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Abstract.  From 1999-2006, the NASA Glenn Research Center (GRC) supported the 
development of a high-efficiency, nominal 110-We Stirling Radioisotope Generator 
(SRG110) for potential use on NASA missions, including deep space missions, Mars 
rovers, and lunar applications.  Lockheed Martin (LM) was the system integrator for the 
SRG110, under contract to the Department of Energy (DOE).  Infinia Corporation 
(formerly Stirling Technology Company) developed the Stirling convertor, first as a 
contractor to DOE and then under subcontract to LM.  The SRG110 development has 
been redirected, and recent program changes have been made to significantly increase the 
specific power of the generator.  System development of an Advanced Stirling 
Radioisotope Generator (ASRG) has now begun, using a lightweight, advanced convertor 
from Sunpower, Inc.  This paper summarizes the results of the supporting technology 
effort that GRC completed for the SRG110.  GRC tasks included convertor extended-
duration testing in air and thermal vacuum environments, heater head life assessment, 
materials studies, permanent magnet aging characterization, linear alternator evaluations, 
structural dynamics testing, electromagnetic interference (EMI) and electromagnetic 
compatibility (EMC) characterization, organic materials evaluations, reliability studies, 
and development of an end-to-end system dynamic model.  Related efforts are now 
continuing in many of these areas to support ASRG development. 



1

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Fi
na

l R
es

ul
ts

 fo
r t

he
 G

R
C

 S
up

po
rti

ng
 

Te
ch

no
lo

gy
 D

ev
el

op
m

en
t P

ro
je

ct
 fo

r t
he

 1
10

-
W

at
t S

tir
lin

g 
R

ad
io

is
ot

op
e 

G
en

er
at

or
 (S

R
G

11
0)

pr
es

en
te

d 
at

 th
e

20
07

 S
pa

ce
 T

ec
hn

ol
og

y 
A

pp
lic

at
io

ns
 In

te
rn

at
io

na
l F

or
um

A
lb

uq
ue

rq
ue

, N
M

Fe
br

ua
ry

 1
3,

 2
00

7

by
Je

ffr
ey

 G
. S

ch
re

ib
er

 a
nd

 L
an

ny
 G

. T
hi

em
e

N
A

S
A

 G
le

nn
 R

es
ea

rc
h 

C
en

te
r

C
le

ve
la

nd
, O

H



2

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

D
ev

el
op

m
en

t o
f t

he
 S

R
G

11
0

•
10

0-
W

 c
la

ss
, h

ig
h-

ef
fic

ie
nc

y 
po

w
er

 s
ou

rc
e 

fo
r 

N
A

S
A

 S
pa

ce
 S

ci
en

ce
 m

is
si

on
s

–
U

nm
an

ne
d 

M
ar

s 
ro

ve
rs

 fo
r l

on
g-

du
ra

tio
n 

m
is

si
on

s
–

S
pa

ce
cr

af
t e

le
ct

ric
 p

ow
er

 fo
r d

ee
p 

sp
ac

e 
m

is
si

on
s

–
P

ot
en

tia
l f

or
 lu

na
r d

is
tri

bu
te

d 
po

w
er

•
In

fin
ia

de
ve

lo
pe

d 
th

e 
Te

ch
no

lo
gy

 D
em

on
st

ra
tio

n 
C

on
ve

rto
r u

nd
er

 c
on

tra
ct

 to
 D

O
E

 s
ta

rti
ng

 in
 1

99
8

•
Te

ch
no

lo
gy

 R
ea

di
ne

ss
 A

ss
es

sm
en

t i
n 

19
99

•
LM

 w
as

 s
el

ec
te

d 
as

 th
e 

S
ys

te
m

 In
te

gr
at

io
n 

C
on

tra
ct

or
 fo

r t
he

 S
R

G
11

0 
in

 M
ay

 2
00

2
•

Fl
ig

ht
 d

ev
el

op
m

en
t c

on
tin

ue
d 

at
 L

M
, I

nf
in

ia
, a

nd
 

G
R

C
 w

or
ki

ng
 in

 p
ar

tn
er

sh
ip

 th
ro

ug
h 

20
05

•
N

A
S

A
 G

R
C

 p
ro

vi
de

d:
–

Te
ch

ni
ca

l c
on

su
lti

ng
 fo

r D
O

E
/L

M
–

In
-h

ou
se

 s
up

po
rti

ng
 te

ch
no

lo
gy

 d
ev

el
op

m
en

t p
ro

je
ct

Sy
st

em
 In

te
gr

at
io

n 
C

on
tr

ac
to

r

M
is

si
on

s
M

is
si

on
s

O
th

er
O

rg
an

iz
at

io
ns

Te
ch

ni
ca

l C
on

su
lta

nt
St

irl
in

g
Ex

pe
rti

se

S
tir

lin
g

S
up

pl
ie

r

Su
pp

ly
 P

ow
er

 
S

ys
te

m

St
irl

in
g

R
ad

io
is

ot
op

e 
G

en
er

at
or

 (S
R

G
) T

ea
m

Sy
st

em
 In

te
gr

at
io

n 
C

on
tr

ac
to

r
Sy

st
em

 In
te

gr
at

io
n 

C
on

tr
ac

to
r

M
is

si
on

s
M

is
si

on
s

M
is

si
on

s

O
th

er
O

rg
an

iz
at

io
ns

Te
ch

ni
ca

l C
on

su
lta

nt
St

irl
in

g
Ex

pe
rti

se

S
tir

lin
g

S
up

pl
ie

r
S

tir
lin

g
S

up
pl

ie
r

Su
pp

ly
 P

ow
er

 
S

ys
te

m

St
irl

in
g

R
ad

io
is

ot
op

e 
G

en
er

at
or

 (S
R

G
) T

ea
m



3

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

G
R

C
 S

up
po

rti
ng

 T
ec

hn
ol

og
y 

fo
r t

he
 S

R
G

11
0

•
C

on
ve

rto
r p

er
fo

rm
an

ce
 v

er
ifi

ca
tio

n
–

E
xt

en
de

d 
op

er
at

io
n

–
C

on
tro

lle
r t

es
ts

–
Th

er
m

al
 v

ac
uu

m
 te

st
•

H
ea

te
r h

ea
d 

lif
e 

as
se

ss
m

en
t a

nd
 m

at
er

ia
ls

 
st

ud
ie

s
•

M
ag

ne
t a

gi
ng

 c
ha

ra
ct

er
iz

at
io

n 
an

d 
lin

ea
r 

al
te

rn
at

or
 a

na
ly

si
s 

an
d 

te
st

in
g

•
C

on
ve

rto
r s

tru
ct

ur
al

 d
yn

am
ic

s
•

E
M

I/E
M

C
 re

du
ct

io
n 

an
d 

ch
ar

ac
te

riz
at

io
n

•
E

va
lu

at
io

n 
of

 c
on

ve
rto

r o
rg

an
ic

s
•

R
el

ia
bi

lit
y 

ev
al

ua
tio

n
•

E
le

ct
ric

al
 in

te
rfa

ce
•

Th
er

m
od

yn
am

ic
 a

nd
 s

ys
te

m
 d

yn
am

ic
 a

na
ly

se
s



4

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

S
tir

lin
g 

C
on

ve
rto

r T
es

tin
g 

at
 G

R
C

•
E

xt
en

de
d 

O
pe

ra
tio

n 
of

 T
D

C
’s

#1
3 

an
d 

#1
4

–
B

ui
lt 

un
de

r Q
A

 s
ys

te
m

, b
ut

 n
ot

 h
er

m
et

ic
al

ly
 s

ea
le

d
–

Lo
ok

 fo
r i

nd
ic

at
io

ns
 o

f c
ha

ng
e 

in
 o

pe
ra

tio
n

–
Te

st
 c

ap
ab

ilit
y 

w
as

 d
ev

el
op

ed
 fo

r 
•

24
/7

 o
pe

ra
tio

n,
 w

ith
 c

on
tro

l o
f T

ho
t, 

Tc
ol

d,
 a

nd
 T

pv
•

M
ea

su
re

m
en

ts
 o

f t
em

pe
ra

tu
re

s,
 p

ow
er

, v
ib

ra
tio

n,
 e

tc
•

A
na

ly
si

s 
of

 w
or

ki
ng

 fl
ui

d 
co

m
po

si
tio

n
–

Fi
rs

t o
pe

ra
te

d 
in

 A
pr

il 
03

–
E

xt
en

de
d 

op
er

at
io

n 
be

ga
n 

in
 J

un
e 

03
 fo

llo
w

in
g 

40
 

ho
ur

s 
of

 c
he

ck
 o

ut
–

B
y 

O
ct

ob
er

 0
3,

 a
fte

r 2
,3

00
 h

ou
rs

 o
f o

pe
ra

tio
n,

 
pe

rfo
rm

an
ce

 w
as

 d
ec

re
as

in
g 

ve
ry

 s
lo

w
ly

•
Lo

ss
 o

f ~
0.

5 
W

 p
er

 1
,0

00
 h

ou
rs

•
Th

e 
w

or
ki

ng
 fl

ui
d 

ha
d 

in
cr

ea
si

ng
 le

ve
ls

 o
f a

rg
on

 a
nd

 
ni

tro
ge

n
•

A
rg

on
 c

am
e 

fro
m

 a
n 

in
su

la
tio

n 
lo

ss
 te

st
•

S
pe

cu
la

te
d 

th
at

 in
cr

ea
si

ng
 le

ve
l o

f n
itr

og
en

 a
nd

 
pe

rfo
rm

an
ce

 c
ha

ng
e 

w
er

e 
lin

ke
d

Im
pu

rit
y 

C
on

ce
nt

ra
tio

ns
 in

 T
D

C
 #

13

05010
0

15
0

20
0

25
0

30
0

35
0

40
0 0.

0
50

0.
0

10
00

.0
15

00
.0

20
00

.0
25

00
.0

R
un

 T
im

e,
 H

ou
rs

Concentration of CO2, H20 and N2, ppm in He

05101520253035404550

Concentration of Ar, ppm in He

N
2

A
r

H
2O

C
O

2

B
la

ck
ou

t



5

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

S
tir

lin
g 

C
on

ve
rto

r T
es

tin
g 

at
 G

R
C

•
A

rg
on

 p
ur

ge
 ri

ng
s 

w
er

e 
ad

de
d 

ov
er

 th
e 

bo
lte

d 
fla

ng
es

•
N

itr
og

en
 c

on
ce

nt
ra

tio
n 

an
d 

pe
rfo

rm
an

ce
 le

ve
le

d 
of

f, 
ar

go
n 

ro
se

 m
or

e 
qu

ic
kl

y
•

P
ur

ge
 g

as
 w

as
 c

ha
ng

ed
 to

 h
el

iu
m

 in
 a

fte
r 5

,8
73

 h
ou

rs
•

O
pe

ra
tio

n 
co

nt
in

ue
d 

th
ou

gh
t A

ug
us

t 0
4,

 a
t 9

,0
45

 h
ou

rs
 m

ov
e 

to
 n

ew
 fa

ci
lit

y

•
O

pe
ra

tio
n 

co
nt

in
ue

d 
un

til
 s

hu
td

ow
n 

fo
r h

er
m

et
ic

 s
ea

l w
el

di
ng

 in
 J

an
ua

ry
 0

6 
af

te
r 1

9,
10

8 
ho

ur
s

–
Fi

ll 
tu

be
 w

as
 n

ot
 s

ea
le

d 
to

 a
llo

w
 a

na
ly

si
s 

of
 w

or
ki

ng
 fl

ui
d 

co
m

po
si

tio
n

•
V

is
ua

l i
ns

pe
ct

io
n 

of
 in

te
rn

al
 c

om
po

ne
nt

s 
sh

ow
ed

 n
o 

si
gn

s 
of

 w
ea

ro
r 

de
gr

ad
at

io
n

TD
C

 #
13

 P
ow

er
 O

ut
pu

t, 
M

ea
su

re
d 

an
d 

Em
pi

ric
al

 C
or

re
ct

io
n

y 
= 

-0
.0

00
5x

 +
 6

6.
60

5

y 
= 

-0
.0

00
2x

 +
 6

5.
62

y 
= 

8E
-0

5x
 +

 6
4.

25

63
.0

64
.0

65
.0

66
.0

67
.0

68
.0

69
.0

0
2,

00
0

4,
00

0
6,

00
0

8,
00

0
10

,0
00

Ti
m

e 
(h

rs
)

Power Output (Wac)

M
ea

su
re

d

C
or

re
ct

ed

Im
pu

rit
y 

C
on

ce
nt

ra
tio

ns
 in

 T
D

C
 #

13

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

0.
0

10
00

.0
20

00
.0

30
00

.0
40

00
.0

50
00

.0
60

00
.0

70
00

.0
80

00
.0

90
00

.0

R
un

 T
im

e,
 H

ou
rs

Concentration of CO2, H20, Ar and N2, ppm in He

N
2

A
r

H
2O

C
O

2



6

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

S
tir

lin
g 

C
on

ve
rto

r T
es

tin
g 

at
 G

R
C

•
TD

C
’s

#1
3 

an
d 

#1
4 

ar
e 

cu
rr

en
tly

 a
t 2

7,
04

4 
ho

ur
s

•
A

pp
ea

rs
 to

 b
e 

no
 d

eg
ra

da
tio

n 
ot

he
r t

ha
n 

du
e 

to
 in

iti
al

 o
pe

ra
tio

n
w

ith
 

ox
yg

en
 p

er
m

ea
tio

n

•
V

ar
ia

tio
ns

 in
 p

er
fo

rm
an

ce
 a

re
 m

os
tly

 th
e 

re
su

lt 
of

 th
e 

op
er

at
in

g
po

in
t

•
N

o 
si

gn
 o

f w
or

ki
ng

 fl
ui

d 
ch

an
gi

ng
 d

ue
 to

 o
ut

ga
ss

in
g

or
 d

ec
om

po
si

tio
n 

of
 

th
e 

or
ga

ni
cs

01020304050607080

0
5,

00
0

10
,0

00
15

,0
00

20
,0

00
25

,0
00

Ti
m

e 
(h

rs
)

Power Output (W)

TD
C

 #
13

TD
C

 #
14

0510152025303540

0
5,

00
0

10
,0

00
15

,0
00

20
,0

00
25

,0
00

Ti
m

e 
(h

rs
)

Efficiency (%)
TD

C
 #

13
TD

C
 #

14



7

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

S
tir

lin
g 

C
on

ve
rto

r T
es

tin
g 

at
 G

R
C

•
TD

C
’s

#1
5 

an
d 

#1
6 

st
ar

te
d 

ex
te

nd
ed

 o
pe

ra
tio

n 
in

 M
ar

ch
 2

00
5

•
O

pe
ra

tio
n 

be
fo

re
 h

er
m

et
ic

 s
ea

l w
el

di
ng

 w
as

 a
t r

ed
uc

ed
 te

m
pe

ra
tu

re
s

•
H

er
m

et
ic

 w
el

de
d 

O
ct

ob
er

 2
00

5 
at

 4
,4

13
 h

ou
rs

•
N

o 
si

gn
 o

f w
or

ki
ng

 fl
ui

d 
ch

an
gi

ng
 d

ue
 to

 o
ut

ga
ss

in
g

or
 d

ec
om

po
si

tio
n 

of
 

th
e 

or
ga

ni
cs

•
C

ur
re

nt
ly

 a
t 1

3,
00

9 
ho

ur
s

01020304050607080

0
2,

00
0

4,
00

0
6,

00
0

8,
00

0
10

,0
00

12
,0

00

Ti
m

e 
(h

rs
)

Power Output (W)

TD
C 

#1
5

TD
C 

#1
6

1618202224262830

0
2,

00
0

4,
00

0
6,

00
0

8,
00

0
10

,0
00

12
,0

00

Ti
m

e 
(h

rs
)

Net Efficiency (%
TD

C 
#1

5

TD
C 

#1
6



8

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

S
tir

lin
g 

C
on

ve
rto

r T
es

tin
g 

at
 G

R
C

•
TD

C
’s

#5
 a

nd
 #

6 
w

er
e 

op
er

at
ed

 in
 fo

cu
se

d 
te

st
s 

be
fo

re
 e

xt
en

de
d 

op
er

at
io

n 
in

 th
er

m
al

 v
ac

uu
m

 e
nv

iro
nm

en
t

–
In

ve
st

ig
at

e 
pe

rfo
rm

an
ce

 in
 th

er
m

al
 v

ac
uu

m
 e

nv
iro

nm
en

t
–

M
ea

su
re

 th
er

m
al

 p
ro

fil
es

 to
 v

al
id

at
e 

an
al

yt
ic

al
 m

od
el

s
–

H
ar

dw
ar

e 
si

m
ila

r i
n 

co
nf

ig
ur

at
io

n 
to

 S
R

G
11

0 
bu

t n
ot

 lo
w

 m
as

s
–

N
ic

ke
l h

ea
t c

ol
le

ct
or

, n
ic

ke
l/c

op
pe

r c
ol

d 
fla

ng
es

, a
lu

m
in

um
 ra

di
at

or
 p

an
el

s
•

O
pe

ra
tio

n 
in

 th
er

m
al

 v
ac

uu
m

 b
eg

an
 in

 N
ov

em
be

r 0
4,

 2
4/

7 
in

 D
ec

em
be

r 0
4

•
S

om
e 

ha
rd

w
ar

e 
m

od
ifi

ca
tio

ns
 w

er
e 

re
qu

ire
d,

 
–

H
ea

te
r e

le
ct

ric
 le

ad
s,

 s
iz

e 
of

 ra
di

at
or

 p
an

el
s,

 e
m

is
si

vi
ty

of
 th

e 
pr

es
su

re
 v

es
se

l
•

C
om

pl
et

ed
 a

t 1
0,

01
5 

ho
ur

s 
w

ith
 n

o 
ch

an
ge

 in
 S

tir
lin

g 
pe

rfo
rm

an
ce

A
ve

ra
ge

 H
ot

-e
nd

 T
em

p

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

65
0

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00
90

00

H
ou

rs
 o

f O
pe

ra
tio

n

Temperature, °C

TD
C

 #
5

TD
C

 #
6

Po
w

er
 O

ut

010203040506070

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00
90

00

Ho
ur

s 
of

 O
pe

ra
tio

n

Alternator Output Power, watts

TD
C

 #
5

TD
C

 #
6

O
ve

r 1
04

,0
00

 h
ou

rs
 o

f o
pe

ra
tio

n 
on

 T
D

C
’s

at
 G

R
C



9

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
on

tro
lle

r D
ev

el
op

m
en

t

•
C

on
tro

lle
r d

ev
el

op
m

en
t w

as
 b

ei
ng

 le
d 

by
 L

oc
kh

ee
d 

M
ar

tin
–

A
rc

hi
te

ct
ur

e 
w

as
 b

as
ed

 o
n 

ze
ne

r d
io

de
 c

irc
ui

t t
o 

cl
am

p 
vo

lta
ge

 w
ith

 
se

rie
s/

pa
ra

lle
l t

un
in

g 
ca

pa
ci

to
rs

–
Fe

at
ur

es
 to

 a
cc

om
m

od
at

e:
•

E
nd

 u
se

r s
ho

rt 
ci

rc
ui

t (
ov

er
-c

ur
re

nt
, t

oo
 m

uc
h 

lo
ad

 o
n 

S
tir

lin
g)

•
E

nd
 u

se
r o

pe
n 

ci
rc

ui
t (

no
 p

ow
er

 d
ra

w
, p

ow
er

 d
is

si
pa

te
d 

by
 s

hu
nt

 re
si

st
or

s)
 

•
G

R
C

 s
up

po
rte

d 
LM

 e
ffo

rt 
th

ro
ug

h 
a 

se
rie

s 
of

 te
st

s 
an

d 
an

al
ys

es
–

S
ta

rt-
up

 te
st

s
–

Tr
an

si
en

t r
es

po
ns

e 
te

st
s

–
Fr

eq
ue

nc
y 

re
sp

on
se

 te
st

s
–

P
er

fo
rm

an
ce

 m
ap

pi
ng

 o
ve

r a
nt

ic
ip

at
ed

 o
pe

ra
tin

g 
co

nd
iti

on
s

–
Te

st
in

g 
w

ith
 v

ar
io

us
 li

m
iti

ng
 s

ce
na

rio
s 

to
 in

ve
st

ig
at

e 
sy

st
em

 s
ta

bi
lit

y 
–

S
ys

te
m

 D
yn

am
ic

 M
od

el
in

g 
of

 c
on

ve
rto

rs
 w

ith
 k

ey
 fe

at
ur

es
 o

f t
he

 
co

nt
ro

lle
r



10

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

M
et

al
lic

 M
at

er
ia

ls
•

C
ha

ra
ct

er
iz

ed
 IN

71
8 

he
at

er
 h

ea
d 

m
at

er
ia

l a
nd

op
tim

iz
ed

 th
e 

pr
oc

es
si

ng
 fo

r l
on

g 
lif

e
•

D
ev

el
op

ed
 d

at
a 

to
 re

pr
es

en
t t

he
 m

at
er

ia
l o

n 
a

pr
ob

ab
ili

st
ic

 b
as

is
, c

on
du

ct
 li

fe
 a

na
ly

si
s 

in
 

pr
ob

ab
ili

st
ic

 te
rm

s
•

B
as

ed
 o

n 
G

R
C

 th
in

-s
pe

ci
m

en
 (0

.5
 a

nd
 1

.0
 m

m
) 

cr
ee

p 
te

st
in

g 
an

d 
ex

te
ns

iv
e 

O
R

N
L 

da
ta

ba
se

 (u
p 

to
 8

7,
00

0 
ho

ur
s)

–
3 

sa
m

pl
es

 s
til

l u
nd

er
 te

st
 fr

om
 1

st
he

at
 –

lo
ng

es
t t

es
t t

o 
da

te
 is

 4
7,

43
0 

ho
ur

s
•

2nd
he

at
 o

f I
N

71
8 

w
as

 p
ur

ch
as

ed
 a

nd
 s

am
pl

es
 w

er
e 

te
st

ed
 a

t G
R

C
–

1 
sa

m
pl

e 
st

ill 
un

de
r t

es
t f

ro
m

 2
nd

he
at

 –
lo

ng
es

t t
es

t a
t 2

0,
20

8 
ho

ur
s

–
S

ho
w

 p
ro

pe
rti

es
 to

 b
e 

eq
ui

va
le

nt
 to

 th
e 

or
ig

in
al

 h
ea

t
•

25
5,

41
1 

to
ta

l h
ou

rs
 o

f c
re

ep
 te

st
s

•
R

eg
en

er
at

or
 s

in
te

rin
g 

op
tim

iz
at

io
n 

to
 e

nh
an

ce
 b

on
d 

st
re

ng
th

 a
nd

 
el

im
in

at
e 

sh
ed

di
ng

•
B

ra
ze

 p
ro

ce
ss

 v
er

ifi
ca

tio
n



11

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

H
ea

te
r H

ea
d 

S
tru

ct
ur

al
 B

en
ch

m
ar

k 
Te

st
in

g

•
1,

 3
, a

nd
 1

2-
m

on
th

 h
ea

te
r h

ea
d 

st
ru

ct
ur

al
 b

en
ch

m
ar

k 
te

st
s 

w
er

e 
pe

rfo
rm

ed
 to

 fa
ct

or
 in

 b
ia

xi
al

 s
tre

ss
 s

ta
te

 a
nd

 v
al

id
at

e 
an

al
ys

is
–

Te
st

s 
w

er
e 

pe
rfo

rm
ed

 a
t d

es
ig

n 
te

m
pe

ra
tu

re
 w

ith
 in

cr
ea

se
d 

pr
es

su
re

–
E

xt
re

m
el

y 
sm

al
l c

re
ep

 s
tra

in
s 

w
er

e 
m

ea
su

re
d

op
tic

al
ly

 a
nd

 w
ith

 e
xt

en
so

m
et

er
s

–
O

ne
 te

st
 in

cl
ud

ed
 h

ea
t c

ol
le

ct
or

 a
nd

 a
xi

al
 p

re
lo

ad

H
ea

te
r h

ea
d 

st
ru

ct
ur

al
 b

en
ch

m
ar

k 
te

st

 

B
en

ch
m

ar
k 

T
es

t T
yp

e 
A

cc
el

er
at

ed
 

N
on

-A
cc

el
er

at
ed

 

T
es

t A
rt

ic
le

 
B

ite
c1

 
B

ite
c2

 
B

ite
c3

 
ST

C
20

9 
ST

C
20

6 
ST

C
21

2 

cr
ee

p 
ra

te
 

hi
gh

 
m

od
. h

ig
h 

m
od

. h
ig

h 
m

od
er

at
e 

ve
ry

 lo
w

 
ve

ry
 lo

w
 

Pr
ed

ic
te

d 
tim

e 
to

 te
rti

ar
y 

(d
ay

s)
 

22
 

67
 

67
 

m
od

er
at

e 
hi

gh
 

hi
gh

 
cr

ee
p 

ra
te

 
ve

ry
 h

ig
h 

hi
gh

 
v.

 v
. h

ig
h 

lo
w

 
ve

ry
 lo

w
 

lo
w

 

te
st

 d
ur

at
io

n 
(d

ay
s)

 
30

 
59

 
25

 (r
up

tu
re

)
13

1 
23

5 
(o

ng
oi

ng
) 

33
0 

(o
ng

oi
ng

) 
O

bs
er

ve
d 

cr
ee

p 
ra

te
 a

ni
so

tro
py

 
1.

2:
1 

3:
1 

2:
1 

1:
1 

5.
5:

1 
20

:1
 

•
H

ea
te

r h
ea

d 
pr

ob
ab

ili
st

ic
 li

fe
 p

re
di

ct
io

n 
co

m
pl

et
ed

–
14

0,
00

0 
ho

ur
s 

(1
6.

0 
ye

ar
s)

 a
t 6

50
 °

C
 a

nd
 9

9.
99

%
 p

ro
ba

bi
lit

y 
of

 
su

rv
iv

al
 (P

oS
)

–
21

8,
00

0 
ho

ur
s 

(2
4.

9 
ye

ar
s)

 fo
r P

oS
of

 9
9.

9%



12

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

O
rg

an
ic

s

•
O

rg
an

ic
s 

ar
e 

us
ed

 a
s 

su
rfa

ce
 c

oa
tin

gs
, i

ns
ul

at
io

n,
 a

nd
 a

dh
es

iv
es

•
C

ur
e 

ki
ne

tic
s 

of
 c

rit
ic

al
 a

dh
es

iv
es

 w
er

e 
ch

ar
ac

te
riz

ed
 a

nd
 o

pt
im

iz
ed

•
A

gi
ng

 te
st

s 
of

 th
e 

or
ga

ni
cs

 w
er

e 
co

nd
uc

te
d

•
In

iti
al

 a
ss

es
sm

en
t o

f r
ad

ia
tio

n 
to

le
ra

nc
e

R
es

ul
ts

•
O

pt
im

iz
ed

 c
ur

e 
pr

oc
es

s 
re

su
lte

d 
in

 4
0%

 in
cr

ea
se

 in
 a

dh
es

iv
e 

st
re

ng
th

•
P

er
fo

rm
ed

 a
ss

es
sm

en
t o

f r
ad

ia
tio

n 
to

le
ra

nc
e 

by
 w

or
ki

ng
 w

ith
 v

en
do

rs
, 

lit
er

at
ur

e,
 a

nd
 J

P
L 

da
ta

•
E

va
lu

at
io

n 
of

 o
ut

ga
ss

in
g

th
ro

ug
h 

ac
ce

le
ra

te
d 

ag
in

g 
te

st
s 

an
d 

co
nv

er
to

r o
pe

ra
tio

n
–

N
o 

si
gn

s 
of

 o
ut

ga
ss

in
g

af
te

r
27

,0
00

 h
ou

rs
203040506070809010
0

0
1

10
10

0
10

00
10

00
0

C
ur

e 
Ti

m
e,

 m
in

ut
e

Cure Temperature, ºC

10
0%

 C
ur

ed
99

%
95

%
90

%
80

%

70
%

60
%

50
%

40
%

30
%

20
%

10
%

(=
 1

7h
rs

)
(=

 7
 d

ay
s)

Diffusion controlled

Re
ac

tio
n 

co
nt

ro
lle

d

C
ur

e 
Ti

m
e 

(m
in

)

Cure Temperature (ºC) 



13

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

M
ag

ne
ts

•
C

ha
ra

ct
er

iz
e 

m
ag

ne
t t

yp
es

 th
at

 w
er

e 
be

in
g 

co
ns

id
er

ed
•

C
re

at
e 

te
ch

ni
qu

e 
fo

r 3
-D

 m
ag

ne
to

st
at

ic
lin

ea
r a

lte
rn

at
or

 a
na

ly
si

s 
•

A
bl

e 
to

 p
re

di
ct

 c
on

di
tio

ns
 fo

r d
em

ag
ne

tiz
at

io
n 

in
 a

 li
ne

ar
 

al
te

rn
at

or
 a

nd
 v

al
id

at
e 

th
ro

ug
h 

te
st

s
•

D
ev

el
op

 s
ho

rt-
te

rm
 a

nd
 lo

ng
-te

rm
 m

ag
ne

t a
gi

ng
 te

st
s

–
N

o 
de

gr
ad

at
io

n 
w

as
 fo

un
d 

fo
llo

w
in

g 
18

,0
00

 h
ou

rs
 a

t e
le

va
te

d 
te

m
pe

ra
tu

re
 in

 d
em

ag
ne

tiz
at

io
n 

fie
ld

•
D

ev
el

op
 te

ch
ni

qu
e 

to
 c

ha
ra

ct
er

iz
e 

pe
rfo

rm
an

ce
 o

f c
ur

ve
d 

m
ag

ne
ts

M
ag

ne
t C

ub
e

M
ag

ne
t T

es
t 

Fi
xt

ur
e

70717273747576

80
90

10
0

11
0

12
0

13
0

14
0

15
0

16
0

O
ns

et
 o

f D
em

ag
. 

11
7°

C
 

13
2°

C
Pr

ed
ic

te
d 

D
em

ag
ne

tiz
at

io
n 

T
em

pe
ra

tu
re

s 

E
le

va
te

d 
M

ag
ne

t T
em

pe
ra

tu
re

 (°
C

) 

N
dF

eB
 G

ra
de

 1
 

N
dF

eB
 G

ra
de

 2
O

ns
et

 o
f D

em
ag

. 

Alternator Terminal Voltage 
(Vrms) 



14

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

S
tru

ct
ur

al
 D

yn
am

ic
s

•D
em

on
st

ra
te

 fu
ll 

po
w

er
 o

pe
ra

tio
n 

of
 c

on
ve

rto
r u

p 
to

 1
2.

3 
gr

m
s,

 0
.2

 g
2 /H

z
•7

 te
st

s 
w

er
e 

us
ed

 to
 fu

lly
 c

ha
ra

ct
er

iz
e 

m
od

al
 

re
sp

on
se

 o
f t

he
 S

tir
lin

g 
co

nv
er

to
r a

nd
 th

e 
ge

ne
ra

to
r

•D
ev

el
op

ed
 th

e 
co

nc
ep

t f
or

 s
tru

ct
ur

al
 in

te
gr

at
io

n 
of

 S
tir

lin
g 

co
nv

er
to

rs
 in

to
 th

e 
ge

ne
ra

to
r t

o 
re

du
ce

 
la

un
ch

 lo
ad

s
•D

ev
el

op
 s

pa
ce

cr
af

t a
da

pt
er

 th
at

 c
ou

ld
 b

e 
us

ed
 to

 
re

du
ce

 la
un

ch
 lo

ad
s 

if 
ne

ed
ed

•V
al

id
at

e 
st

ru
ct

ur
al

 m
od

el
 th

ro
ug

h 
ge

ne
ra

to
r 

si
m

ul
at

or
 te

st
 u

p 
to

 1
5.

1 
gr

m
s

–
S

ho
w

ed
 th

at
 S

R
G

-li
ke

 g
en

er
at

or
 c

ou
ld

 s
ur

vi
ve

 u
p 

to
 1

5.
1 

gr
m

s,
 0

.3
g2

/H
z

O
rig

in
al

 C
on

fig
ur

at
io

n 
of

 G
en

er
at

or

C
on

fig
ur

at
io

n 
w

ith
 C

on
ne

ct
in

g 
Tu

be

0

0.
250.

5

0.
751

1.
251.

5

1.
752

In
bo

ar
d

G
PH

S
In

bo
ar

d
SC

A
SC

A
A

ss
y.

C
en

te
r

T
ub

e

O
ut

bo
ar

d
SC

A
O

ut
bo

ar
d

G
PH

S
Lateral Response / Allowable

H
ar

d 
M

ou
nt

 F
lig

ht
* 

Le
ve

l
Is

ol
at

io
n 

M
ou

nt
 F

lig
ht

 L
ev

el
Is

ol
at

io
n 

M
ou

nt
 F

lig
ht

 +
4.

8 
dB

*S
ca

le
d 

1/
4 

Fl
ig

ht
 D

at
a

* 
Sc

al
ed

 ¼
Fl

ig
ht

 D
at

a



15

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

E
M

I/E
M

C

•T
hr

ee
 te

st
s 

w
er

e 
co

nd
uc

te
d 

at
 G

R
C

 a
nd

 J
P

L
•I

t r
em

ai
ns

 th
e 

fin
di

ng
 th

at
 th

e 
S

R
G

11
0 

co
ul

d 
m

ee
t 

ge
ne

ra
l r

eq
ui

re
m

en
ts

 o
f t

he
 s

ci
en

ce
 c

om
m

un
ity

, b
ut

 m
ay

 
ne

ed
 a

 m
is

si
on

 k
it 

fo
r t

he
 m

or
e 

de
m

an
di

ng
 m

is
si

on
s

–
S

ta
nd

ar
d 

su
pp

re
ss

io
n 

te
ch

ni
qu

es
 w

er
e 

de
m

on
st

ra
te

d 
to

 b
e 

ef
fe

ct
iv

e

•E
M

I r
em

ai
ns

 a
 s

ys
te

m
 le

ve
l i

ss
ue

, r
eq

ui
rin

g 
ch

ar
ac

te
riz

at
io

n 
of

 a
 c

om
pl

et
e 

ge
ne

ra
to

r



16

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

R
el

ia
bi

lit
y

•
D

ue
 to

 th
e 

na
tu

re
 o

f s
ys

te
m

s 
w

ith
 n

o 
w

ea
r-o

ut
 m

ec
ha

ni
sm

s,
 th

e 
re

lia
bi

lit
y 

ef
fo

rt 
w

as
 m

ul
ti-

fa
ce

te
d

–
C

la
ss

ic
 te

ch
ni

qu
es

 s
uc

h 
as

 F
M

E
C

A
 &

 F
TA

–
P

hy
si

cs
 b

as
ed

 p
ro

ba
bi

lis
tic

 a
na

ly
se

s
–

E
xt

en
de

d 
op

er
at

io
n 

of
 c

on
ve

rto
rs

–
W

id
e 

ra
ng

e 
of

 c
om

po
ne

nt
 te

st
s

–
In

ve
st

ig
at

e 
re

le
va

nt
 d

at
ab

as
es

 s
uc

h 
as

 fl
ig

ht
 c

yr
oc

oo
le

rs
•

Te
ch

ni
qu

es
 fo

r p
ro

ba
bi

lis
tic

 a
na

ly
si

s 
ha

ve
 b

ee
n 

ap
pl

ie
d 

to
 a

ll 
cr

iti
ca

l c
om

po
ne

nt
s

•
N

ee
d 

to
 c

om
bi

ne
 in

di
vi

du
al

 a
na

ly
se

s 
in

to
 a

 s
in

gl
e 

S
tir

lin
g 

co
nv

er
to

r a
na

ly
si

s
•

Th
er

e 
is

 a
n 

in
he

re
nt

 d
iff

ic
ul

ty
 in

 v
er

ify
in

g 
lif

e 
an

d 
re

lia
bi

lit
y 

of
 a

 
de

vi
ce

 w
ith

 n
o 

w
ea

r m
ec

ha
ni

sm
–

S
am

e 
ch

al
le

ng
e 

w
as

 fa
ce

d 
as

 S
tir

lin
g 

co
ol

er
s 

tra
ns

iti
on

ed
 to

 fl
ig

ht
–

E
xp

er
ie

nc
e 

fro
m

 lo
ng

 li
fe

 S
tir

lin
g 

cr
yo

co
ol

er
s 

is
 d

ire
ct

ly
 a

pp
lic

ab
le

•
O

ve
r 1

04
,0

00
 h

ou
rs

 o
f o

pe
ra

tio
n 

at
 G

R
C

, o
ve

r 1
0,

00
0 

in
 th

er
m

al
 

va
cu

um



17

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

S
um

m
ar

y

•G
R

C
 s

up
po

rti
ng

 te
ch

no
lo

gy
 e

ffo
rt 

fo
r t

he
 S

R
G

11
0 

w
as

 
de

si
gn

ed
 to

 m
iti

ga
te

 ri
sk

•T
he

re
 w

er
e 

no
 fu

nd
am

en
ta

l b
ar

rie
rs

 fo
un

d 
to

 a
ch

ie
vi

ng
 

a 
le

ve
l o

f r
el

ia
bi

lit
y 

ne
ce

ss
ar

y 
fo

r t
ra

ns
iti

on
 to

 fl
ig

ht
•S

im
ila

r e
ffo

rts
 a

re
 n

ow
 u

nd
er

w
ay

 a
t G

R
C

 to
 s

up
po

rt 
de

ve
lo

pm
en

t o
f t

he
 A

S
R

G

S
R

G
11

0
AS

R
G



18

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

A
ck

no
w

le
dg

em
en

t a
nd

 D
is

cl
ai

m
er

•
Th

e 
w

or
k 

de
sc

rib
ed

 in
 th

is
 p

re
se

nt
at

io
n 

w
as

 p
er

fo
rm

ed
 fo

r 
N

A
S

A
 H

ea
dq

ua
rte

rs
, S

ci
en

ce
 M

is
si

on
 D

ire
ct

or
at

e 
an

d 
E

xp
lo

ra
tio

n 
S

ys
te

m
s 

M
is

si
on

 D
ire

ct
or

at
e 

 

•
A

ny
 o

pi
ni

on
s,

 fi
nd

in
gs

, a
nd

 c
on

cl
us

io
ns

 o
r r

ec
om

m
en

da
tio

ns
 

ex
pr

es
se

d 
in

 th
is

 p
re

se
nt

at
io

n 
ar

e 
th

os
e 

of
 th

e 
au

th
or

s 
an

d 
do

 
no

t n
ec

es
sa

ril
y 

re
fle

ct
 th

e 
vi

ew
s 

of
 th

e 
P

ro
m

et
he

us
 p

ro
je

ct
 o

r 
th

e 
N

at
io

na
l A

er
on

au
tic

s 
an

d 
S

pa
ce

 A
dm

in
is

tra
tio

n


