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1.0 . SUMMARY
This report presents the results of an finvestigation of the factors which affect
the determination of Spacelab (S/L) minimum interface Main DC voltage and
| available power from the Orbijter. This study addresses the dedicated fuel cell
- mode of powering the S/L and identifies the minimum S/L interface voltage and
available power using the predicted fuel cell powér plant perfarmance curves,
The values obtained are slightly Tower than current estimates and represent a

more marginal operating condition than previously estimated.

2.0 DISCUSSION

Figure 1 is a simplified diagram of the Orbiter to Spazelab Main DC power -
feeder depicting the dedicated fuel cell configuration for the §/L Large

" Module (LM). 1In this mode the S/L receives its power from fuel cell No. 3

yia Orbiter Main DC bus C. The resistances shown feprésents Rockwell furnished

data and are for 1/0 gauge wire at 68 °F.

The key factors affecting the voltage and power available to thelS/L are fuel
cell performance and feeder line resjistance. The following discussion deals
with those variables affecting fuel cell performance and feeder line resis-

tance and their affect on determination of minimuﬁ S/l voltage and available

power.

2.1 Fuel Cell Performance

One of the prime concerns of this study is to jdentify worst-case or marginal
performance aspects. Fof this reason the fuel cell performance characteristics
for a 5000 hour fuel cell are used. Figure 2 depicts the performance curves fur
both steady.state and transient conditions. The transient curves shown depict
the predicted minimum fuel cell output voltage for step load chahges. Figure
Jis a p]ot of step load. changes to 12KW versuﬁ minimum .transient voltage. The
maximum step load change is 10Kw.hnd would represent a change in load demand

from the steady state operating point of 2KW to 12KW. This curve was constructed

- . - . e -



El [}

| 3=UN-CUSU4-UdD
Page 3

L

L)

by plotting additional transient curves for steady state operating points to 12KM.
An example is shown in Figure 2 for a step load change of 5KW from 7KW to 12KW.
Mo data exists which describes transient to steady recovery time. It is the

opinion of R/SD and NASA engineers that recovery to steady state occlirs within

5 to 7 minutes. For purposes of this study it is assumed that recovery to

steady state occurs in 7 minutes and is linear.

2.2 Feed+ Resjstance

Figure 1 indicates the S/L Main feeder 1ine resistance for 1/0 gauge wire at
68°F and the Jongest feeder line (25 ft. for the $/L, L/M configuration). -Factors

affecting line resistance which must be rgonsidered in a worst case analysis are

" ambient wire temperature and increases in wire temperature due to I2R heat build up.

2.2.1 Ambient Temperature

The payload bay wire tray ambient temperature will wary due to vehicle orientation
as defined in Shuttle Vehicle to S/L ECLSS/Thermal Interfaces, 1CD-2-05201.

This temperature can range from -280°F to +200°F in orbit. Fof purposes of this

study the resistance of the components and wire in the Main Power Distrubution

Assembly was considered to remain at ambient temperature. This unit is mounted on

a cold plate,

2.2.2 Line Loss Heating

Figure 4 is a curve showing steady state temperature versus current for a I/0 gauge
wire of the type used in the S/L feeder circﬁit. This data is from the R/SD
laboratory test report LTR 1706-7801 dated October 27, 1975, “"Space Shuttle
Temperature/Current Characteristics of Connectors - Evaluation Test." Laboratory
test conditions simulated those which thé feeder line will encounter in space.. Of
more significance to this evaluation is the réte of wire temperature increase,
since the fuel cell performance requirements limits the maximum time at 12KW to 15

minutes every three hours; the maximum temperature the wire will reach will be
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Jimited by this time factor. Figure 5 is a curve extrapolated from the R/SD test
report which shows rate of temperature inﬁrease of a 1/0 gauge wire carrying 200
amps. During the first 15 minutes the temperature increases at a rate of
approximately 6.5 degrees pér minute. This test was performed at 2500F. Each
conductor in circuit segment 1 in Figure 1 will carry slightly over 200 amps at
12KH. Therefore the 6,5 degree rate of temperature increase is applied for Segment
1. In Circuit Segment 2 each conductor will carry half the current of Segmentl] or
one forth the power; therefore the temperature of this segment will increase at

approximately one forth of the rate of Segment 1, or 1.625 dgqrees'per minute,

In summary the feeder line resistance will vary as a function of ambient témberéture
and wire temperature due to feeder line current. Wiring heating due to line current
is a function of time with the maximum temperature for thié analysis occurring 15

" minutes after initiation of a step load change. This is an importent factor to

consider in determining maximum availab’e power to the spacelab.
2.3 Results |

Appendix 1 presents an explanation of thé ca]cu]atigns performed in this study
and includes calculated data for various values of step Toad change {A P) and
ambient temperafure. Figures 6, 7, and 8 are plots of data contained in Appendix
1 which represent selected operating conditions which are-intended to provide

performance references and indicate worst case performance.

Figure 6 is a plot of step load change vs minimum S/L interface voltage for an
ambient temperature of 68°F. Minimum interface voltage occurs for a AP of
10K at an ambient wire temperature of 200°F. The minimum voltage under these

conditions is 25.6 volts.
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Figure 7 is a plot of minimum 1nterfacé voltage vs ambient temperature for
AP of 5KM and 1OKM., The aP = S5KW curve represents performance for step
load change from fuel cell maximum continuous output (7KW) to fuel cell
peak output (iZKN). From 70° to 200°F the interface voltage decreases
approximate’y 0.35 volts.

Figure 8 is a plot of available interface power vs wire tray temperature.
This curve is the minimum power avaijable to the S/L during the 15 minute
peak load period for a 4P of 10KW and varies from 11.33 K to 11.19 KW over

the full range of ambient temperatures.

3.0 CONCLUSIONY “ND RECOMMEMDATIONS

It is the conclusion of this study that in using the predicted fuel cell performance
curves for a 5000 hour fuel cell the minimum S/L interface voltage is 256.6 volts.
This will occur at an ambient temperature of 200°F for a step load change from 2KH
to 12k4., The minimum peak power available will be 11,150 watts. These "predicted"
levels are somewhat Tower than previous estimates and represent more marginal
6perating cohditions than previously anticipated. Tne present values in
ICD-2-C5301, Shuttle Vehicle/Spacelab Avionics'lnterfaces are "26.4" volts

and "12 K4 peak minus losses". As fuel cell development tests are completed

the data will be reflected in updated performance curves. It is expected that

this data will be available in September or October of this year. Unless
developnient testing indicates fuel cell rarformance to be considerably better

than predicted, some nperational constraints may have to be employed. These

could range from supporting Spacelab flights with “new" fuel cells only, to
restricting step load changes when using "old" fuel cells. As more accurate

fuel cell performance data becomes available jt is recommended than in 1n-depth .
study be performed to determine the minimum voltage qnd peak power available to

the Spacelab and if required identify the aﬁtion~necessary to being these

parameters within an acceptable operating range.
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APPENDIX 1

ORBITER TO SPACELAB ELECTRICAL POWER INTERFACE
CALCULATIONS AND DATA
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OBJECTIVES
o To define S/L interface voltage as a function of a change in load demand.
This takes into account the effects‘of the fuel cell thermal transient

characteristic.
o To determine the minimum useful power at the Orbiter/Spacelab interface.

Fuel Cell Terminal VYoltage

o The following expression is obtained from construction and "curve fit"

from the predicted Fuel Cell performance curves:

Vo . =028.4 - 1307 A P+ .00107 & P? -
FCmin 3 4
+ .001029 A PY - .0000516 & P
Vecmin - Minimum fuel cell transient voltage at 12KW
AP - Step load change to 12K

o The following expression defines the fuel cell terminal voltage as a function
of time (thermal recovery to steady state in 7 min):

7

FC min ) t

VFC = Fuel cell terminal voltage
VFC min = Minimum fuel cell transient volfage at 12KW

t = Time in minutes (Limited to 7 minutes)

Fuel Cell Current

Iee = ]ZOOO/VFC

IFC = Fuel Cell output current at 12KW

VFC - Fuel Cell terminal voltage



Wire Resistance {From Figure 1)

RT = Resistance of Thermally controlled segment, + resista~ce of 2 wire segment
as a function of ambient temperature and temperature increase due to line
current,+ resistance of 4 wire segment as a function of ambient'temperature
and temperature increase due to line current.

Ry = [.48) + (.565 + 1.017)[1 + K (TA + 6.5t - 68)]

+1.413 [1 + K(T, =3.25t - 68)]] x 1073

RT - Feeder Resistance

TA ~ Ambient Temperature

t - Time ip minutes (limited to 15 minutes at 12K\)

K - Temperature coefficient of resistance.(.002055 mQ/‘F)

This reduces to:

. . L3 - .
RT = (3.058 + .00615 TA + ,0164¢) 10

S/L Interface Voltage
Vie = Ve - Tre Ry

'VIF - Spacelab Interface Voltage . -
VFC - Fuel Cell terminal voltage

IFC - Fuel Cell currentg

RT - Feeder resistance

Interface Power

2
FcoRT
IF " Power avaialble to Spacelab

pIF = 12000 - 1
p

[Fc - Fuel Cell current
RT - Feeder resistance
Procedufe

Given the step load change (A P) the above equations are solved for PIF'and Vig

for various values of ambient temperature. The resulting data is enclosed.
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EE, 453
L, 04a
hb d;n
28, D26
2E.515
ol B
26, D
26,498
26,491
25, 484

oo 00 O O D T

[
b —

o Lo

SEad, eimE et —— e ————

1

IFC

oo
{aE, 25

427,43
J2k, 53
425,78
424,97
424,15

e
4iﬁau
'N'» l‘:

475154
a-l-. . .'4

422,54

4I—l—l 54
—g—a ‘._.
‘—I—.

_-- 5'4

L-l—.‘\-l

ll 54

I-F. (=5
[

IFC
429, 93
g, 88
427,73
1’-‘.'.'1." » ?-.'
"1'--'-'
d2d, ae
g3, E
4:&.54
4:;-54
422,54
423,99
22, 54
422,54

e B
Gty e

422, 54

{28, G4

IFLC

431, 42
A, 13
423, 5

427 87
425, 30

425, 54
4:: e
122,54
e, 5d
423, 54

oA i 4
hhld

422,594
42, 54
4&;.44
422, 54

428,54 -
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HEIFHT TEMFERATURE

PIF

O G0 Ty u Tl 0] 00 = T el fold s a0 i 0]

,_Ell'-ll"-ol:ll--'-t-‘-b-bl—l-rﬁ!—ﬁq_.ll (]

o

D N Tl e el el el el el =t

e e BT ol [33 130 13D B0 ) PO RO Pl P

P T N Y el el e sl

AMBIENT TEMFERRTURE

FIF
{1z
11JU4

—
BEN

oD~ N

ot foi o0 o [0 o Pl o
i ek ek e (TR
e [

]
A

A NS R VRN ORI RN

RN 3 I e e
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O R R Y el el
T ol L S
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FMEBIEHT TEMFERATURE 209

SR

1

INAl,P%&HBIS
OF POOR QUALITY



1

i

JI.J-UH-LUaUQ-UJb

A-9
DELTA P £y AMBIENT TEMPERATURE 200
TIME VIF IFC FIF
.9 25,876 432,72 11197
1 25,971 4 1.23 11200
2 26,068 429,76 11202
3 26,160 428,29 11204
4 26,255 426,84 11207
5 26,2%0 425,40 11209
- 26,445 423, %8 11212
7 26,5490 422,54 11214
& 26,533 422,54 11211
K 26,526 422,54 11208
10 26,519 422,54 11205
11 2':. -’1!- 423034 112‘32
12 26,505 422,54 11199
13 26,478 422,54 11196
14 26,4 41 422,54 11193
15 26,984 422,54 11150
DELTA P 7+ AMEBIENT TEMFERATURE 200
TIME YIF IFC FIF
a 25,800 33.83 11153
1 25,906 432,18 11138
2 26,012 430,54 11193
3 2E. 117 423,92 11202
- 4 26,223 427.30 11205
5 26,323 425,70 11203
£ 26.434 . 424.11 11211
rd 26,549 422,54 11214
8 obl-'og 42;|54 11211
E 26,528 422,54 11262
1 26,519 22.54 11205
11 26,512 422,54 11262
12 26,505 422,54 11193
13 26,493 422,54 11158
14 26,491 422,54 11193
15 26,484 422,54 11158
DELTH P 2y “AMEIENT TEMFPEFATURE 200
TIME YIF IFC FIF
0 25.736 434,72 11129
1 25,851 432,93 11193
2 25,966 431,21 11197 '
3 26,050 429,44 112600
4 26,195 427,76 11204
5 2'5‘-310 4-—.'-96' 112‘:1?
5 26,425 424,24 11211 :
3 26,533 422,54 11211 :
e 26,526 422,54 112608 ’
18 26,519 422,54 11205 J
11 26,512 422.54 11262
12 26,505 422,54 11199 :
13 26,498 422,54 11126 i g
14 26,491 422,54 11132
15 26,424 422.54 11130




ug=Lurut=bu

HELTH P FMEIENT TEMFERATURE 209

"f"

9
TINE Y1 IFC FIF
! 25,588 435,61 11185
1 25,502 438,67 11190
2 25,925 431,74 11194
2 26, B4 Ao, 9 11193
4 26,171 423, a4 {129z
5 2e, 274 47E, 19 11z0s8
[ 2R 417 424,35 1121
7 28, T40 42, 54 11214
S 28, 533 d22, 54 112114
3 25, S8 422,54 11e0e
19 Ze. 517 42,54 11205
i1 26,512 428, 54 1ianz
1& 26,540 422,54 ISREE
1:3 3'5. ‘4':”3 "‘ru..l:o-.'"" 111'?”5
14 5,491 2w, 54 11193
15 28,424 422,04 {1120

AMEIEHT TEMPERATURE @09

DELTR P 18,
TIME VIF IFC FIF
5] : 25, BEY GG, 41 11ie:
1 e2h,.7av 434, 35 IR
& 25, e 4o, md 11i9e
= 2R, J38, 35 11137
4. wh, 148 g@E, By iienl
5 2, 279 F25, i 112a5
= S5, G0 424, 4% {121 R
7 o, Sd i d2,.54 11214
b 26,990 422,54 11zt
| 2B, b2k qaz, 54 {i&es
18 2E.E1R JE, Be 11205
11 R Cdze, 54 11&a2
12 2, SRS d22. 54 111349
1= E. 49 422,54 11i2a .
14 S, 431 422,54 11193 -
13 vE . dd ti1ee

4&&-?4

. -

|

L e LT e I R O
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DELTA P S+ HAMEIENT TEMPERATURE 70
TIME VIF IFC FIF

1] 26,219 471,42 11351

1 26,391 420,13 113952

2 26,472 422.84 113952

3 26,953 427.57 11353

4 28,634 426,30 11354

S 28,715 425,04 11359

5 26,798 423.73 11356

7 26.877 422,54 11357

2 26,871 422,54 11354

s ) 26,854 422,54 11351

10 26,857 422,54 11348

11 26,850 422,54 113245

12 26,243 422,54 11342

13 26,838 422,54 11239

14 26,829 422.%54 11336

15 26,822 422,94 11333
DELTA P Sy HAMEIENT TEMFERRTURE 24
TIME VIF IFC FIF

5 26,224 431.42 11339

1 26,365 438,13 11340

2 26,448 28.84 11341

3 26,527 v 11342

4 26,608 426,30 11243

g 26,6389 425,04 11344

[ 28,771 423.78 11349

7 26,851 422,54 11346

-] 26,245 422,54 11343

9 26,8382 422.%54 11248

19 26,831 422,54 11337

11 26,324 422.%54 113224

12 26,817 422,54 11331

13 26,218 422.54 11328 .
14 26,202 422,54 11329

§. 26,796 422,54 11322
DELTAR P Ss HMEIENT TEMFERATURE 109
TIME VIF IFC FIF

& 26,231 431,42 11316

1 26,312 430,13 11317 :
2 26,393 422,24 11318

3 26,474 427.57 11320

3 26,556 426,29 11321

S 26,637 425,04 11322 )
3 26,718 423,78 11223 ¢
7 26,799 422,54 11324

g 26.793 422.54 11321 -
e 26,726 422,54 11318 '
a 26,779 422,54 11315

1 Ct‘-l’?: 43:‘::54 11312 . &

2 26,765 422,94 - 11209 i

3 26.758 422,54 11308 =

- 26,791 422.%54 11303

S 26,744 22.54 11200

"
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DELTRA P 3y AMBIENT TEMPERATURE 128
- TIHE MIF IFC PIF

&) 25,177 431,42 11293
1 25.23* 20,13 11235
2 26, 4“ qais, 84 11295
2 ) °6.4 427,57 11297
4 26.5&3 2, 3 11293
o 25, S8 425, 34 11299
£ 25, BEE eI 11201
4 25, 743 422,54 11282
& 2R, 741 422, 54 11293
E 25,0 422,54 11295
19 . 7E7 4z2, 54, 11293
11 E".".- ?EB 4-—-—- -'4 112?{3
12 2, 710 423, 5 112y
17 25, TG 422, 54 ifasd
14 2B, B9 422,54 11aed
15 R $22.54 112va

DELTRH F
TIME

RMETIENT TEMFERATURE 148
IFZ FIF
421,42
GEIE, 13
423, 84
427 5?
4 J.u
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LI s
Pt B
Dol

et AU R cr R

WO PRI MDA TIPSO

RN RNRNNNERNT

5
I
5] ) o 112
1 & & 11z
& B, 205 i1z
3 2] ilz
4 S b tie
b B s U4 11z P
B B.oeld 423.?5 11evs
4 By B2 422,54 1120s
S B, S G2z, 54 112v¢7y
C Bl REE 42, 54 11274
16 BBV ez, 5 11271
11 B, mRE 422,54 11zE:
I e, EEL L:.54 P1aEh
13 25,604 d22, 54 fl2es -
14 HE, 547 422,54 11a5s
13 i, Eechid 11258

4huld4

DELTR P
g TIME

AMETENT TEMFPERATURE 1&A

S
YWIF IF PIF
£ EE.:?i d31. 42 11ad42
1 25,19 439, 13 1249
@ es.hjs 4::.;4 11251 !
3 28,317 T flass .
4 SR, S 4hh.qn 11254 !
5 25, 480 425, 04 j1255 X
B 26, S8R 125, 7E 11288 -
7 26, Gebd 422. 54 1258 S
& 26,637 422, 54 F1255 )
S 25, G 4h:.54 f1e52 Y
15 25, B2 428, 54 11349 E
11 PE.ELS 4h3.54 11248
iz 26, 69 422,54 . 11243 (
13 25, BB 432,54 . (1248 ! )
114 Lbldqq 4hhld4 1123?
15 ESava hHl54 11234
e e v v s e et 4R, $Eiom s rerm min ¥ e . ] . 4wy s St Ethe @ L A e e e
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A-13

JLELTA P 5y AMEIEWT TEMFERATURE 120
TINE YIF IFC FIF
& 25,018 431,42 11225
)\ 26, 104 30,13 1laae
2 25, 132 423, 8 lizan
(s 26, 284 427,57 11236
4 25, 346 426, 3 f1azl
o] 26,425 425, 04 11233
b6 2B.510 423,78 flzzd
? 26,392 t2d, 54 11238
i e, SES 422,54 T 11233
4 25, 578 2@, 54 11230
19 a5, 571 422, 54 p12z7
i 2R, DEd 422, B 11284
12 25,957 422,54 11zz1
13 26,559 422, 54 11218
14 26,543 e, G 11215
13 26, W5 422, 54 tiela

DELTH P S AMEIENT TEMPERATURE 256G

TINE VIF IFC FIF

5 S 2EL.BR5 431,42 1ianz
1 2,047 g, 1E {11504
2 26, 1g9 g2, 84 1i2ns
3 25,811 427.57 112097
4 26, 29 426,38 11283
5 25,375 425, 84 11211
& 25,452 qan, 7o 1izle
7 28, 544 422, B 11314
] 25,83 422, 54 {1211
| 25, SEG doz, B 11zR2
i 2E, 019 422,54 11248
i1 2E, 012 dae.h 11232 N
ie S5 aRs 22, 54 ii19a
13 S, G o2, 54 11i9s
14 26,491 420, 54 11133
15 28, 4Ed 22,54 1119
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WIF

25, 530
25-311
25,941
25,0971
e, 201
2E, w3l
=GP )
25, 598
25,325
o, 07a
e, 571
26, 564
28,937
o] 2 b
26,045
25, T36

AMEIENT TEMPERMAT!

IFC
G35, 40
4-’40 .l':ﬂ

4-.’!’-nl—*
4‘3""--.44
i R D R
s..'.'o'.l
"'"l, 4'1
4;"1-“’3"
422,95
422,54
422, 54
4h~.54
422,54
428.5
4::-«-‘4 .
4@z, 54

L= vy )

qa2z, 94
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1
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00 5 T LA e
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A PATIND
PG

1%y AMEIEHNT TEMPERRTURE 2UH

25,827
28,757
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w5, 813
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2R, 413
=6, S48
e, TR
26, S2A
FE.319
ol )
25, SED
20 R
a5, 491
26, 484
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DELTA F 19y AMEIEHT TEMFERATURE 120
- TIHE WIF IFE FIF
25,841 I, 48 1z ?’

a8

ot

X

L 0y GO
A v 7

0 [ [0 O

o =g Ty L0 e 00 [ e D
)
x
A
wn
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K S N X
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3 ZE, 74 428 5 259
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i 72 422,54 11293
i 7R 422,54 &9
2 .71 422, 54 E
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DELTH B 18,
TIHE . b

AMETEHNT TEMFERATURE 148 *

3
o

G430, 25

F 1IFi2 FIF
5 25, veR $35, 41 {1254
i. 25,917 4ad, 30 fieGs
2 SE, 947 438, e {1261
K - R, 3T 11265
4 25, 367 42,37 {iass
S 280438 426, 44 j1evs
& ZEL DB 424,46 11275
v 25, BEE 22,534 {leen
= 25, BE az?, 54 11277y
% 2a, BEE 4hh.54 11274
14 E,ETR a2, 54 11271
11 TRELEED 4;;.54 11262
1e e BE] $22, 54 ti=es
13 T qae, 5 11262
14 25, E47 {2, 54 11299 .
15 2, 543 e, 5 11256
DELTA F i@y FAMEIEWT TEMPERATURE 158
- TIHE WIF IFC PLF
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w5, 99d 330 ks ~ y
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1.3-DN-C0504-036
A-16

DELTA P 10y  AMEIENT TEMPERATURE 70
TInE VIF IFC FIF

0 29,976 436,40 1133

| w104 434,35 113239
2 26,233 432,34 11242
3 26,32 420,35 11345
4 26,4391 428,37 11248
9 26, 220 426,49 11291
. 26,749 424,45 11254
7 2€.877 422,54 11357
B 26,271 422,54 11354
g 2¢,5254 422,54 11391
10 26,857 422,54 {1243
11 26,550 422.54 11345
12 26,843 422.54 11342
13 26,836 422,54 11339
14 26,829 422,54 11338
19 26,822 422.54 11333

DELTA P 19y FAMEBIENT TEMFERATURE £0
TIME YIF IFC FIF

0 25.949 438,40 11324
1 26,078 424,36 11327
2 26,207 432,34 11238
3 26,336 430,39 11333
4 26,465 423,37 11337
- 26,594 426,44 11248
[ 26,723 424, 4F 113243
7 25,851 o 11348
S 26,245 4;;.44 11343
E 25,838 422.%4 11340
10 26,831 422,54 11337
| B, 26,324 422,54 11334
12 «oe 817 422,54 11331
13 2E.710 422,94 11328
14 26,803 422.54 113295
15 26,796 422.54 11322
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IFC FIF
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