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AUXILIARY POWER UNIT

INTRODUCTION

Donald G. Beremand
Lewis Research Center

The Lewis Research Center currently is engaged in a program to
develop the technology for a hydrogen-oxygen fueled Auxiliary Power
Unit (APU) for the Space Shuttle vehicles. APUs are required to pro-
vide all hydraulic power on both the Booster and Orbiter vehicles.
They will also provide all electrical power for the Booster and will
supplement other electrical power sources during the launch, reentry,
and landing phases for the Orbiter. Typical APU requirements are
summarized briefly in figure 1. Peak power levels still vary sub-
stantially in the various vehicle studies and these values are
representative of the low end of the range of peak powers of about
200 to 600 horsepower.

Critical requirements for the APU design imposed by the mission
requirements are the combination of:

maximum power
Large power ratios - —=—•• 2̂ 10:1minimum power

Rapid power transients - minimum power to maximum
power in .075 seconds

Limited operation at peak power < 10% of mission

Peak power operation required from sea level to
orbital altitudes

For reasons of cost, it is desired to provide a common APU for
the Booster and Orbiter vehicles even though the specific requirements
of the two vehicles may vary. In addition, a requirement has been
established that the APU be self-cooling in order to avoid placing
additional cooling loads on other vehicle systems.

In August 1970 preliminary APU design study contracts were placed
with AiResearch Manufacturing Company, Los Angeles, and Rocketdyne,
Canoga Park. Both contracts are two-phase efforts. The Phase I efforts,
completed in December 1970, were aimed at studying and screening candi-
date systems to select a basic system concept. The objective of each
of the Phase II efforts now underway is to generate a detailed APU
design based on this concept. This design effort will be carried
through engineering analysis and detailed layout drawings of the
components and system.

The papers that follow present the major results and analyses
generated in these contract efforts. The authors were requested to
concentrate on somewhat different aspects of their studies to avoid
undue duplication in the presentations.
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"AUXILIARY POWER UNIT DESIGN STUDIES"

W. L. BURRISS

M. L. HAMILTON

AIRESEARCH

TECHNICAL MANAGER

J. P. JOYCE

LEWIS RESEARCH CENTER
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SPACE SHUTTLE APU SYSTEM SELECTION AND PERFORMANCE

by: W,L. Burriss and M.L. Hamilton
AiResearch Manufacturing Company, Los Angeles

INTRODUCTION

This paper presents a portion of the studies performed by AiResearch for
NASA Lewis Research Center under Contract NAS 3-14408. These studies have
synthesized a number of possible system configurations for the Space Shuttle
APU. All of these configurations meet the primary APU requirements, to provide
output hydraulic and electric power to the vehicle in accordance with specified
power and altitude profiles for the booster and orbiter missions. A principal
study requirement is that common hardware be used on both stages of the Shuttle
vehicle.

To select that system configuration best meeting the requirements,
AiResearch has evaluated the performance of each of the candidate APU systems.
Although primary emphasis has been placed on determining the amount of propellant
consumed during a vehicle mission, other performance parameters, such as cost,
reliability, ease of maintenance, etc., have also been considered in the NASA-
supplied evaluation criteria. It should be noted that over 70 percent of the
total APU system weight consists of the propel lant and its storage tanks;
therefore, optimization of propellant consumption is of primary concern.

The evaluation has indicated that recuperated hydrogen-oxygon APU using
high-pressure gas supplied by the vehicle auxiliary propulsion system (APS)
is the preferred concept. A self-contained APU system using high-pressure
propellant storage tanks is a strong runnerup. Because of the strong similarity
in components between these two concepts, and between a low pressure tank pump
supplied APU, most of the information generated is applicable to all three
systems.
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ÛJ

h-
;>
t-O

| ' i

0-
.•_<

CD
2
1— (
2
i — i
r'
o:.
UJ

h-
LU
Q

Ll.
0

0
0

l_
UJ
E

c

TJ TJ
C QJ
ro ui

3
Q
o aj

4-J QJ

CL ^
E
3 Ul
Ul C
C O
o —
O 4-J

ro
4-1 • —
C 3
ro o

1 T—

r— ro
u u
CL
0 TJ
L- C
CL ro

JZ
QJ
f~ >~
4J L.

ro
-C C
Ul —

— E

-Q <—
ro QJ

4-> L.
l/l O-

o •
4J Ul
' QJ

T3 —
QJ U
Ul >•
3 O

0) =3
1- CL.
3 <

TJ
QJ QJ
U 4-J
o ro
1- TJ
CL —

TJ
QJ C
-c ro
4-J O

Ul QJ
OJ JZ
i j ^_j

ro
1_ L-

4-> O
Ul 4-
3

— Ul
— C
— o

1 1 1 1

L. • —

ro TJ
jz c
0 O

o
Ul

-C C
V- —

4-1

ro
u
OJ
0
c

1
I

Q

C
O

—
n

Hi
• - - ,
!

14-

!_. .

C

1
1 —

.a
r.)

• —
• —

ro
::••
ID

' :
C
iT.

•.n
4-J

r
(U
C

O

r
ro

TJ 2

ro -c
•v O

Ul —
L. 4-J

QJ ro
cn i_
C 3
ro cn

-C —
O 4-
X C
u o

o
4-J

ro E
QJ QJ

-C 4-J
l/l

QJ X
JZ ui
4-J

OJ
PX r"

CL 4-J
E
3 CO
CL c

p—
4-J JZ
QJ l/l

" — l ••"
, — .

QJ -D
CL JZ ro
E
O
0

0
JZ
4-J

'—
".:

f~

u
ro
c;

s_
0

< _ .

r
4-1
r-

.—

0
L.

C
D

p—
1/1
(U
T!

i'
-j-j
ro
Ll

X
0
L.

c
0
a;

c,
-£'
_-'

JJ
l/l
—
( —
_Q
ro

4-J
1/1
D

4-1 4-1
l/l

4- QJ
O

O
QJ —
O CO
c o
ro r—
E
L. OJ

o -c
4- 4J
L.

QJ JZ
CL 4J

..—
QJ ^
JZ
4-J L_

QJ
4J JZ
O 4-1

— QJ
TJ cn
QJ O
L. 4->
a

•̂
o c

4-J O

TJ 4-1
QJ ro
ui E
3 L-

o
QJ 4-
L- C
QJ —
2

Ul • —
E JZ
ro |—
L.

o •
O •
L- QJ

CL c
p —

QJ JO
U 1-
C 3
ro 4->
E
1- QJ

0 JZ
4- 4-J

E Q-
ro c

CO
o —
L. ro
CL c

O
QJ —

JZ 4J
1- —

TJ
n

• ro
i

4-> C
c <
QJ
:
O •
CL in
E i '
O C
U QJ

C
QJ O
jz a
4-1 E

O
4- O
o

QJ

• — 4-1
ID

C
CO —
c

— TJ
r— C

nj ro
TJ
O cn
E c
C \ '

ro u
L. 3
CO TJ
O
L. QJ
c; ..r

4-J
QJ
0 C
C —
ro
E ui
1- QJ

O ui
4- Ul
L- O
QJ —
CL

OJ
QJ L.

4-> 3
ro ui

4-J Ul
Ul QJ
1 1_

>- CL
"O
ro 4-
QJ O

Ul Ul
4-1

ro o
QJ

QJ 4-
4-J 4—
ro QJ
L.

QJ OJ
C JZ
QJ 4-J
CO

l/l
O QJ

4-J TJ
3

T! —
QJ U
Ul C
3 •—

th
e

rm
o

-
le

s

QJ J3
4-1 ro
QJ —
, — !_

CL ro
E >
0
O O

•—
QJ £
-c ro
4-1 C.>*
TJ XJ
QJ O
rz E

*— u
ro QJ
i i {-

rO 4J

0
u

4-J 3
ro o
jr 4-
,

4-
ui O
E
ro o
i- 2
CO 4-J

o
CL c

ro
i/i
3 4~
0 O

> c
QJ O

Q. 4J
0

1- C
OJ 3

XJ 4-
C
3 ro

TJ ul
QJ ro
4-)

ro ui
L- TJ
QJ —

C 3
QJ -—
cnu-

QJ O
C —

— c
4-1 U
3 CO
O O
L. >-

J2 1-
3 0
l/l

4-
ro O

in in
ro QJ
2 —

4-i

E i-
ro QJ
L. CL
CO O
O i-
L. CL
CL

O
QJ —

JZ E
4-1 ro

c
0 >-
4-1 TJ

•

• •
4-J

•—
l/l
f_
."j

•a
n
r
m

• -
•

c.
. —
ro

_i__
4J
C
<L

.
.;}
L
3
l/l
:n

.
L.

C.

r,
•_;,

L.

1
,-
ro
u
QJ

C

E
u
- •

4-1
3 4-J

O C
JZ QJ
cn —
13 O
0 E
L. ro

JZ
4-> QJ

JZ
Ul 4-1
4-1
C TJ

— C
O ro
CL

L.

QJ 0)
4-1 2
ro o

4-J CL
Ul

XJ
QJ ro

JZ 0

4- QJ
O JZ

4-1
>^

L- CO
ro c
E —
E >-
3 L.
in ro

>
Q) v ^
4-J

QJ Ul
— C
CL O

O 4-1
O —

TJ
ro c

o
Ul U* —

4-
E 0
ro
L- Ul
CO QJ
0 —
U L.

CL QJ
Ul

OJ
4-> ro
ro

4-1 cn
ui c
i •—
^ c
XJ C
ro 3
QJ 1-
4-1
Ul >-

CQ
QJ

JT
4-1 •

E
4- QJ
O 4-1

l/l
4-J >~
3 Ul
CL

4J Q)
3 -M
o ro

TJ
QJ —

-C T!
1- C

ro
L:

,
-f
.-_•

a
:

3
~

,
L-

4-1
,
-

i—
, —

.
Q
C
_
Q

1
_

4_)

•
11
N

. —
u
ro

3
1/1

4J

rof~ •
4-J QJ

L.

Q. 3
ro ui
£ ui

QJ
QJ 1-
U CL
C
ro 4-1
£ c
1_ QJ

O —

- E
a; ro
CL

OJ

CL. 4-1
<r

TJ
C C
ro ro

QJ !-
4J QJ
ro 2
L. O
QJ CL

Q̂J TJ
cn ro

o
o —
4-1

QJ
QJ J=
i — 4-J
-D
— 4-
ui O
l/l
O C
CL O

Ul 4-1
— O

c
4-1 3
— 4-

^ ro,
QJ Ul
i- ro
3
Ul l/l
Ul 4-1
QJ C
L- QJ
CL E

JZ <U

..2 OJ 3 Ul
TJ _ JZ ui E
QJ ... 4J Ul QJ
i_ -r QJ 4-1

•— j_l <*- I- C/l
3 ^ O CL ̂
CT nj Ul L.
QJ QJ QJ O
L. /-, E CO QJ 4-1

£ O 1- 4-> Ul
QJ i/i ro ro 3

JZ c JZ X! Jj
4-> Jl CO U — E

r> C Ul XJ O
L- „ — — C O
o ,0 -^ TJ ro

14- „ L. O ^
n ro TJ -̂~.

ui X > C OJ CL
oj ro jz o

1 io ^ 4-1 1-
— ._ JZJ •» TJ

4-J 4—

O jj -s 3 O QJi- ._ n a >-
CL c: 4-J ̂  3

d 3 4-J Ul
QJ QJ** O •— i/i

JZ E > a)
4-1 — L- .— L.

4-J • QJ 4-1 CL
JZ c 2 —
4-1 4- O O Ul QJ
— O — CL c O
2 Ul — OJ C

cm ui QJ
CL O — 4J jz
ro — E c QJ —
1~ i ' i - r

O QJ O 4-> QJ
QJ C — CL N
U 3 O QJ —
C 4- — C C Ul
ro Jz cn —
E ro Q) — E co
1- > Ul L. C

O Ul QJ QJ —
4- ro x xi 4-> 4-1
i- c aj o
QJ ^ — -. ro oj XJ 3
CL QJ c XJ

XJ 4- — O
QJ 3 O -O 4-1 4-1

JZ 4-J L. in
4-1 — 4-1 3 QJ 3

4-J C 4-1 i — ro •
E — QJ -Q -C O
O ro E ui — X 4-1
i_ s - co ro ui rjj QJ

4- QJ Ul
QJ l/l JZ O Ul •>

ro L. o CL ro ui
4J 3 JZ 3 Ul
ro in u ui ui jz QJ

x> ui ro — o c
QJ QJ ^ 3 QJ

QJ L. in 4-1 Ul >
JZ CL i- QJ — —
4-1 O — *N 4-J

4-J 4- JO ^ Ul U
cn c ro QJ L. QJ
C QJ C — 1- QJ 4-

— — 0 1 - 3 4 - 1 4 -
c jo •— ro ui QJ QJ

— E 4-1 > ui E
J3 (D n (L) (D *—
E E c i- i_ QJ
O TJ 3 CO CL ro CO
u c in — CL c

ro c i/i E ro
^ O QJ OJ C JZ

J3 4-J O TJ 4-J CO U
3 Ul — X

^ CL 4-J >- X ui QJ
>- 4-1 C 1- Ul QJ

— 3 ro ro TJ 4-1
— o — E E ro
ro •— — 3 ui QJ
C L. Q) !_ E 3 JZ

— OJ D- D. — O
U- 2 O X — -

O i- E ro i- ui
CL CL QJ E ro OJ

4J > Ul
Z3 ID ui TJ ui
Q- Q- >^ c O O
< < in ro 4J r—

u
4-J —
4- ro
ro
i- c
o —
L.

— TJ
ro QJ

in
4- 3
O

QJ
C Ul
CO O

• — f~
Ul 4-J
QJ
xj o

4-1
'_-

O 1-
4- ro

r—
JZ —
u E
1_ —
ro ui
QJ
ui O
QJ in

CH •—

— ro<£
QJ

4-1 L-

ro ro

XJ Ul
QJ 4J
CL C
O QJ
— C
QJ O
> CL
QJ E
TJ O

O
4-1

ro ID
jz a.
4-1 ^

O QJ
4-1 JZ

4-1
L_

ro 4-
— o

E >
— c
ui ro

2:
1/1
. —

<
in ui
ui E
QJ QJ
O 4-J
O Ul
L_ >,

CL ui

r_ P—

ro o
O L.

•— 4-J
4_) £

>- 0
— u
ro
c —
ro ro

4_l

Ul C
QJ

JZ E
1- c

O
L.

•
f
U

.

in
o
LU

4J
!-.„

'l;
u
U

1108



r
O

Q.
<

<

UJ u_
to
UJ
CO

UJ 111
oo.

O UJ
</>
>-
(/)

1109



QJ
U XI
C 01
TO CL
E 0
L. . —

o QJ
4- >
i. QJ
QJ XI
CL

in
4J QJ
C 3
QJ O"
c —
o c
CL x
E i-J
O QJ
U 4-J

XI Ol
c c
TO —E
in E

4-> TO
C 1-

— Ol
O O
CL L-

4-1
in c
E D O
0) U 4-1
4-1

m ^ oi
X in 4-1
m CL TO

E i-
— 30)
O CL 4J
u •—

4-J 4-J

C QJ O
O I 4-J
o

•v E
— in TO
TO 1- L_

4-J QJ Ol
C Ol O
01 C 1-
E TO CL
c x
O O QJ
i- x x

.— QJ 4-1
>
c 4-1 2
QJ TO O

QJ —
4-1 X —

cm- TO

•

•
<

!

i

.

.

.

•

•

•

-

0)
4-J in
TO QJ
4J m
in 3

QJ 4-1
— (— i
U

U •
QJ

E L

OJ 3
4J in
in in
>. Ol
in i-

CL
QJ
X 4-J
4-> C

Ol
in —
4-1 XI

3 E
CL TO
4J
3 XI
o c

E

L- QJ
01 2
0 0
1- CL
CL

Xf
in TO
— O

H "
4-1

-

• CL
l/l C
4-J —
Q_
QJ XJ
O QJ
C; L.
O —
o in

Ol
D XI
4-J
TO >~
XI C
.- TO
XI
C L_
TO O
U 4-

TO •"
i- ZJ in
O Q- QJ
1- < 3

— O-
TO 0) —

X C
U- 4-> X
O 0

i- QJ
C O 4-J
Ol 4-

— QJ
in x> in
QJ QJ QJ
•c u x:

— (-
4J 3
L. O-

O 0> •
CL i- -̂.
Q.
3 QJ U
in in 4-1

O QJ
0 -c

4-J 4-1 ^
UI

U 4-1 C
1— • —

TO 1- XI
Ol TO L.
in — 3
Ol .— 4-1
a: E

< in in
i_

4-J in o
TO 4-J 4-1

C TO
in QJ —
1- C 3
TO O Ol
QJ Q- QJ
^ E L-

Q

O O OJ
— 1-

D 3
4-J N in
in — in
TO — QJ
CL— i-

4-» CL
D 3

^~ «\

4-J x in
U OJ

i- •- >
> 2 TO
O--' >

C U
— o
^^ 4-»

TO
in c
O) u

— Ol
XI 4J

TO —.- TO

TO XI
> C

TO

\- ~
TO QJ
E i-

— 3
i- in
CL in

01
QJ L.
x CL
4-1

4-J

1- QJ
O —

4- C

in
QJ QJ
in —
in N
OJ N
3 O
Ol C

= 01
XJ C
QJ —
4-J XI
TO 1-
O 3
3 4->
XI
QJ ^

= O

X 4-1
4-J TO
• — L_
2

Lu
01\
c o

4-J *\
l_ QJ

4-> 3
in in

m
•s QJ

1- U

QJ CL
2
in QJ
C 01
TO L-

TO
p— X

TO O
c in

•— •—
M- XI

0) QJ
X C
4-> • —

XI
C 1-
O 3

4->
0)
O -<
C 0)
oj in
Ol TO
1- U
01
> in
c • —
o x
O 4->

4-> •
TO in
I- U
01 —
4-> XI
• — TO

•—
X 1-
0 TO
TO >
QJ

TD
4-J QJ
TO 4J
X TO
4-1 L.

01
O 4->
in —

XI >~
QJ --1

4-J m
in 3
QJ O
c —

>
QJ QJ
L. 1-

TO CL

in •—
CL —
O TO
O

f-~ C.
o

01
O Ol
c o
QJ C
Ol QJ
L. Ol
QJ 1-
> QJ
C >
o c
0 0

o
OJ
-c o
1- 4-.

.
• O

Ol 4-<
1- TO
^ L_

4-J QJ
TO 4-1
L- • —

11
CL -0
E QJ
QJ 1-

4-J • —
3

QJ O"
ai o)
U 1-

TO
X QJ
O —
in Xi
.- TO
Xi —

i_
2 t>
0 >^~

4- C
D

C —
— Ol
fm~

O >-
O C
0 TO

O =
— QJ
X N
2 —

\-
in 01
CLXI
TO XI
E 3

Ol =
o
C O
TO 4-1

E
i- in
0 i-

1- 4-J
D O
CL TO

14-
4-
O Ol

p—
in TO
QJ O

.— m
L
QJ Ol
in c

. —
TO in

3
in
TO >~

XI
E
TO L.
i- O
Ol
0 >-
u •—
CL QJ

4-1
QJ D
X .—
4J CL

E
O O
4J 0

4-1 XI
3 D
CL 01
c c

— TOX
Ol O
l_
TO Ol

C

TO —4-J QJ
TO XI
"U

>~
QJ XI
O
C 1-
TO 0)
E -c
1- 4->

O —
4- QJ
L.

01 »>
CL ^

r—
4-1 .—
c in
QJ TO
C QJ
O
CLXI
§ QJ

L.
O D

4-J
Ol —
X TO
H-

01

.

1

1

2

in QJ
CL Oi
TO TO
E i-

O
I/I 4-1
TO in

X) U
01 QJ
1- 4-J
O 3
4-J CL
in E

O
O u
in

— 4-
ro o

QJ in
1- 01
TO 4-J

>*
TO XI

4-J

TO O
x> o

0
o ^

— 0
E —
TO
C 4-)
>- 3
Xi 0
o xi
E TO

QJ in
X OJ
4-> in

3
U
QJ CL
4-J TO
TO E
2

X) —
C 3

TO —4-
•̂

C X
Ol O
Ol TO
>-LU
X
0

~ E
C TO
D 1-
01 01
O O

XI CL
>-

X QJ
x:

U 4-1
X
1- >-

XI

E '01
QJ QJ
4-1 t-
in
> Ol
in c

•—
4-J 4-1
O TO
TO 1-
X 0)
D CL

O
4—

O QJ
4-1

C 0)
O —
— CL
4-« E
TO O
C U

'i QJ
1- X
QJ 4J
4-J
Ol 4-J
XI 3

O
in x
2 en
O 3

— 0
, — i_
TO X

4->
4-1
*— ^in
4-1 CL
TO TO
-n E
4-1

01
01 O
I- C
TO TO

E
E >-
TO O
I- 4-
Ol 1-
O 01
i- CL
CL

QJ
in x

• — 4-J
X
4-> 4-

O
4-
O >-

O
in TO
D 1-
ai 3
TO O

4-> 0
C TO
TO
> U

X3 X
TO 4->

— C
TO —CLX
.- 4->
u .-
c 2

u
CL 11

O
D C
X TO
1- E

u

XI X
oi E o

4-> TO 3
c i- in
3 01
O O 4->
U \- TO
U CLX
TO 4-1

0)
— X XI
.— 4-J QJ
TO 4->

•V O

QJ in c
1- QJ

TO — QJ
4-J XI

I l_

O Ol XI
4-1 CL —
01 O 3

i- O
•s CLX

in in
CL U
O "~ 4-J
i- E 1-1
XI TO

c
0) >^ •
i- xi in
3 O 4-J
in E TO
in i- QJ
Ol QJ X
1- X
CL 4-1 o•_

4-> XI 4-
c — —
QJ 3 U
C — 01
O M- CL
CL in
E —
O TO XI
03 —

4J 3
•V O —in TO 4-

Ol
in 01 u
in c —
O — c
— in D

3 Ol
ai o
c ^ >
.- J3 u
4J U
O ->
3 >- C
XI ^~ «~

1—
in TO in
TO C OJ

O Oi
in — c
Ol 4-> TO

r— •— X

xi xi u
TO XI

— < 01
1- Ol
TO 1-
> • TO

E —
X TO
0 1- QJ
3 O1X

1/1 O 4-1
1_
CL 1-

O
ID Ol 4-
0. X
< 4-J in

4->
11 C C
X — 3
4J O

1- O
4- O O
o 4- as

u

•

-

.

u •
— in
4-1 Ol
in —
— XI
X TO
CL —
O 1-
in TO

>
r—

TO 4-
U O

4-1 I-
X QJ

— XI
TO E
C 3
TO C

1110



uiiS
z Pis

LU
O
Z
<
s
cc
ou.
CC
UJ
GL
UJ

O
O
CC

O CL

LU

N
 

V
 

FO
R

 
U

N
IV

A
C

 
11

08
 

C
O

M
P

U
TE

R
, 

U
S

E
S

 
13

 S
U

B
R

O
U

T

2

AM
 

W
R

IT
TE

N
 

IN
 

FO
R

T

£
Q

s
<
cs

*

.

M
a

I
O

1

•UJ
u
r

FF
-D

E
S

IG
N

 P
E

R
FO

R
M

A

H 0
J\ H"

ZT UJ

> I
K 2

1 8
Q.

1E
SS

U
R

E,
 

TE
M

P
E

R
A

TU
R

E
, 

E
N

TH
A

LP
Y

, 
D

E
N

S
IT

Y
) 

FO
R

1

Y
N

A
M

IC
 

P
R

O
P

E
R

TI
E

S
(Y

G
E

N
, 

A
N

D
 W

A
TE

R

55 ^^iĵ p
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â.
•H
E
FH
i
P
U•o
D
B

•H
FH
ft

0
43
+J

X
•H

1)
N

•H
El

FH
1)
P
FH
c«
•P
T:

M
d
D
FH
u

43
-,

n
Q)
p

•H
P

TJ

FH
d
-p
n
-^
•H
ft
d
FH

M
3
•H
13
•H
d
—
P
d
(3
•^

1214



o
o

O
o
CNJ

o 5o «/»
0)

o .1

O CD

C/3

o
CN

i. O
5 H-t. a.

5 ^CO ro

•o §
^ o-
« o•*-• ,°

CO h-

CO LLJ
DC

1Z15



M
rH

H

1
U

1

-
.
H

—-
d

"a
-,
:
H
P
C
.

g
*<

•

: •
P
•-
rH
--

42
id

•H

rH

0
H

HI
-rH

PS
0

-H
p
d
.
-
•H

P!
G
U

'
•H
- :

d
p
i
~

•H

d
P' j

d
J
H
—
H
;:
'- ;;

•H'
n
p
•/.
g
B
o>

+1

H
0]

<H

M̂

.
—
—
-
3:~

.

P

-
0
-

a
H

• i
-
r.
X
D

• • •
d
0]
r-

:
:
: -
t
-

rl

Q<

9)
FH

P
H
rr
•n
C
od
H

— 1

M

B
d

01

_>

91
:
d
^
p
0
p;
ca
P—
od
y

•̂H
d
-r
(d

3
0

•H
P
C
0)

0
u

c
p
u
d

;_;
:.,
Q

P3
•J

^H
— i

d

-H

-

C
•n

j.
•H
m
>
r-

a
cd

1 ;

91
-
-

P
rH

d

fj

—
0

—
d

HP

•••
d
3
a
j

1 -

0
rH
ft

9)

^
U
d
0
FH
r— .

A
d
:
" <

EH

•
•r:
.

O
.,-1

'3

li
a
b
il
it
y

j
rH

.

3

:
:-,

1
91
d
/
d
t

HI
p

(3
•H

;_

0
p
u
d
"H

FH
-

P
C

.

01
H
01

^

a
0

01
uc
u

•H
:_H
0
5,
K
01
,_•
X

d
ft
c
c

-J
0)
•r
d
a

*

a
0)-
rrj
3
rH

d
'j

0)
rH
0a

ig
n
it
io

n

p
-
d
-
t3
3
--

11
rH

od
U

0
H

9)

a
0)

e
•

0
•H

(3
0)
-J
p
-
u

•H

u
ft

— :
U
p]

id
'

-

0
::

1)
-

—

]J

; . )

-̂ '
P

*--

P
rH

3
!/i

9)
rH

d
•(.
gj

*o
cd

X
:-'

1
rl

H
:

0
H
P

-

43
' - • •
•H
43

O
+.

•-,
0

-

:;
U
,:

n
-
0

•H
-J
•Haa
c:
c^
rH

a
0)-
d
u-:

-
•H

II
-
01
.•:

FH
,":

P

FH
d
p
n

a
01• »

•H
m
,.

rH
43
d
P
•H
3
X

1

-
::
d

e
D
P
•j.

on

V
r-.
'

3

't '
•"

2
: •

'-
rH

P
od
rH

C
-
1
•u

B
rH
H

rH
11
3

j
on-^
u
u
FH
ft

;
FH
Q

-

'

.

D
H
- -

rH
1)
•=

'

--H

1

•
M

0
-
:-:
Q

rH
H

, — i

11
3

FH
01

6
ft
ii — i

rH
-

>^

:
-

n
B
11
P
,
.
•

H
:
:_
p
:
0
U

—
91
'--
H

-
G
j

FH
FH
3
U

.
43
r-

•

d
-

FH
ad

g
H
^
FH
cd
—
":'.

11
43
p
c
•H

P
-:
Q]
- -

i.
ci
":

•H

—
PS
rt
-

•H.
-_j

•H
:-
rf

•H
HI

-^

P
PS
01
:/;
0
FH
ft
01
FH

11

:

a
g|

•H
H
Q,

0
--u

1)

d
y
11

FH
;-
P
d
l)
H

- j
ri
3
0
p
•H

aa
d
n

-H

43
p

j
-J
'.
X
x

QH
*—'

-
0
H

FH
11

J

0
43

r-

a
0

•Haa
d
;,':

H
43
p

a
91
pj
:
FH

d
: - .

P

0pi

g
H
-
1
-
l-i

!
C

rH

d
u
-
r-

-
d
ft

•H

91
--

.-,
--

j

K,

P

•H
rH
•H
42
n
-

, — i
1)

FH

- 1-
p
•H
-1

rH
od
-
'J:

0

:—c
p
n

11
43
P

P
od
43

j
P
crj
u

•H
a
-H

-
•H
a

CQ
•H
n̂.j, — j
~
P
d

1)
p

-^
H

cd

H
3
od
—

a
...
PS
d
ft
:-••

-
•

:

43
-
...
-:

^_

1)

43
-
E
-
:
-

0
p
C
•0

-
£

a
•H
P
DO
-
P

a
-p

3—-
d
43
-

a
a1

G
p

0u
1
~

n
d

P
-
p

>
rH
P

^0)

D1

DE
G
0u

•
-

0
H
d

-
/;

•H
m
rH

a
od

9)
01
rH
P

1216



00

H§
CO —
UJ H

co
LU
H
Q
LU
H

00

i = *CO

>
K
J

DQ
<

LU
DC

CO

CO
>
_l
<

LU
LU
CC
h-

H-
_l
D
<
LL

00

'</>

it
a

ti
v
e

 a
na

ly

**
c
03
3
O"
k.
o

M-

oo
oo
03

CQ

•

Wi

0)
"D
<D

tc
'5)
c
0)
H-
o
00
03
0)

03

"03

[-P
VB

o
00
Qi>*̂

• •T"
o_i

c
(D
û
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û
•H

43

P
X
•H
X
0

X
0
•H

p
•H
rH

•H
0
d
<H

^ ,
rH
P
rt
0
FH

jj

13
rt
rt

-
rH
3
0

DQ

H

5
__

i — i

C
0
•H
P

v
ib

ra

•d
a

p
•H

0
c

13
V
p
a
g

•H
^j

X
OJ

(J
p
OJ
FH
FH
3
U

91
43
P

43

P

0
43
H
d

13
0
P
d

rH

g

0

0
43

•0
rH
D
0
A
X

4-)

rt
o

0
M

•H

5

•d
d
X
C
C

•H
P

d
FH
P
X
rt
0
P

0
13

ET
•H

FH
rt
p
X
FH

•rH
rt

i
h
0
•H
rH
rH

d
0

13
01
•P
rt
^Jn
yi
-v

•

%
H
-O
c
FH
&

_|_J

^cd
0
•H

"H
•H
rt
bC
•H

d

p
C
0)
M
o
IH
a
0
FH

0
P

FH
d
0a
d

p

§

X
C
C

•H

—rt
"TTrt
p
. •

0u
0)
FH

T
h
e
s
e

»

rt
d
rH

p

rt
0

•H
p

d
U
•H

•H
rH

d

C"1

0
43

c
-H

a
a
•H
rH

a
0
FH
ft

at

o
FH
rt

X
0)
X
^

rH
d
rt
d
>,
P
•H
rH
•H

d
•H
rH
0
FH

FH
0)

+J
rH

3

>
X
-
S

^ "]

f̂
1

W

!̂
0
H
•d
01

T3
•H

0
rH

P,

c
0)

s
P
rt
43

1220



LJLJ

a
LJJ
z

z
LLJ

^j
Z
LU

LJJ
CO
<
CO
LL

O
^̂ H

IO
R

 Q
U

A
L

IF
IC

A
T

IO
N

cc
Q.
tf\\n
LU^--
^>
D
CO
C/5

F
L
IG

H
T

 T
E

S
T

O
R

 T
O

 H
O

R
IZ

O
N

T
A

L

cc

ĥ-
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GP 71-103

AIRBREATHING ENGINE STUDIES
FOR

SPACE SHUTTLE APPLICATION

Prepared By: H. G. Moore
Pratt & Whitney Aircraft
West Palm Beach, Florida

Contract: NAS3-14403
Arthur J. Glassman, Project Manager

Baseline concepts of both the booster and orbiter stages of the Sp^ce Shuttle

presently require recovery and landing to be accomplished in a manner similar

to conventional aircraft. To complete this portion of the mission, and provide

booster flyback, airbreathing engines must be provided.

Since June 30, 1970, Pratt & Whitney Aircraft (FRDC) has been under contract

with the NASA Lewis Research Center to conduct studies of hydrogen fueled air-

breathing engine for the Space Shuttle. As of March 11, 1971, major tasks of

this study have been completed. Hydrogen fuel was initially selected as the air-

breathing engine fuel because of payload sensitivity to booster cruise fuel

weight and vehicle inert weight. Since initiation of this study contract, the air-

breathing engine fuel has been changed to JP-4. The magnitude of this change

on total vehicle Gross Liftoff Weight (GLOW) is still being studied, however,

preliminary results have indicated that GLOW may have increased as much as

1,000,000 pounds due to the change to JP-4. The costs associated with the

increased weights may prove to be greater than costs required for a hydrogen

fueled airbreathing engine system. Potentially large GLOW differences have

prompted completion of the hydrogen engine studies to identify new technology

areas, required engine modifications, and estimated costs. It is noted that

much of the design study work in areas such as space proofing the lubrication

system, in-flight starting, hot section trades, etc., are applicable to either

JP or H2 fueled Space Shuttle airbreathing engines.

This presentation reviews the study results and conclusions obtained from the

hydrogen fueled airbreathing engine studies.
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â

£
cd
CO

• r--

5
p£-4

en

fu
el

 c
o

n
su

m
p

ti
o

n 
(T

A
lt

ho
ug

h 
sp

ec
if

ic
eh

ic
le

.

>

|
LT.

C

C

X

|

CO
B
0
E

CO
•—.^
—
—
cd

• — i

rH
O,s.

er
 c

ru
is

e 
m

is
si

o
n

, 
J

—
0
c

43

£

1
03

— -0
P

r:

tf
E
O
E
0

£
H

_C
"
-
-

to
T.
cdd

43

§
43

1
UH
0
'/'
&

n
st

al
le

d
 e

ng
in

e 
w

ei
g

..— i

-
CO

B
£
cu

c_

• — .
J

0
E

c
"3

E
03
bep

'O

43

1, — i
B
5

1
cd

g
X
c
i~
7- —
m
-?

o
o

st
er

 c
ru

is
e 

ra
n

g
e

43

|

oo
CD

£
5
CO

co

— 1

p
co
c

u

M

'co

E
CO^^
co
CO

—cd
£
—
K
fe

te
 b

o
o

st
er

 s
tu

d
y 

sh
oi

h
y

d
ro

g
en

 f
ue

l.
 

T
t

£
'£
u
v
EH
o

-r-

CO

n
43

E

I
cd

E
E

•-
Q
C

CO
£

••
c
•3cd
to
CO
cd

—0
p
b£
E
-
-

•ga
cd

>
0

. — i• — i
cd
E
co
0-

jj
a
E
CO
(H
CO

——•FH

-c

3

0
I — 1
a

1
>
03
£
42

|

B
C
co
£
0

43
0
cc. —
-
^
3

O
• 1—1
43

E

-.-

ft
PQ

0t —
— '
-
cr
E

B
E
0
a
0

i
S
a

'cd
£~

£
03_T

—COI
CO

*cl

th
e 

ai
rb

re
at

h
in

g
 e

n
j

3 
d

ia
m

et
er

. 
S

in
ce

r*

'So
E
I)

f.
""

CO

o
—c:

• i— i

"S
E

L

co

-

a
CH

1

I

E
C
'^
cd-a
a
co

E
• F^

br
E
C

O
—J0

E
n

-,— <

~
. — i< —
cd

h
-j
E
0
CO-
bi
E

''11
fl
~

—
+J
ao

rb
of

an

3
-

CO_J
CJ

£
cd
.— i

—
i —
~

£
:/.

C5
•r^

cdr~
CO

cd

-5'

j
CO

-E

n
. 

A
cc

o
rd

in
g

ly
, 

t

0•i— i+jcd

a
T

E
•!— 1

CO
E

Jr.

(U

•
CJ

""T1

• i—i
n 

fu
el

ed
 b

o
o

st
er

 v
eh

COtu
h1
£

—

'~
CO
-J
co
CO

43
-j.

03
E

I'
CO

1236



O o
oo O
r-v •fl-
ex cs

C
(Q 00

L.

0>

«/)
0
0

CO

E
3

E
4-j
a
0
o• —•*-•
03

CC

</>
</>
CD
a
>

CO

5
0

c
0
CO
CO

^̂̂
0)
•t-1
CO

0
0

OD

09
CD
c
CO

CC
i

CO
CO
0
vJH

U
£
D)

I

C
0
0

ii

0

•M
03

CC

0)i-
3
CO
CO

0)
k-

Q_

^_

0
CO
CO
flj
Vi/

l_
a
E
0
U

ra
cc
D
L.

3
to
CO
0)
U

0-
c

C/)
CO <

Q.

CD

(M

C
O

O (D

O

00

o
Q
LU

O
C
o
O

(O UJ -
7 -9 LU

LU> S
I- D
< u.
_i
LU
CC

I

£ SS i

ofl |
e
5§

1237



B w
feN i—i

w O
!5W E

S§^2
W §

^§
go

-
:

:
-

-
:

<a
c

-

'}.
'
:

X
-•

se
p

ar
a

i->
c

'C ^

«I

o
UJ

fl Oo o
.2 ~°
!H CDa a
11o
... coo .—

!l
O CO«« rt
CD g
fl
O CB

BO
CJ

U 2
M EZ
CD ^

1
7.
0
a
^^
c
u

o
^ 13•p >

cj_, CD
O t3

le

CD X!

H
'CD 2
> 13
0 O
P 5=

03

g
O O

S 1

a s& -s

_=

1

CD CD
•^ £-i
•^ oj

o>

a S

•g
D,

-0 .S

OD CD

CD &

I 3a -a
g CD
o "o
O —H

45

pq

a) S.s g

«a
•a

O,
0

§

o o
-M -M

>» 0
•4-" i—i

t* ,̂

E
3J
'/.

I

§

nj

0
0

>

s I
0 .5
o I

S to
CD -*->

of rt
Q, rfl

.2 -2
3 g

--i

a
;

:
•j
:_

'—
r

d
-I.

-2o
g
W

s

0) 0)
> >

CD O
S

'So rt

C CD
CD X!

1238



_<u
o O

_E °oj oo

E
E
o

<D

LO

ID

Q

H
<

<* CC

CO

— IN

CO
CO
<
CL
>
CD

O
O
<±
+

sai avoiAVd vii3Q

0
0
<tf

0
0
00

0
0
CN
«~

0
0
CD
«—

0
0
0
CN

!

0
0
'̂ ~
CN

1

• •

C
0

'(/)
D

"o
C
0
0

O
.̂J

CD
CC
(/)
(/)
CD
CL
>

00

g
0

C
0

E
E
0
O

k_
o

*4-

E
3

£
-«-»
a
O

0)
c
'o:
c

LJJ

0
^
IÊ_
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