMPARISON

Monofuel Tc (R) R Y HAD* (ft)
Neat Hydrazine 2160 117.9 1.275 400,000
68%H-323W 1478 931 12584 218,000
63%H-109HN-27%W 1730 99.7 1.272 271,000
62%H-193HN-19%W 2130 99.0 1.261 334,000
583%H-25%HN-173W 2240 101.6 1267 339,000
70%H-10%HN-203%MMH 1950 118.8 1.35 350,000
263%H-19%HN-553MMH 2000 114.5 1.2836 358,000
14%H-863%MMH 1885 1x2.0 1.2475 337,000

* Presgure ratio = 6.8:1

H = hydrazine

pad
=2
i

hydrazine nitrate
MMH = monomethyX/hydrazine

W = water

(100 psia at

sea level)

Page 20
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The starter turbine converts the
energy into useable shaft power.
turbine designed to provide emergency
mode turbine operating with hydrazine

The turbine can be a

provide routine ground starts.

available gas horsepower or

single mode

engine starts only, or a dual
or low pressure bleed air to

The efficient operation of the starter turbine is a necessity
to minimize the required propellant weight and/or maximize system

operational time.

The turbine design must be carefully optimized

for a complex mission profile to permit operation over a wide range

of altitudes,

inlet pressures and flow rates. Starter

turbine design

and gearbox gear ratio tradeoffs are necessary to establish the best
design to meet the requirements of operation on two working fluids.

2.,2,3 8ys

tem Description

Start
hydrazine

Fuel

ing systems utilizing stored monopropellant 1}
mixtures consist of the following basig,subsy

Fuel Supply System
Gas Generator

Starter

Supply System

The p
supply of
proper tin
pressure.
delivery,
Proper ovs
able perfg

Two B
involves U
which is ¢
use of mor
optimum sy

urpose of the fuel supply system is to store
liquid monofuel propellant to the gas generat
e, in the desired quantity, and at the desirsg

The fuel supply system serves the fuel stors
and fuel control\ _functions of the power genei
rall system operation depends upon satisfactd
rmance of the~fuel supply system.

asic monofuel supply approaches are most com
se of di¥rect monofuel supply from high-presst
ressurized by an integral gas supply. The sg¢
ofuel pumps and low-pressure tankage. Select
pply pressure level for both concepts involvg

l'vdrazine and
rstems:

and deliver a
tor at the

rd delivery
hge, fuel
ration system.
bry and depend-

non. One

1ire tankage
bcond involves
rion of the

bs tradeoffs

at/ the svstem level for the application in c¢d

pnsideration.

performed

A brief description of the two basic system approaches are summarized
as follows:
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a. Pressurized Systems - The essential components
of a typical gas-pressurized propellant feed-systen,
shown schematically on Figure 5, are the high-pressure
gas tank, gas control valve, pressure regulators, pro-
pellent tanks, propellant control valves, and feed
lines to the decomposition chamber. Operation of the
system 1s initiated when the gas control valve is
opened, allowing compressed gas, usually nitrogen
to flow through the pressure regulator into the
propellant tank. When the propellant valve opens,
the propellant is forced through a feed line to the
decomposition chamber.

b. PumpirFed Systems - The typical pump-fed monofuel
supplly system, shown schematically on Figure 6§ 1
simillar to the pressurized system except that wit
the [low-pressure storage system, a pump isqoused fo
boost the monofuel pressure to the desired levell.
A repsonable estimate of the power required to
drive the fuel pump is approximatelytwo percent |of
the het turbine output power. The monofuel tank|is
presgurized sufficiently to provide 'positive delivery
and the required pump inlet pressure under all agcel-
eratfion conditions.

= )}

In bpth these systems, the monofuel can be supplied
in sealed tanks to minimize ground servicing problems.
The pump-fed system is lighter than the pressure4fed
system when a large guantity of monofuel is carried
to provide for long dudration operation of the system.
A welght, volume and cost tradeoff study is necegsary
to determine thesbest method for each application.

Gas Generator

The purpoge of.the gas generator is to decompose and grovide a
supply of gas to the turbine device in the quantity and at [the pres-
sure and temperatu¥e desired. Two basic types of gas genegators are
available, onelusing catalysts and the other depending upon thermal
processes. Catalytic chambers cost more, but can be designed to
operate for a large number of cycles without servicing, and do not
require an external source of energy or a hypergolic reactant to
obtain rapid, positive ignition. Thermal designs will either require
refurbishment after use or will require electrical pre-heating before
use. There are a large number of variants such as the specific flow
arrangement, means of ignition, and types of injectors. Figure 7
presents diagrams of some typical catalytic and thermal designs.
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FIGURE 5

TYPICAL PRESSURIZED MONOFUEL SUPPLY $YSTEM
WITH HIGH PRESSURE GASEOUS NITROGEN PRESSURANT
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TYPICAL GAS GENERATOR CONFIGURATIONS
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Hydrazine monofuel gas generators may be started by a variety of
ways which include hypergolic solids and liquids, spontaneous cata-

lysts, electrical heaters, and solid propellants.

Usually,

once the

chamber has been fired it can be restarted within a certain period

(up to approximately one hour, depending on the design)
additional energy input.

can be restarted at any time.

without
A chamber employing a spontaneous catalyst

The dimensions of the decomposition chamber are functions pri-

marily of the

fuel composition and fuel flow rate.

Other variables

affecting the chamber dimensions include the chamber ignition type,
the injector type, the desired exit temperature, the operating

pressure, and

the materials of construction.

Determination of the

chamber dimens
these variablée
occurring with

Starter

The turbi]
only, or with
pressure bleed
The starter ca
duce electricd
drive gearbox.

Starter d
design to meet
and high effid
design rotatidg
temperatures,
influenced by
and reliabilit
performance wi
involving mond
design.

2.2.4 Applicq

ions requires a knowledge of the interdepends
s on the decomposition and dissociation procs
in the chamber.

ne starter can be designed to opgrate on hyd:
hydrazine for inflight emergengy<starts, and

air from ground support equipment for grount
n also provide inflight emergency shaft powe]
1l or hydraulic power by motoring the engine

esign tradeoffs are necessary to establish tl
the requirements of ‘Operation on two workin
iency on monofuel:;Operation. Selection of tl
nal speed, pitch _line velocity, inlet pressu
and flow rates for both modes of operation a
these requirements as well as by cost, opera
y considerations. Furthermore, the starter
11 be a factor in all of the other system tr
fuel sellection, gas generator design, and fu

ble Specifications

bnce of
hSses

razine fuel
with low
1 starting.
r to pro-
hCCesSsory

e best

gy fluids
ne turbine
re, inlet
re all
ting life,
Hesign and
hdeoffs

]l supply

MIL-

P-26536 Propellant, Hydrazine

Additional military and industrial specifications and standards
applicable to hydrazine starting systems are listed in Society of
Automotive Engineers Aerospace Information Report AIR 1174.
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2.3 Stored

Gas

2.,3.1 Comp

ressed Stored Air System

2.3.1.1 sy

stem Description

A stored air starting system consists of the following basic

elements:

B

n

The pressuxn
by the stax
pressure reg
pressure co
A jet fuel
the pneumat
tank volume
storage tan

Steel
high pressuy
sphere or c
requires a
an internal]

ir Compressor

® Storage Tank

° Pressure Regulator and Shutoff Valve
° Combustor

) TQurbine Starter

°

®

ized air from the storage tank is_&obnverted t
ter as the air expands through the’/starter ti
gulator valve throttles the stoxage tank air
mpatible with the starter turbine design preg
combustor is used with some_Stored air syster
ic energy and to reduce thé required airflow
. Some systems incorporate a compressor to i
ks when the air is depleted.

or filament wound fiberglass tanks are used t
re air. The storagé tank is designed in the
vlinder depending’/on the envelope tolerances.

A fuel
air and th
quantity of
less is the
maximum te
optimum co
starter 1lif

air.
amgunt of air required to perform an engine

wall thickness\ and weld efficiency sufficient
pressure of~some multiple of operating press

alr combUstor can be used to raise the tempsq
provide an engine start with a smaller ston
The higher the temperature that can bd

erature is determined by the required starte

upply Lines, Safety Valve, and Control?Elements

to shaft power
lrbine. A

to a lower
ssure ratio.

s to lncrease
and storage
recharge the

0 store the
shape of a
The tank
to withstand
ure.

rature of the
age tank or

used, the
start. The
r life. The

s

hnmprnmi

e between

e and air consumption.

There are many stored air start systems in current use on com-
mercial and military aircraft including the Boeing 707, 720B, and
KC-135 the McDonnell Douglas DC8-62, the Lockheed Electra 188 and the

General Dyn
and KC-135

amics F=102 and F-106 aircraft.
start systems utilize jet fuel combustors.

The F102, F1l06, DC8-62,
Stored air

start systems are also used for starting various industrial and

marine gas
shown on Fi

turbines,
gure 8.
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FIGURE 8

TYPICAL COMPRESSED STORED AIR START SYSTEMS
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The Boeing 707 on-board system utilizes a 2-cubic foot cylindri-
cal tank to store air at 3000 psig, which is enough air for a single
start of the Pratt and Whitney JT3, JT3D, JT4, or Conway engines,

using a cold gas starter.

The initial 707 aircraft utilized a com-

bustion starter which heated the air to 1000F, the temperature com-

patible with the low pressure turbine starter.

The use

of combustion

or other means of heating the air upstream of the starter reduces the

amount of air consumed.

Both the cold gas and combustion starters

could be alternately used with low pressure cross-bleed or ground

cart air.

The Boeing 720B stored air start system utilizes a combination

high and low pressure air turbine starter.

The starter

incorporates

two sets of
nozzles is
set of cony
Pressure ai
and low pr¢g

For th
alr was ori
Flexible 1i
landing ged
to store tf
valve are n
stoiciometi
nacelle. W
to the syst
feeds the &
of the JT4
reservoir.

ground cart

The Ld
conjunctior
provide a
combustor
since the

g
b
Y
g
b

partial admission turbine nozzles. One set
designed for operation with low pressure dir

r.
ssure air.

le McDonnell-Douglas DC-8 on-board stored air
ginally stored in the landing gear struts at
nes and swivel fittings allowed for movement
r.
le compressed alr. The pressure regulator an
lounted on the bulkhead, and the air is heateq
ric combustion in a combustor mounted in the ¢
ater/alcohol is used 40 cool the hot gas and
tem, The end result, s superheated steam at

asic turbine startér. This system provides

engine with a single filling of the 3000 cub
This starter .can use either low pressure cr
air.

ckheed Electra initially used a 1000F line c
1 with an2=-cubic foot, 3000 psig stored air s
ingle(start of the Allison 501-D13 engine. |
vas also used during crossbleed or ground car
tartér had been designed to minimize air con

provide a }

erging-diverging nozzles provides for operat]
The turbine is optimized for operation wj

High pressure storage tanks are currentljy

of converging
and the other
lon with high
L th both high

system, the
3000 psig.

of the

y being used

1l shutoff

1l by

bngine

add mass flow
/S50F which

for two starts
Llc inch air
bssbleed or

bmbustor in
ystem, to
'he line

Lt starting
sumption and

proper engine assist with the 1000F gas.

Some ground carts utilize a series of 3000 psig air tanks, an
electric heater, and a pressure regulator to provide multiple pneu-

matic starts.
at pressures of 100 to 200 psig is used.

the tank.

For remotely located industrial engines,

Emergency generators driven by a gas turbine

a large tank

Engine bleed air refills

engine on-

board naval ships are started using a cold gas starter with a high

pressure tank of air.
pump up the tank to 3500 psig.

A small diesel engine drives a compressor to
This system can be energized and

controlled with a hand valve and pressure gauge in the event of a
normal control failure.
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2.3.1.2

System Performance

The fundamental problem in designing a compressed stored air
starting system is to determine the minimum tank volume required to

perform an engine start.

It is usually assumed that the s

torage tank

is charged at standard day temperature (59F) and that the tank and
air soaks and attains the ambient temperature at which the start

cycle is performed.
the energy available for a start is

For a cold day

start, the tank pressure and
considerably lower than for a hot

day. The storage tank is therefore sized to provide sufficient
air to complete the engine start at the lowest design point ambient
temperature.
The mass [0of the alr required for an engine start cyGlle is:
M . = M + M .
gag required gas out gas remaining
Rearranging the equation the quantity of air consumed| during the
start 1is:
M . - M .. =M
gag required gas remalning gas out
or
A Mqas - Vt (po - pf)
wiere
oo T initial gas density
°e T final gas dénsity
Vt ¥ required. rank volume
The initial ahd fin&dl gas density is calculated from the following
equation:
| P
¢ Tlzag
where
P = tank air pressure
T = tank air temperature
R = is the gas (air) constant
Z = is the compressibility factor
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The properties of air at high pressures deviate considerably from
those based on the perfect-gas approximation as shown on Figure 9.
The compressibility factor is used to calculate the density of air
at high pressures.

The thermodynamic properties of air are shown on the temperature-

entropy diagram presented as Figure 10.

If the expansi

on process

in the storage tank is assumed to be isentropic and the expansion of
air across the regulating valve is a Joule-Thompson or throttling
process, then the final tank pressure and temperature can be estab-

lished.

This is illustrated on Figure 10 where the initial pressure

and temperature is given and the final starter inlet temperature is

indicated
practice tl
regulation

Exper]
storage tal
except for
long durat
transfer t¢
discharges
valve. Thy
transfer e
an isentroj
depends upq
line lengtl

An ail
process is

FOT a valve regulation pressure or 150 psig.
e start cycle could continue after the valwe

ments have shown that the actual expanSion p
nk and supply line to the control valve is no
very short blowdown durations. However for

jon of an engine start cycle, théré is consid
b the air from the tank and supply line walls
from the tank and through the‘supply line to
prefore the final starter inlet temperature w
Ffects are considered may .be appreciably high
pic blowdown. The deviation from isentropic

bn the duration of the tank blowdown, tank wa
1, line wall thickness; line diameter, etc.

r storage tank that is sized assuming that th
isentropic will result in an oversized tank.

storage tamk size and weight is a critical design param

transfer ej
expansion f
Thompson e:
Since the ¢
transfer e]

Ffects would'have to be considered during the
brocess in, order to size the tank. The assum
kpansionyacross the control valve is an adiab
bxpansion occurs over such a short length, th
Ffects>can be ignored.

2.3.1.3 A

ppticable Specifications

In actual
goes off

rocess in the
n-isentropic
the relatively
erable heat

as the air
the control
hen the heat
er than for
expansion

11 thickness,

o)

expansion
If the

eter the heat
tank

bd Joule-
btic process.
> heat

MIL-STD-14/7F

Compressed Air Characteristics

Supply Pressure and Hoses

Additional military and industrial specifications and standards
applicable to pneumatic starting systems are listed in Society of
Automotive Engineers Aerospace Information Report AIR 1174.
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