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ABSTRACT

The report describes a study of fuel cell powerplants with heat recovery performed during
the period 15 August 1974 tc 15 February 1975 under NASA Contract NAS9-14220 with
the NASA Johnson Space Center Urban Systems Project Office.

The study showed that heat can be recovered from fuel cell powerplants by simply repiacing
the air cooled heat exchangers in present designs with units which transfer the heat to the
integrated utility system. A study of energy availability for a 40 KW powerplant showed that
the total usable energy at rated power represents 84 rercent of the fuel lower heating value
{38 percent as electric energy, 24 percent as heat at temperatures suitable for absorption air
conditioning, and 22 percent as usable heat at lower temperatures). Total usable energy

P increases to 96 percent of the fuel lower heating vaiue for powerplants with ratings in the
J_,, megawatt class. The study showed that the effects of design variables on heat availability
were small.

As part of the effort, design requirements were established for the heat recovery heat ex-
changers, This activity included measurement of the characteristics of two candidate fuel
cell coolants after exposure to fuel cell operating conditions. The tests showed that the
coolants are acceptable for use in fuel cell powerplants.

A heat exchanger test program was defined to assess fouling and other characteristics of fuel
ceil heat exchangers needed to confirm heat exchanger designs for heat recovery. The pro-
gram would include four tasks — materials selection, definition of fouling considerations,
definition of required 1US water loop quality and definition of heat exchanger size and cost
i differential.

? Further effort is recommended to complete the assessment of fuel cell powerplants with

s I heat recovery. This effort should include an evaluation of energy savings in typical integrated
g utility system applications, implementation of the heat exchanger test program and selection
: ot the most cost effective heat recovery configuration.

1 T

e o}

s

==

=E

PAGE NO. il

i

k,ﬂ(




=

SRt

B

o e g

A

ey

POWER UTILITY

2.0

3.0

4.0

TABLE OF CONTENTS

SUMMARY

1.1 Background and Objecti.ves

1.2 Program Results

1.3 Recommendations for Further Effort

RESULTS AND CONCLUSIONS

2.1
2.2

2.3

24

Program Objectives and Tasks
Task 3.2 “Definition of Heat Recovery Considerations
in Fuel Celi Powerplants”

2.2.1 Availability of Heat from Baseline Powerplants

2.2.2 The Impact of Alternate Configurations on Available
Heat

2.2.3 Impact of External Variables on Available Heat

2.2.4 Design Requirements for Heat Exchangers

Task 3.3 ”"Determination of Heat Transfer Properties of
Fue! Cell Coolants”

2.3.1 Coolant Description
2.3.2 Test Approach

Task 3.4 *'Experimental Program to Assess Heat Exchanger
Core Characteristics”

RECOMMENDATIONS

DISCUSSION

4.1

4.2

Introduction and Acknowledgements
4.1.1 Brief Overview of Program kS

Task 3.2 “Definition of Heat Recovery Considerations in Fuel Cell
Powerplants’

4.2.1 Task Objectives

4.2.2 Characteristics of Baseline Fuel Cell Powerplants,

4.2.3 Definition of Powerplant Changes Necessary for
Heat Recovery

4,24 Available Heat from 40 KW Powerplant

HE
L PRECEDING PAGE BLANK NOT Enm PAGE NO, V

i

FCR-0021

Page

Q) = s

~1 =]

o0~

(A
12

11

11

11

29

33

34

34

3b

35
35
38

43



TR T

SR Wy R R

POWER UTILITY

4.3

4.4

TABLE OF CONTENTS {Cont'd)

4.2,6 The Impact of Independent Variables on Available
Heat

4.2.6 Component Design Requirements for Heat Recovery

Task 3.3 "Determination of Heat Transfer Properties of Fuel
Cell Coolants”

4.3.1 Method and Equipment for Measuring each Fluid
Property
4.3.2 Description of Test Program

Task 3.4 “Definition of an Experimental Program to Assess
Heat Exchange Core Characteristics”

44,1 Introduction to Heat Exchanger Design for Fuel Cells
in Integrated Utility System

4,4.2 Heat Exchanger Calibration Test Stands

4,43 Experimental Program

PACE NO. Vi

FCR-0021

Page
45
50

51

51
57

59

59

61
62

|

2 b . e A8

5
{




=3

i

POWER UTILITY

Figure

10
11

12
13

14

15
16
17

.18

ILLUSTRATIONS
Caption
Fuel Cell Powerplant Schematic

Useable Energy at Rated Power

Effect of Heat Recovery Configuration on Distribution
of Useable Energy

Resulis of Fluid Property Measurement

Recommended Heat Exchanger Test Program Tasks

The Effect of Electric Generation Efficiency On Useable
Energy for the 40 KW Baseline Powerpiant at Rated Power

The Effect of Electric Generation Efficiency On Useable
Energy Tor the 40 KW Baseline Powerplant at Half l.oad

Total Useable Energy for the 40 KW Baseline and 26 MW
Powerplants ~ Configurations 1 and 2

impact of Configuration Upon Available Heat for the 40 KW,
35 Percent Efficient Powerplant

Impact of Configuration Upon Availahle Heat for the 40 KW,
40 Percent Efficient Powerplant

Impact of Configuration Upon Available Heat for the 26 MW
Powerplant

Viscosity vs. Temperature, [nitial Test
Viscosity vs. Temperature, Post Start-S.op Tests

Viscosity vs, Temperature After the 2000-hour Laboratory
Test

~ Viscosity vs. Temperature SF-97-B0, Rig Samples

Density vs. Temperature, Initial Data
Density vs. Temperature, Post Start-Stop Tests

Density vs. Temperature, After the 2000-hour Laboratory Test

PAGE NO. Vil

FCR-0021

Page

10

10

11

15
16

17

17
18

18

19




SR

POWER UTILITY

Figure
19
20
21
22

23

24

25

26

27
28

28

30
31

32

33
34

35

36

ILLUSTRATIONS (CONT'D)

Caption

Density vs. Temperature SF-97-50, Rig Samples
Specific Heat vs. Temperature, Initial Data

Specific Heat vs. Temperature, Post Start-Stop Tests
Specific Heat vs. Temperature SF-97-50 Rig Samples

Specific Heat vs. Temperature After the 2000-hour
t ahoratory Test

Initial Thermal Conductivity vs. Temperature SF-97-50
and SF-1093-50

Thermal Conductivity vs. Temperature SF-97-50, Rig
Samples

Thermal Conductivity vs. Temperature After the 2000-hour
Laboratory Test

Thermal Conductivity vs. Temperature Post Start-Stop Tests

Effect of Degassing on Measured Thermal Conductivity
of SF-97-50, X-586

Effect of Degassing of Measured Thenmnal Conductivity
of SF-87-50, X-707

Volatility vs. Temperature, Initial Data
Volatility vs. Temperature, Post-Stop Tests

Volatility vs. Temperature After the 2000-hour Laboratory
Test

Volatility vs. Temperature SF-97-50, Rig Samples

Recommended Test Program
Study Approach

40 KW Baseline Powerplant Efficiency

PAGE NO. Vijii

FCR-0021

Page
19
20
20
21

21

22

23

23

24

24

25

26
26

27

27
30
34

36

XTI

.




o

et
ctroro:

e =3

POWER UTILITY

Figure

37

3G

39

40A
408

40C
41

42

43

44

45

45

47

48

49

50

ILLUSTRATIONS (CONT'D)

Caption
40 KW Baseiine Powerplant Schematic

16 MW Powerplant Electric Generation Efficiency

40 KW Baseline Thermal Management System Schematic
Heat Recovery Subsystemn ~ Configuration 1
Heat Recovery Subsystem ~ Configuration 2

Heat Recovery Subsystem ~ Configuration 3

Heat Recovery Subsystem for 2-Phase Water Cooled Power
Section

Available Heat for the 40 Percent Efficient, 40 KW
Powerplant ~ Configuration 1

Available Heat for the 40 Percent Efficient, 40 KW
Powerplant ~ Configuration 2

Available Heat for the 40 Percent Efficient 40 KW
Powerplant ~ Configuration 3

The Impact of Electric Generation Efficiency on High
Grade Heat

The Impact of Electric Generation Efficiency on Low
Grade Heat

The Impact of Electric Generation Efficiency on Total
Useable Energy

The Effect of Ambient Temperature on Available High
Grade Heat

The Effect of Steam Pressure on Available High Grade
Heat for the 40 Percent Efficient, 40 KW Powerplant ~
Configuration 2

Available Heat for the 26 MW Powerplant ~
Configurations 1 ar.d 2

PAGE NO. X

FCR

Page
37

39
40
40
41
41

42

a4

44

45

46

46

47

48

49

50

0021




i
[=_
i -

POWER UTILITY ECR-0021 N

ILLUSTRATIONS (CONT'D)

Figure Caption Page
52 |
51 Brookfield Viscometer .
; 583 .
i 52 Dupont Differential Scanning Calorimeter ;J !
i 53 =
53 Thermal Comparator 1
54 P
54 Test Arrangement for Volatility Lo
55 ‘
Bh Flammabtiity Test in Process [
56
56 Dielectric Strength Test Equipment ;
| 57  Qutline of Test Program 57 , ‘
i
58 2000-hour Laboratory Test Arrangement 58
59 Meat Exchanger Test Stand 62

PAGE NO, X




-

=
A

POWER UTILITY FCR-0021

A i ey e
e T 4
S E e pen

TABLES

No. Title Page

Initial Coolant Properties at Room Temperature

i Fluid Property Measurement Methods 13

TH Coolant Sample Description Summary 14

=

b=
<

Flammability Test Result Summary 28
' 29

v Dielectric Breakdown Test Summary
36

Bz

Vi 40 KW Powerplant Characteristics

38

Vil 26 MW Powerplant Characteristics

ford

VI Low Grade Heat Available at 40 KW, 40 Percent Efficient 49
at 20 KW

e
i

;.’
i

]

PAGE NO, Xi

I
1
I




S . U | A { IS PPN SOOI ST SIS SRR L

]
¥

I FCR-0021
= POWER UTILITY 3y

- ;

L :
1.0 SUMMARY i

=73

1.1 Background and Objectives

T With a view toward more efficient utilization of energy and resource conservation, utility
SRS} system technologies are being investigated by the NASA Urban Systems Project Office at

i Johnson Space Center. These systems offer increased energy utilization efficiency and pro-
vide freedom from siting restrictions imposed by utility availability.

The characteristics of fuel cell powerplants provide several benefits in infegrated utility
systems. Simple paralleling and high part load efficiency permit a range of application
power demands to be served with a simple catalog. Pollution emissions are insignificant
and installation costs are low, Hydrocarbon-gir fuel cell powerplants with ratings from 40
KW to 26 MW are being developed at United Aircraft. These powerplanis are designed for
utility applications and reject excess heat {0 ambient through air cooled heat exchangers. i

The effort described in this report was carried out under NASA contract NASS-14220 "Study
of Fuel Cell Powerplant With Heat Recovery” by The Power Utility Division of United Air-
craft Corporation during the period August 15, 1974 through February 15, 1975. The pur-
poses of the contract were: J

l
® identify powerplant changes required to recover heat from fuel cell power- ;,j
plants and define the availability of useable heat from fuel cell powerplants,

® define the heat transfer properties of fuel cell coolants in the fuel cell power- i
plant operating range, |

® define an experimental program to evaluate heat exchangers for use in recover-
ing heat from fuel cell powerplants.

1.2 Program Results

Study of Heat Recovery Considerations — The recovery of heat from fuel cell powerplants is
possible by substituting heat exchangers which reject heat to the integrated utility system
(1US} loops for heat exchangers which reject heat to air (Figure 1). Control of temperatures
is achieved through sensors and bypag, valves located on the high temperature side of the
heat rejection heat exchangers in present designs; these controls are unchanged in power-
plants with heat recovery.

v,

At rated power useable heat from natural gas fuel cell powerplants ranges from 48 percent
of fuel eneray for 40 KW powerplants to 57 percent for multi-megawatt ratings. Approxim-
ately haif of this heat is available at temperatures greater than 250°F; this "high grade heat” i
can be used to provide absorption air conditioning, space heating or low pressure process %
1]

steam. The remaining heat is referred to as “low grade heat’ and can be used for heating
domestic hot water, for space heating or to preheat process streams. When the useable heat
energy is combined with electric energy delivered, the total useable energy from fuel cell
powerplants ranges from 84 to 96 percent of the full lower heating valve (Figure 2). The
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Figure 1 — Fuel Cell Powerplant Schematic
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Figure 2—Useable Energy at Rated Power
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fraction of the fuel energy available as useable energy decreases slightly at half rated power
with electric generation efficiency and low grade heat being a somewhat higher fraction

=5

Ui of fuel energy at reduced electrical load demand. 4
R
o
:"'1§ .
%';_,: Alternate heat recovery configurations were studied in the contract. Configuration 1 re- L §
i covers high grade heat only from the cell stack thermal control loop. Configuration 2 recovers Lo
additional high grade heat from the powerplant exhaust and is expected to be somewhat ;
a more expensive. Figure 3 shows that approximately 15 percent more high grade heat is i
i available for Configuration 2; total useable energy remains the same, S
its g
& -
il CONFIG CONFiG i
h CONFIB GONFIG 1 ww | Saen T
80 ! Low l 3%\ 1 GRADE
i PERCENT 0F 25%1 | GRADE ;”"" 1
RIGH i
T HEATING VALUE ﬂ%{ o e LA |
i AT RATED " [ . 4
POWER
i 3%
i . 39%
LS 20 ELECTRIC ELECTRIC
0
s 40KW NET AC 26MW NET AC
_ {6 MODULES AT 4.3 MW}
- Figure 3 — Effect of Heat Recovery Configuration on Distribution of Useable Energy
$1
5
The effects of ambient temperature, electric generation efficiency, heat recovery loop temp-
T eratures and alternate fuel cell thermal control approaches such as heat pipes or two-phase
23 cooling were also studied. Within the range of interest, these variables were found to have
little impact on the availability of useable energy from fuel cell powerplants. As part of
this effort, design requirements were established for the heat recovery heat exchangers.

T

st

Definition of Coolant Properties — Twao silicone oils are being considered for use as fuel cell
coolants because they have the high dielectric strength required for fiuids contacting the
cell stack. The fluids differ in that one fluid (SF-97-80) requires sealed system operation
while the other {SF-1093.50) contains an antioxidant to eliminate degradation on exposure
to air. Properties of the coolants were measured both initially and after exposure to power-
plant operating conditions as part of the contract effort. The initial values of the properties
measured are shown in Table 1 at room temperature. Exposure to powerplant conditions
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TABLE |

INITIAL COOLANT PROPERTIES AT ROOM TEMPERATURE
{21°C unless noted)

SF9750 SF1083
Viscosity - centipoise 53 53
Density - grams/cc 0.961 0.961
Specific Heat - cal/gm°C 0.381 0.381
Thermal Conductivity cal/hr-em-°C 0.68 0.99
Volatility ~drams lost .01 .01
100 cm? - day
(76°C)
Flammability
— Flash Point °C 229 316
— Fire Point °C 343 343
— Auto Ignition °C 421 440
; Dislectric Strength kv/m 11.03 10.24

(28.3°C}

included simulation of 10 start-stop eycles (representative of b years of normal operation in
an on-site application) and a 2000-hour endurance fest in the presence of coolant loop
materials at temperatures somewhat higher than those expected in the powerplant.

In addition, properties of coolant samples from test rigs and experimental powerplants with

up to 8000 hours endurance were also measured. The results of the fluid property measure-
ments are summarized in Figure 4. As expected, oxidation caused the viscosity of SF-97-50

to increase gradually during endurance testing. An air-free powerplant snvironment will be
required for this fluid or alternatively, annua! replacement will be required. The viscosity of
the other candidate fluid, SF-1093-50 remained stable because of the anti-oxidant additive;
SF-1093-50 requires exposure to air during powerplant operation to maintain stable properties.

» BOTH FLUIDS ARE COMPATIBLE WITH POWERPLANT MATERIALS AND TEMPERATURES
» SPAT-50 OXIDIZES IF EXPOSED YO AIR DURING POWERPLANT OPERATION
s REQUIRES AIR-FREE POWERPLANT ENVIRONMENT OR ANNUAL

REPLACEMENT

» SF-1083.50 REQUIAES EXPOSURE TO AIR DURING POWERPLANT OPERATION

Figure 4 - Resulis of Fluid Property Measuremant
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Definition of Heat Excahnger Experimental Program — Fuel cell powerplants present unique
environments for heat exchangers in the heat recovery loop. The effort under this contract
included the definition of an experimental program to obtain the design characteristics

of heat exchangers in he heat recovery loop. The program defined encompasses four tasks
as shown in Figure ¥,

* MATERIALS SELECTION
¢ DEFINITION LF FOULING CONSIDERATIONS
e DEFINITION OF REQUIRED IUS LODP WATER QUALITY

* DEFINITION OF HEAT EXCHANGER SIZE AND COST DIFFERENTIAL
AND CONFIRMATION

Figure 5 — Recommended Heat Exchanger Test Program Tasks

~

The four tasks are described below:

Task A - Materials Selection - The materials compatibility problems of heat exchangers inter-
facing with both fuel cell powerplant fluide and the water in the integrated utility system
loop will be investigated and materials wil! be selected for use in this application. Initiai
materials selection will be made based upon known constraints. Follow-up testing of primary
candidates will confirm these choices.

Task B - Definition of Fouling Considerations - The fouling characteristics experienced with
fuel cell heat exchangers will be investigated and design factors and cleaning schedules to
eliminate fouling effects on system performance will be established.

Task C - Definitioni of Required [US Water Loop Quality - The quality of water in the in-
tegrated utility system loop which is required to minimize corrosion and fouling on the sys-
tem side of the heat exchangers will be identified.

Task D - Definition of Heat Exchanger Size and Cost Differential and Confirmation - Heat
exchanger configurations will ke selected for 40 KW and 26MW fuel cell powerplants with
heoat recovery based on characteristics obtained in previous testing. The size of these heat
exchangers will be defined and the cost differential between a fuel cell powerplant which
rejects heat to air and a fuel cell powerplant which rejects heat to an integrated utility sys-
tem loop will be determined. If heat exchanger core configurations different from those
previously tested are selected, a short test will be conducted to confirm that initial core
characteristics and the fouling data are appropriate for the selected configurations.

PAGE NO. D
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1.3 Recomfnendations for Further Effort

It is recommended that further assessment of the use of fuel cell powerplants in infegrated
utility systems include:

1. Definition of the annual operating efficiency of typical integrated utility system
with fuel cell powerplants using the Energy Systems Optimization Computer
Program available at NASA USPO.

2. Implementation of the heat exchanger test plan generated in this effort and
assessment of the cost impact of alternate heat recovery configurations.

3. Selection of the most cost effective heat recovery configuration based on annual
efficiencies defined using the ESOP {Recommendation 1) and the capital cost
differential between the configurations {Recommendation 2).
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2.0 RESULTS AND CONCLUSIONS 3

%y 2.1 Program Objectives and Tasks

it o B e

The objectives of this effort wera:

® to identify modifications to present fuel cell powerplant designs to permit recovery
of waste heat

& 1o define the availability of waste heat from fuel cell powerplants

® to define design requirements for heat exchangers to he used in recovering fuel
cell powerplant waste heat

o to define the heat transfer properties of fuel cell coolanis

«® 1o define an experimental program 1o assess core characteristics for heat recovery

heat exhangers

PRI T e T
Pt i e ey T i

To meet these objectives, the contract effort was carried cut in three tasks: Task 3.2,
“Definition of Heat Recovery Considerations in Fue! Cell Powerplants”, “Task 3.3, Determ-
ination of Heat Transfer Properties of Fuel Cell Coolants”, and ‘Task 3.4, Definition of an
Experimental Program for Assessment of Heat Exchanger Core Characteristics”. The tasks
make use of information and analysis techniques developed in commercial fuel cell programs.
Restlts and Conclusions of each task are described below.

2.2 Task 3.2 — Definition of Heat Recovery Considerations in Fuel Cell Powerplants

The purpose of this task was to define modifications to recover heat from fuel cell power-
plants and to define the availability of heat from fuel cell powerplants.

2.2.1 Availability of Heat from Baseline Powerplants

Twao fuel cell powerplants were selected for use in these analyses, a 40 KW on-site generator
and a 26 MW dispersed utility generator. Both are variations of powerplant designs presently
in progress in the commercial fuel cell program at Power Utility Division of United Aircraft,
Natural gas was assumed as the fuel for these studies. Results of the studies indicate that
only minimal changes to the present designs are necessary for heat recovery, This is due

to the high degree of thermal integration incorporated in present fuel cell powerplant design
and low exhaust stream temperatures required for water recovery. The only powerplant
changes required for heat recovery involve the wubstitution of heat recovery heat exchangers
for the present air-cooled heat rejection units. All controls are located on the fuef cell side
of the heat recovery loop and would be the same as in air-cooled designs.

Figures 6 and 7, based on the 40 KW powerplant, show that the total useable energy varies d
only slightly with the design electric generation efficiency at rated power or at half load. 1

PAGE NO, 7
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« 40 KW BASELINE POWERPLANT

® 21°C {70°F) AMBIENT

* 400 KW NET AC POWER LEVEL

FCR-0021

Figure 6 — The Effect of Electric Generation Efficiency On Useable Energy for the 40 KW Baseline
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Figure 7 — The Effect of Electric Generation Efficiency On Useable Energy for the 40 KW Baseline

MAXIMUM ELEGTRIC GENERATION EFFICIENCY AT 20 KW

Powerplant at Rated Power

* 40 KW BASELINE POWERPLART
® 21°C {70°F] AMBIENT

= 20 KW NET A POWER LEVEL
* HEAT EXCHANGER EFFECTIVENESS = 0.8

« HEAT EXCHANGER EFFECTIVENESS = 0.8

5
= 100
—
e CONFIG GONFIG  CONFIG CONFIG
= or conre || o ? :

ow Low
e GOFie LRy | R 2on | aaane |25
- Ghave | 17%
E 60 26% LLL PIETILP
= 7

HIGH ok ||
= \%% aog| oave [[34% 2% erane | 2%
o Hoy | 1-35%
= 26%]{ GRADE
(259
|
wo | ELECTRIC
oo ELECTRIC 38%
o= ELECTRIC 30%
=] 21%
= 9
. 30% 5% 0%

CONFIG CONFI COKFIG
cuu;m b W*:Flﬁ 2 ¢ cuuarlu 2
Low LOW 0
365 | omabe | [30% 305 | camoe | [29% 315 | carep | [30%
2 y HGH | [ygq  79%-] | HI GRADE] 9%
jag | HGH | -20% %11 craDE
GRADE
aal
ELECTRIC ELECTRIC
ELECTRIC bt 40%
30%
20% 35% 0%

MAXIMUM ELECTRIC GENERATION EFFICIENCY AT 20 KW

Pawerplant at Half Load

PAGE NO, B

P

[N

g1ty

. St S WV




[naver)

POWER UTILITY FCR-0021 P

ey

The percentage of low grade heat remains essentially constant as efficiency varies while the
high grade heat decreases with increasing electric generation efficiency. This occurs because
the power section design point is the major determinant of electric generation efficiency and
also, the major variable in defining high grade heat. Relative quantities of low grade and high
grade heat vary slightly with the heat recovery Configuration (1 or 2) but the total useable E
energy is not affected. v

m The total useable energy increases substantially at higher powerplant ratings as shown in :

Figure 8. Figure 8 indicates that the total useable energy is 84 percent of fuel lower heating s
value at 40 KW with an increase to 96 percent at 26 MW, The change in total useable energy J
with scale is primarily due to available heat, since the electric generation efficiency is a
design input parameter {within limits). The factors which cause available heat to change ;'
with power fevel are: inverter efficiency, component parasite power, and thermal losses.

% All of these factors are strongly influenced by scale in the region of 40 to 500 KW. t
* 21°C {70°F] AMBIENT 1
i « HEAT EXCHANGER EFFECTIVENESS = 0.80 .
100 - f

@ CONFIG CopFie
i 5§

CONFIG CONFIG :

80— LOW 299

PERCENT e (L %4 | caane

OF FUEL 25%< | GRADE 123% f

77T g

LOWER 60— T :

HIGH i

HEATING 2| HEH 3o, 29| eaoh | (28% ;

VALUE GRADE ¢

40| i

38% 0

ar ELECTRIC ELEag‘?;zlc s

ol N

A0KW WET AC 26MW NET AC

Figure 8 — Total Useable Energy for the 40 KW and 26 MW Powerplants — @j

E Configurations 1 and 2

2.2.2 The Impact of Alternate Configurations on Available Heat

ﬁ' m‘a

Three alternate heat recovery configurations were studied. The first arrangement, Config-
H uration 1, provides a reasonable mix of high grade and low grade heat and is accomplished
! with a minimum number of heat exchangers. Configuration 2 is a means of abtaining the
maximum amount of high grade heat from the powerplant, but at the expense of additional
| heat exchangers. Figures 9 (35 percent electric generation efficiency) and 10 (40 percent
electric generation efficiency) show the amount of high grade heat increasing by about 13
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percent for the 40 KW powerplant if Configuration 2 is used. Similarly Figure 11 indicates

a 16 percent increase in high grade heat between Configuration 1 and Configuration 2 for the
26 MW powerplant. A third heat recovery arrangement considered for the 40 KW power-
plant recovers all thermal energy as low grade heat {Configuration 3). The fotal available

iow grade heat increases to the sum of the high grade and low grade heat for the other heat
recovery configuration as shown in Figure 9 and 10. Power section heat removal concepts
other than the baseline forced convection oil-cooled approach were examined for possible
impact on heat recovery. The examination showed that the prime alternate heat removal
coneept, two-phase water, resulted in the same heat availahility as the baseline oil-cooled
system. A heat pipe heat removal approach would also show the same heat availability.

PERCENT
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LOWER

HEATING
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100 —
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60—
a8} LOW GRADE LOW GRARE
53%
20 |- 309, 349 LOW GRADE
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1 2 3

Figure 9 — Impact of Configuration Upon Avzilable Heat for the 40 KW, 35 Percent
Efficient Powerplant
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Figure 10 — Impact of Configuration Upon Available Heat for the 40 KW, 40 Percent
Efficient Powerplant
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Figure 11 — Impact of Configuration Upon Available Heat for the 26 MW Powarplant

2.2.3 Impact of External Variables on Available Heat

The impact of varying heat recovery loop temperatures was investigated in this study. High
grade heat avallabthty remained essentially constant as saturated steam conditions were varied
% from 10.3 x 10% n/m? (15 psig) to 62.1 x 10% n/m? (90 psig) (saturation temperatures of

1 121°C (250°F) and 186°C (330°F) respectively). In the low grade heat loop the baseline
heat recovery loop operates at temperatures between 24°C (75°F) and 71°C (160°F) (do-
mestic hot water). About one third of this low grade heat is available at higher temperatures
71°C (160°F) to 93°C (200°F) for space heating. The abrupt decline in available low grade
heat with increasing supply temperature is due to the loss of the heat of condensation in the
powerplant exhaust stream.

i

Ambient temperature has a small impact on the amount of available heat. Over the ambient
temperature ranges studied, 2°C (35°F) to 43°C (110°F), there was less than a 10 percent
change in ine quantity of high grade heat available about the 21°C (70°F) reference point.
The effect of ambiznt temperature on low grade heat is even smaller {about 1 ta 2 percent)
over the same temperaturs range.
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2.24 Design Requirements for Heat Exchangers

Heat Exchanger design requirements were developed for the 40 KW powerplant at 35 and 40
percent electric generation efficiency and for the 26 MW powerplant for both Configuration

1 and Configuration 2. These design requirements are presented in Appendix A. These require-
ments in combination with the coolant properties determined in Task 3.3 provide design input
for the heat exchanger test program definition.

2.3 Task 3.3 “Determination of Heat Transfer Properties of Fuel Cell Coolants”

The purpose of this task was the evaluation of the heat transfer relaved physical properties
of two candidate fuel cell coalants.

2.3.1 Coolant Description

Documentation of these properties is required to support the design analysis of the related
fuel cell system heat exchangers. The candidate coolants, (SF-97-50 and SF-1093-50), are
both silicone oils which were selected for their high dielectric strength and reiative inflam-
mability at the expected fuel cell powerplant operating temperature range. High coolant
dielectric strength is necessary since the present powerplant design philosophy results in

the cooiant being in direct electrical contact with the fuel cell stack; a fow coolant dielectric
strength could result in stack electrical leakage current which wastes power and compromises
the stack life. Physical properties of these coolants are needed after exposure to powerplant
operating conditicns to support the design of the associated heat exchangers.

2.3.2 Test Approach

The fluid properties measured, along with the appropriate measurements method, are shown
in Table 11. The physical properties were evaluated for each of the two coolants in the as-
received {new) condition and after subjecting them in the lab to typical powerplant environ-
ments of hoth long-term steady-state and start-stop operation.

Start-Stop Test

Samples of each silicane oil coolant were subjected to a series of simulated powerplant start-
stop cycles. The samples were heated in a flask by an electrical immersion heater from room
temperature to 191°C (375°F} where the heater was shut off and then the coolant was
allowed to cool to room temperature. The upper limit on surface temperature of the im-
mersion heater was controlled to a maximum of 3156°C (6Q0°F). This cycle was repeated 10
times on each 2000 cc coclant sample.

PAGE NO. 12
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TABLE I

FLUID PROPERTY MEASUREMENT METHODS

Fluid Property
Viscosity
Density

Specific Heat

Thermal Conductivity
Volatility
Flammabhility
Flash Point
Fire Point

Auto lgnition

Dielectric Strength

2000-Hour Exposure Laboratory Test

Measurement Method

Brookfield Viscometer Model RV
Standard Lab Equipment

Differential Scanning

Calorimeter - DuPont 890

Thermal Analyzer

Wear Science Inc. Thermal Comparator
Standard Laboratory Equipment
Standard Laboratory Equipment
ASTM D92-62

ASTM D92-52
ASTM D2155-66

Associated Research Model 4720-M7 Tester

ASTM DB77-49

FCR-0021

A sample of each coolant type, SF-97-50 and SF-1093-50, was maintained at 191°C for 2000
hours in laboratory tests simulating powerplant operating conditions while being exposed to
typical powerplant coolant loop type materials. The sample of SF-97-50 coolarit was exposed
only to a limited quantity of air representative of minor leakage into a sealed powerplant
coolant system while the SF-1093-50 coolant sample was adequately exposed to air in accord-
ance with the coolant manufacturers’ recommendations to use this fluid in an open system,

Pace no. 13
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Powerplant and Cell Stack Rig Coolant Samples

FCR-0021

The physical properties of four samples of used coolanis were measured to allow a comparison
with the laboratory resuits; all coolants samples are SF-87-80. Three of the samples were
removed from cell stack test stands and have exposure times of 1500, 3000 and 8000 hours.
The remaining sample accurmuiated 461 hours while operating in an experimental fuel cell

powerplant,

The sample descriptions are summarized in Table 111 and compared to the laboratory tests
conducted under this contract. The physical properties of each coolant sample were evalu-
ated after the completion of the individual test.

Sample

Start/Stop
Test

Long
Endurance
Test

TABLE I

Coolant Sample Description Summary

Type
SF-97-50
SF-1093-50

SF-97-50
SF-1093-50

SF-97-50
SF-87-50
SF-97-50

SF-97-50

*N/A - Not Available

Source

l.ab Test
Lab Test

Lab Test
Lab Test

Ceil Test Stand
X714

Cell Test Stand
X707

Cell Test Stand
X-708
Powerplant
X-686-4

PaGE no, 14

Approx. Temp. Start Stop Cycles  Hours
21-191°C 10 -
{70 - 375°F)

21-191°C 10 —
{70 - 376°F)

191°C (375°F) 0 2000
191°C (375°F) 0 2000
177°C (350°F) *N/A 1500
177°C {350°F) N/A 3000
177°C (3650°F) N/A 8000
177°C (360°F) 21 461
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Viscosity

An increase in coolant viscosity is considered to be an indication of fluid oxidation and is
used as a measure of coolant degradation. The coolant manufacturer recommends coolant
replacement when the viscosity exceeds twice the original value because coolant gelation Is
imminent. The initial viscosity values are shown in Figure 12, Viscosity is effectively the
same for both fiuids.

= VISCOMETER: BROOKFIELD
= AIR ATMOS TEST
— 600 CC VOLUME
oY) 100:
E -
£ r
2 F
&
- -
e L
-
b= -
2
[ A
W
= 10
- OSF-97-50 INITIAL TEST
[0 SF-1093-50 INITIAL TEST
0 [ [ { | | bl

o 25 50 100 {30 700 250
TEMPERATURE ~ (°C)

| I 1 | 3| I 1 ! I I I T
0 40 alum 150 200 25u3l|]?50 550

400 500
TEMPERATURE ~ (°F)

Figure 12 — Viscosity vs. Temperature, [nitial Test

Post-test viscosity measurements for the start-stop samples are shown in Figure 13 and were
found to be unchanged from the original values. An initially undetected difference in test tech-
nique resulted in exposing the SF-1093-50 sample to a high temperature far a longer period

of time. However, the test result indicates this difference had insignificant impact.
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]

o SF-97-50 INITIAL TEST

O SF-1093-50 INITIAL TEST

< SF-97-50 } POST START-STOP
v S$F-1093-501 TEGT RESULTS

1 1rrh

ol | { l | | 1
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TEMPERATURE ~ (°C)

) | Al ) | S N N N I
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Figure 13 — Viscosity vs. Temperature, Post Start-Stop Tests

The viscosity increase of the SF-1093-560 2000-hour coclant samp:le was predictably

small (Figure 14) since it contains an additional ingredient to ret=:d oxidation which is the
primary cause of the viseosity change. The viscosity increase of the 2000-hour SF-87-50
laboratory coolant sample was significant, and at room temperature conditions, approached
doubling of the initial value (Figure 14). When viscosity doubles, coolant replacement is
recommended by the manufacturer. The viscosity increase of SF-97-50 coolant with

time is also apparent in the test results of the used coolant samples and the 8000-hour
sample is nearing the recommended replacement level. Figure 15 shows that the used cool-
ant viscosity increases with the operating time of the coolant sample. The more significant
viscosity increase of the [aboratory SF-97-80 coolant from the 2000-hour test compared to
the used coolant samples is believed to be primarily due to the higher temperature at which
the 2000-hour test was conducted {191 vs. 177°C; 375 vs. 350°F). Since the laboratory test
conditions are more severe than the actual powerplant conditions, it appears that if 1 percent
or more air by volume were present, SF-97-50 would require annual replacement in a site
powerplant. As an alternative to annual replacement, manufacturing approaches and sealing i
coulid be developed to achieve an air-free environment for SF-97-50. ‘
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14 — Viscosity vs. Temperature After the 2000-hour Lahoratory Test
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Figure 15 — Viscosity vs. Temperature SF-87-50), Rig Samples
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Density

The initial coolant densities are equivalent as shown in Figure 16. No post test variation of
density was detected after start-stop tests, 2000-hour endurance tests or after use in experi-

mental rigs and powerplants as shown in Figures 17, 18, and 19.

0.980 OINITIAL DATA SF-97-50
oiNITIAL DATA SF-1093-50
— D330
Py
S
= 0900
=
t 0.860}-
7]
E 0.820—
F—
0.780)-
0.740 { P { i {
0 50 100 150 700 253
TEMPERATURE ~ {°C)

L1 | | ] { i |
8 100 150 200 250 300 350 4D 450 500

TEMPERATURE ~ (°F)

Figure 16 — Density vs. Temperature, [nitial Data
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Figure 17 — Density vs. Temperature, Post Start-Stop Tests
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Figure 18 — Density vs. Temperature, Atter the 2000-hour Laboratory Test A
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Figure 19 — Density vs. Temperature SF-97-50, Rig Samples
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Specific Haat

A slight difference in the initial specific heat between the two coolants was detected at .
higher temperatures as shown by Figure 20, The post start-stop test results displayed in i
Figure 21 show a variation from the original values. However, the amount is considered in-
significant (approximately 3 percent at powerplant operating temperature}. The specific :
heat of all the rig coolant samples was found to decrease slightly at elevated temperatures. i
The amount of change appears to be somewhat time dependent as evidenced by the general
trend of the used coolant samples toward lower values of specific heat with increased ex-
posure time (Figure 22). The amount of specific heat change at elevated temperatures of !
the 2000-hour laboratory samples of SF-97-50 and SF-1093-50 was similar for both fluids
but more significant than experienced with the used rig samples (Figure 23). The laboratory ;
coolant samples were exposed to a uniformly higher temperature than that of the coolants i
operating in the cell test stand or in the fuel cell powerplant and this factor is believed to

; be primarily responsible for the variation in the test results between the two enduance situations.
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Figure 22 — Specific Heat vs., Temperature SF-97-50 Rig Sampies
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Figure 23 — Speciiic Heat vs. Temperature After the 2000-Hour Laboratory Test
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Thermal Conductivity

The coolant thermal conductivity was evaluated by Wear Sciences Inc. The Wear Sclence
test procedure and results are discussed in Appendix B.

The test results for SF-97-60 and SF-1093-50 coolants are shown in Figures 24 through 27.

In general, the initial thermal conductivity of the coolants are similar in that they show the
same thermal conductivity at room temperature. The initial conductivity increases with
temperature up to a fluid temperature of 51.8 - 65.7°C (125 - 160°F) and then decreases with
increasing fluid temperatures (Figure 24}). The used powerplant and rig fluid samples indicated
values of conductivity lower than the new fluids (Figure 25). This same trend appears for

the lab 2000-hour endurance (Figure 26} and start/stop samples {Figure 27). Wear Sciences
reported that a substantial amount of “dissolved” gas was present in the used SF-87-50
samples and that degassing prior to testing was required. The X-586 powerplant and X-707
rig samples of SF-87-50 actually showed increased values of thermal conductivity after de-
gassing (Figures 28 and 28). However, these were still below the thermal conductivity of

the new SF-97-50 sample.
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Figure 24 — Initial Thermal Conductivity vs. Temperature SF-87-50 and SF-1083-50
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Figure 27 — Thermal Conducity vs. Temperature Post Start-Stop Tests
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Figure 28 — Effect of Degassin ; on Measured Thermal Conductivity of SF-87-50, X-686
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Figure 29 — Effect of Degassing on Measured Thermal Conductivity of SF-97-50, X-707

Volatility

The SF-97-50 coolant requires a sealed coolant system while the SF-1093-50 must have an
open system, exposed to air, to function properly. To measure volatility, samples of each i
coolant are held at a constant temperature in an open container and the weight loss per unit 1
time recorded as a function of exposed fluid surface. Figure 30 shows the results of the vola-
fility test with new fluids. The coolant volatility was observed to decrease substantiaily

after the start-stop testing as shown by Figure 31 {16-33 percent reduction at powerplant
operating temperatures). The SF-87-50 laboratory 2000-hour sample was found to gel within
70 hours while being maintained at 260°C, thereby terminating the test since volatilization

of the coolant effectively ceases after gelation. (See Figure 32). The SF-1093-50 laboratory
sample also showed a decrease in volatility as shown in Figure 32. The used coolant samples
experienced a drop in volatility below the originai sample reference and the 8000-hour cell
stack sample was observed to gel in less than 20 hours at 260°C. {See Figure 33.) These
results indicate that the volatility of each coolant is low and that coolant loss should not
present a problem at typical powerplant operating conditions.
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Flammability

Initial flammability limits are well above powerplant operating conditions. All coolant
samples displayed some minor increase in flammability after exposure to powerplant oper-
ating conditions (Table IV). This is caused by a breakdown of the coolant polymer into

a tetramers of higher flammability. However, the flammability of the mix is a function of
the relative proportions of the two compounds and is not necessarily a function of operating
time. Flammability limits are still well above powerpiant conditions as shown in Table [V,

TABLE IV

FLAMMABILITY TEST RESULT SUMMARY

SF-1093-50 Flash Point Fire Point Autogenous Ignition L
Original Sample 316°C (B00°F)  343°C (650°F) 440°C (825°F) .
Post 2000-Hour Sample 310°C (590°F)  336°C (635°F) 388°C (730°F) P
Start-Stop Tests 288°C (550°F)  316°C (BOO°F) 413°C (775°F) 2
SF-97-50 ;
Original Sample 299°C (570°F) 343°C (B50°F) 421°C (780°F)
Post 2000-Hour Sample 274°C (525°F)  330°C (625°F) 413°C (775°F)
Start-Stop Tests 274°C (525°F)  316°C (600°F) 371°C (700°F)
1500-Hour Stand Sample 302°C (575°F)  346°C (B55°F) 390°C (735°F)
3000-Hour Stand Sample 288°C (550°F)  322°C (612°F) 334°C (635°F) |
8000-Hour Stand Sample 231°C (555°F) 338°C (B40°F) 3B5B°C (890°F)

461-Hour Powerplant Sample 296°C (565°F) 323°C (615°F) 343°C (B650°F)

Dielectric Breakdown

Table V shows that the initial dielectric strength of both coolants is acceptable. The dielec:
tric strength of all coolants tested were found to be generally lower than the initial condit:ons.
However, all are still satisfactory for use in fuel cell powerplants as illustrated in Table V.

Summary of Coolant Property Testing

The results of this testing indicates that both fluids are compatible with powerplant materials
and operating temperatures. The differences between the two coolants’ reaction with air
requires different design considerations for powerplant plumbing. A key question to be
resolved is whether it is more feasible to construct an air tight SF-97-50 system than a
system in which adequate aeration of the SF-1093-50 coolant is possible. Further testing of
each of the coolants under real powerplant conditions would be needed to resolve this issue.
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TABLE V
DIELECTRIC BREAKDOWN TEST SUMMARY

Low Average High *
’ 239°C  93°C  149°C 238°C  93°C  148°C  238°C 93°C  148°C :
m Test Temperatures (75°F}  {200°F} (300°F) {76°F)  (200°F1  {300°F) {76°F} (200°F) (300°F)
Pl Yo
= Volts/MiL o
Kilovalt/eeter x 106 S
- SF-1093-50 i
Ll Original Sample 240 220 180 260 240 210 300 290 250
9.45 867 7.09 10.24 946 B27 1182 1142 985 i
et 200D Hour Lab Sample 200 - - 240 - - 280 - -
% | 7.88 946 11492
b SF.97-50
b
e Original Sample 260 210 160 280 240 18D 350 280 210
(3 £.85 827 6.30 11.03 946 709 1379 1142 827 3
2000 Hour Lab Sample 240 - - 250 - - 260 - - ¢
9.46 0.85 10.24 !
Kl i
B 1500 Hour Stand Sample 230 - 240 250 - 260 290 - 2680 o
L 9.06 9.46 8.85 1024 11.24 11,03 i
3000 Hour Stand Sample 170 - 140 220 - 200 280 - 230 £
‘E 6.70 .52 8.67 788 1102 0.06 3
5 8000 Hour Stend Sample 190 - 260 220 - 250 260 - 250 Z
7.48 9.85 B8.67 985 1024 9.85 5
i
461 - Hour Powerplant 170 - 190 220 - 220 260 - 240
Sample 670 7.49 8.67 867 1024 9.46

2.4 Task 3.4 "Experimental Program to Assess Heat Exchanger Core Characteristics’’

HE

Fuel cefl powerplants present unique fouling conditions for the heat recovery heat ex-

changers. The component design requirements established in Task 3.2 were considered
along with fluid properties determined in Task 3.3 and the heat exchanger background i
discussed in Section 4.4 to define an experimental program to establish basic heat ex-
changer data for designing heat exchangers for fuel cell powerplants with heat recovary.
These data will be used to establish the impact of heat recovery on powerplant cost. The P
program encompasses four major tasks: &

1 i e —
S

Task A — Materials Selection - The materials compatibility problems of heat ex-
changers interfacing with both fuel cell powerplant fluids and the water in the :
Integrated Utility System loop will be investigated and materials will be selected E
for use in this application. !nitial materials selection will be made based upon
known constraints, Follow-up testing of primary candidates will confirm these

- choices.

- s
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| Task B — Definition of Fouling Considerations - The fouling characteristics ex-

perienced with fuel cell heat exchangers will be investigated and design factors

and cleaning schedules to eliminate fouling effects on system performance will '
he established. o

Task C — Definition of Required Integrated Utility System Water Loop Quality -
The quality of water in the integrated utility system loop which is required to

minimize corrosion and fouling on the system side of the heat exchangersiwill be :
identified. P

[Rua————

it s 4

Task D — Definition of Heat Exchanger Size and Cost Differential and Confirmation -
Heat exchanger configurations will be selected for 40 KW and 26 MW fuel cell
powerplants with heat recovery. The size of these heat exchangers will be defined
and the cost differential between a fuel cell powerplant which rejects heat to air

and a fuel cell powerplant which rejects heat to an integrated utility system loop

will be determined. 1f heat exchanger core configurations different from those £
previously tested are selected, a short test will be conducted to confirm that the

f and j factors and the fouling data are appropriate for the selected configurations.

[———

PR

S G i e e i e et

PRYPp—

The program, as defined, requires 18 months ‘o complete: however, this depends upon

several factors. For example, if core procurement and materials selection is accomplished :

in an on-going commercial program, a program as short as 12 moenths could result. Alter- :
natively, if special cores or core materials are required, core porcurement could extend the -3
program beyond 18 months. The individual program tasks are discussed in Figure 34.

TASK
A. MATERIALS SELECTION

o |NITIAL MATERIAL SELECTION __ 3
«»“0PTIMUM" MATERIAL EXPOSURE .
TO FUEL GELL STREAMS _ _ |- o o — — — — - o = = - H %

B. DEFINITION OF FOULING
CONSIDERATIONS

+ SELECT AND PROBURE CORES _ | . —
& NETERMIKE INITIAL
CHARACTERISTIOS _ — o = o e e — I —
o EXPOSURE TO FUEL CELL
FLUID STREAMS — — . — | — — — e — —
« PERIOBIC CALIBRATION — . o ] — — e — e — — — —

« DEFINITION OF DESIGN FACTORS
AND CLEANHING SCHEDULE — 3 - — — — — — = — — — o = — — —E———— . = = §

L F 1

C. OEFINITION OF REQUIRED 1S
LODP WATER QUALITY . — — —

D. DEFINITION OF HEAT EXCHANGER
SIZE AND COST DIFFERENTIAL
AND CONFIRMATIOR

» DEFINE SIZE ARD COSY — — .
» PROCURE CORES (IF HECESSARY)
» CORE TESTING {IF NECESSARY) .

T 2 3 4 5 B 7 8 8 30 11 12 13 14 15 1€ 17 18
MONTHS

Figure 34 — Recommended Test Program
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Task A — Materials Selection - The materials selected for fabrication of heat exchangers inter-
facing between the integrated utility system loops and fuel cell powerplant must be compatible
with both the fue! ceil fluids and the integrated utility system water coolant. The fuel cell
thermal control heat exchanger materials are not a concern at this time since many materials
compatible with the integrated utility system water loop are also compatible with silicone oil
coolants. The heat exchangers which interface with the fuel cell exhaust gases do represent a
potential material problem as discussed in Section 4.4, Sampies of potential heat exchanger
materials will be fabricated and placed within the fuel cell exhaust gas streams. The samples
will be water cooled thereby exposing the material on both sides to the actual system fluids.
Post-test examination of the samples will serve to identify materials for condenser fabrication.
Consideration will be given to running dual sets of samples {one set on demineralized, deaerated
water and the second set on available city water}in order to evaluate the effect of dissolved
impurities.

Task B — Definiticn of Fouling Considerations - Several candidate vendor heat exchanger
cores with representative geometry will be selected for testing based upon their availability.
The eores being considered for potential integrated utility system use include the conventional
round tube-type (possibly finned), the compact plate fin and the flattened finned tube. The
cores will be purchased and experimental ducting added to allow accurate performance testing
of the new, clean surfaces.

At the same time test rigs will be set up which expose the heat exchanger cores to three
fuel cell exhaust streams (anode, cathode, and refarmer). These rigs wil! utilize cell stacks
from commercial programs to provide the proper exhaust conditions.

The initial characteristics of the test cores will be determined and then the cores will be expased
to the effluent gas streams of a fue! cell stack for an extended period of time with periodic
performance calibrations to detect any loss of performance. The integrated utility system side
of these cores will be deliberately cooled by clean air in order not to foul this surface. This
technigue will provide a more accurate evaluation of the fuel cell gas stream fouling tenden-
cies. The cores will be functioning during this test and consequently should be experiencing
realistic fouling environments on the fuel cell effluent side of the HEX.

Consideration will also be given to a parallel fouling test of cores exposed to the fuel cell
coolant. However, this is not presently considered to be necessary. Fouling on the integrated
utility system water side of the core may also be considered in this task if fouling characteris-
tics for varying degrees of integrated utility system water purity are not available.

Interim and post-test calibrations of the cores will enable the detection of performance decay
by a comparison with the initial data and these data will be analyzed to define design factors
and cleaning schedules to accommodate fouling in fuel cell powerplant heat exchangers.

Task C — Definition of Required Integrated Utility System Water Loop Quality - Since water
quality varies considerably with geography, it is uneconomic to design heat exchangers to
accommodate the worst conditions which could be experienced in a mass produced powet-
plant for integrated utility system application. Accordingly, to define a practical level of
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water quality for all integrated utility system applications, practical limitations of water treat-
ment systems will be considered in conjunction with the results of the materials compatibility
testing in Task A and the fouling characteristics for water {from the literature or Task B).
The fuel cell powerplant heat exchangers will then be designed for this water quality and the
necessary water treatment to achieve this quality will be installed at each site,

Task D — Definition of Heat Exchanger Size and Cost and Confirmation - The results of Tasks
A, B, and C will be used together with data from commercial fuel cell programs to select the
heat exchanger core configurations and sizes to meet the component design requirements
established in Task 3.2 for 40 KW and 26 MW fuel cell powerpiants with heat recovery (see
Appendix B). The cost differential between an air cooled powerplant and a powerplant with
heat recovery will be defined. |f the selected core configurations are significantly different
from those for which fouling data has been obtained, a short fouling test will be conducted

ta confirm the fouling data.
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Further assessment of the use of fue! cell powerplants in integrated utility systems requires

definition of the econemic impact of heat recovery on capital cost and selection of the most :
gconomic heat recovery configuration. The following activities are recommended to make %
this assessment. A

|
3.0 RECOMMENDATIONS
i

1.  The heat exchanger experimental program defined in Task 3.4 should be implemented.
Using data generated in the experimental effort, the capital cost impact of heat recovery
should be evaluated for each heat recovery configuration.

2. The heat availability data generated in this contract, tagether with the data on the cap-
ital cost impact should be used as input to an analysis of total economics for fuel cell :
powerplants in typical integrated utility system installations. A computer program
such as the Energy Systems Optimization Computer Program (ESOP) in use at NASA
USPO could be used for this analysis.

3. The most attractive heat recovery configuration for fuel cell powerplants should be
selected based on the results of the economic analysis carried out in recommendation

2,

in the effort described in this report, high grade heat was used to raise steam. Investigations
of fouling characteristics under Task 3.4 shows that boiling concentrates dissolved solids
and leads to fouling in steam generators. Avoiding the effects of fouling will require care- ‘
ful attention to water quality of the high grade heat recovery loop. [t is recommended that oy
the use of a pressurized water loop for heat recovery be considered in further studies to
minimize fouling in the high grade heat recovery loop.
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4.0 DISCUSSION

4.1 Introduction

The effort described in this report was performed under NASA Contract NAS9-14220
awarded by the Urban Systems Project Office at Johnson Space Center to the Pratt & Whit-
ney Aircraft Division of United Aircratt, On January 1, 1975, the activities in this effort
were transferred with other fuel cell activities to the Power Utility Division of United Air- i
craft. The effort took place during the period August 15, 1974 through February 15, 1975, i
{n addition to the authors, W. Brunner, R. C. Nickols and &. K. Parenti of the Power Utility ?
Division of United Aircraft contributed to this effort., Valuable technical assistance was

provided by V. Shields and T. Redding of the NASA Urban Systems Project Office.

Oromg sl

i

-
3
4
¥

Bo

4.1.1 Brief Overview of Program

The study program approach is shown in Figure 35. Fuel cell powerplant designs being

studied in commmercial programs were examined using existing analytical techniques to de- :
fine the availability of waste heat at rated power and at part load as a function of signficant
parameters, such as powerplant rating and electric generation efficiency. The properties of :
dielectric fluids used for fuel cell coolants were defined experimentally and, together with
system flow and pressure drop predictions, established the design requirements for heat
recovery subsystem components. Heat exchanger design requirements and coolant proper-
ties were then examined to plan an experimental program for evaluating the characteristics
of candidate heat exchangers for the heat recovery subsystem. The plan was based on the
use of commercial program test stands and was designed to augment the present commer-

P '
L |

N

Bl
Brriciiec i

. cial effort.
:
:
[ =)
COMMERCIAL FUEL
1T CELL POWERPLANT —————Jed | g AVAILABILITY
i DESIGN STUDIES TASK 3.2 OF WASTE HEAT
} DEFINITION OF
B ek HEAT RECOVERY
EXISTING ANALYTICAL CONSIDERATIONS DESIGN REQUIREMENTS
- TECHNIQUES j——2mr- FOR HEAT RECOVERY
3 SUBSYSTEM COMPONENTS
! » PRELIMINARY
. ASSESSMENT
OF FUEL CELL
- TASK 2.3 HEAT EXCHANGER POWERPLANTS
g% DEFINITION OF DESIGN REQUIREMENTS WITH HEAT
;;Z PROPERTIES OF COU:;“"‘;ES RECOVERY
o FUEL CELL PROPER ® EXPERIMENTAL
COOLANTS PROGRAM FOR
ASSESSMENT OF
HEAT EXCHANGER
CORE CHARACTERISTICS
TASK 3.4
DEFINITION OF
HEAT EXCHANGER HEAT EXCHANGER .
TEST PROGRAM FOR ———————am| 7TEST PROGRAM
COMMERCIAL POWERPLANTS

Figure 36 — Study Approach
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The availability of waste heat and heat recovery subsystem design requirements provide a
preliminary assessment of fuel cell powerplants with heat recovery. |mplementation of the
heat exchanger test program will provide data required to assess the capital cost impact of
heat recovery. Discussion of the activity in each area follows.

4.2 Task 3.2, “Definition of Heat Recovery Considerations in Fuel Cell Powerplants’’
4.2.1 Task Objectives

The object of this task is the definition of heat recovery considerations in fuel cell powetr-
plants. Specific areas requiring study included:

¢ definition of a baseline powerplant
e definition of changes to powerplants to permit heat recovery
e definition of waste heat availability
® design requirements for heat recovery subsystem components

All thermodynamic analyses utilized in these studies were based on current analytical
techniques developed for commercial fuel cell programs. Analyses include powerplant
simulation techniques programmed for digital computers.

4.2,2 Characteristics of Baseline Fuel Cell Powerpiants

The characteiistics of a baseline fuel cell powerplant were defined to permit the evaluation
of the impact of heat recovery. The baseline fuel cell powerplant was selected from designs
which are presently under development in commercial fuel cell programs at Power Utility
Division. Technology consistent with inital commercial powerplants was assumed.

The characteristics of two natural gas fueled powerplants are presented in this report. The
first is the baseline powerplant of 40 KW rating which was used for the majority of the stud-
ies, The baseline 40 KW powerplant described here is being designed as one member of a fam-
ily of fuel cell powerplants for on-site use. The overall thermodynamic characteristics of this
powerplant are shown in Figure 36. The powerplant is designed for maximum overall efficien-
cy at approximately half-rated power since this is a typical load peint for on-site applications.
Figure 36 indicates the 35 percent overall efficiency at 20 KW and shows the variation in
overall efficiency from zero KW AC net to rated power, 40 KW AC net. Table VI below,
summarizes the mechanical and electrical characteristics of the haseline 40 KW powerplant.
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j Figure 36 — 40 KW Baseline Powerplant Efficiency
L TABLE VI
, - 40 KW POWERPLANT CHARACTERISITCS
e MECHANIGAL
- e Specific Weight 55 kg/kw (120 Ibs/kw)
i & Envelope: 24mx1.2mx 1.9 m (8 ft. x 4 ft. x 6 ft. 3 in.) high,
about 5.67 mS (200 +.3) total volume ]
o ® nterfaces: Natural gas fuel line 19 kg/hr (42 Ib/hr) natural gas ]
- maximum flow at start-up
Water drain for excess condensed water
é s .
- ELECTRICAL
- ® Power Form: 120/208 VAC, 4 wire, 3 phase, 60 Hz
’ L & Steady State Rating
{(Maximum Continuous): 40 KW at .85 p.f.
i T ® QOverload Rating:
o ® MMotor Starting: (6 second rating): 56 KW at.7 p.f.
. ® Fault Clearing: 300 amps
R
,j e Power Quality
e Voltage Regulation: +5 percent from zero net to full rated power
- lj ® Frequency
Regulation: +.005 percent
i eace no, 36
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A simplified fluid schematic of the baseline powerplant is shown in Figure 37. All major
components of the baseline powerplant are shown in Figure 37 except for the inverter
which converts the fuel cell DC output to 120/200 VAC. The only mechanical interfaces
required are the natural gas fuel supply line and an excess watier drain. The powerplant re-
covers sufficient process water by condensing water from fuel cell and burner exhaust streams.
This eliminates the requirement for an external water supply. Final heat rejection is to air
through two heat rejection components, the thermal control heat exchanger and the con-
denser. In this design, both units are air-cooled by a common cooling fan, The power sec-
tion thermal control loop (right side of schematic} is a circulating oil loop which removes
waste heat from the power section, provides heat to generate process steam for the reformer
and then rejects any remaining heat to ambient in the thermal control heat exchanger. Con-
trol of the thermal loop in this design is maintained by bypass valves (not shown on sche-
matic). One bypass controls the steam generation rate by shunting a portion of the coolant
arcund the steam generator. The other bypass valve controls power section temperature

by controlling coolant fiow through or around the thermal control heat exchanger. There
is no control required for the condenser; excess water recovered at temperatures below de-
sign is stored for use in very hot weather or discharged.

- gA[R

SHIFT POWER SECTION
REFORMER CONVERTER

L
7
i
:g, oL
1 Ve
A
I START
EXHAUST il
R] EXCHANGER

oMo O

1 mmEoocm
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e

FUEL

STEAM

L STEAM
DESULFURIZER LIGuID GENERATO

i ‘ Ho0 1
NATURAL GAS FUEL

EXHAUST HERMAL
. Eungr'gm_ EXHAUST

HEAT *
EXCHANGER

._.._6'_

Figure 37 — 40 KW Baseline Powerplant Schematic
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*

The second powerplant used in the study to define the effects of scale is a 26 MW design
which is one of the configurations being considered for use in parallel with the network at
electric utility sub-stations. The design uses a modular concept to minimize the number of
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field connections; the modules would be factory assembled and tested and then truck trans-
ported to the installation site. Module size varies depending on the particular design. General L
mechanical and electrical characteristics of the 26 MW powerplant are indicated in Table VII; -

E TABLE VI
. 26 MW POWERPLANT CHARACTERISTICS

é},‘g} MECHANICAL
5 L E e Specific Weight: 37 ka/kw {80 |bs/kw}
" ® Envelopes: Overall 26 MW installation 843 mx 209 mx 5.5 m

! (178 ft x 85 ft x 18 ft}

e |pterfaces: fl\llatural gas fuel line 4926 kg/hr (10,850 Ib/hr) maximum
ow

Water Drain for excess condensed water
Miodule [nterconnections

mness SN vt B

ELECTRICAL

| ® Power Form: 13,800 VAC, 3 phase, 3 wire, 60 Hz

=

® Steady State Rating
{Maximum Continuous): 2% MW at unity p.f.

e Power Quality
; ® Voltage: +5 percent
® Frequency: 60 Hz 0.1

| The power section therma! contral loop of the 26 MW powerplant is essentially the same as

* that of the baseline 40 KW powerplant. The 26 MW unit uses separate air-cooled condensers
! L to desuperheat and condese water from the powerplant exhaust streams. Figure 38 shows

i the trend of electric generation efficiency as a function of percent rated power for the 26
MW powerplant. Maximum efficiency oceurs at approximately 50 percent of rated power,

- 4.23 Definition of Powerplant Changes Necessary for Heat Recovery

The recovery of available heat in this study is concerned with two categories defined by
= NASA as foliows:

e High Grade Heat is required to produce 10.3 x 10% n/m? (15 psig) saturated
steam with the condensate return temperature being 03°C (200°F.)
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# | ow Grade Heat is required to produce 71°C {160°F) hot water with the return
temperature being 24°C (75°F.)

e 42

= [

—

o

e 41F

u- i st .

iad

P

o = 40r

= g

_‘é 0

g = 39h

ch o NATURAL GAS FUEL
o 38l ® 21°C {70°F) AMBIENT
5 {LOWER HEATING VALUE)
2 317 | ! 1 ! L 1 |
= 30 40 50 60 70 80 a0 100

PERCENT OF RATED POWER

Figure 38 — 26 MW Powerplant Electric Generation Efficiency

As indicated in Figure 39, all waste heat in the present powerplant designs is rejected to
cooling air streams. The final heat rejection components employed in the 40 KW baseiine
powerplant are the thermal control heat exchanger and the condenser. The thermai control
heat exchanger is an oil to air heat exchanger which rejects waste heat from the power sec-
tion coolant loop after the steam generator has extracted sufficient heat to produce steam
for the reformer. All of the waste heat at the thermal control heat exchanger is available
as high grade heat. The condenser rejects heat from the combined cathode exhaust and re-
former burner exhaust streams by first destuperheating and then condensing water out of
this mixed gas stream to provide sufficient water for the process steam generator. This air
cooled heat exchanger can be replaced with either a single heat exchanger to produce 71°C
{160°F} hot water or with two heat exchangers to supply both low grade and high grade
heat.

Modifications to the baseline concept for heat recovery involve the substitution of heat
exchangers and fluid streams which ragover tha waste hest in useable form. Three alternate
heat reccvery arrangements have been studied. Each arrangement assumes that all power-
plant heat is rejected to the heat recovery loop at all tinwes and that the integrated utility
system can accept al! excess heat. The first arrangement is shown in Figure 40A and indicates
a 10.3 x 10% n/m2 (15 psig) steam generator removing waste heat irom the oil coolant loop
and a water heat exchanger desuperheating and condensing the combined exhaust gas streams.
This heat recovery arrangement is referred to as Configuration 1 throughout this report,
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A second arrangement, Configuration 2, is indicated in Figure 40B. In this configuration, the
maximum amount of high grade heat is extracted from the powerplant. As in Configuration
1, all coolant lopp wasté heat is used to produce 10,3 x 10% n/m? (15 psig) steam. n addi-
tion, high. %rade heat from the combined exhaust stream waste heat is used to generate 10.3

% 104 n/m

{15 psig) steam and the remainder is used for the 71°C (160°F) water supply.

A thitd arrangement ic to remove all powerplant waste heat as 71°C {160°F) hot water as
shown in Figure 40C. This arrangement, Configuration 3, results in the simplest system.

: COOLANT 70 CELL
CATHODE EXHAUST CODLANT FROM CELL j
1B
START | I MR
HEAT R )
EXCHARGER | £ "FUEL
STEAM TO REFORMER ]
- STEAM
LIQUID Hp0 | GENERATOR
REFORM -
BURKER
EXHAUST
EXHAUST
) ¥ Y Loy oy
; STEAM STEAM
CONDENSER GENERATOR % GENERATOR
. . EXHAUST 10.3%104n/m? m.axm&n/m?‘___{jj
(%g'gi “{;nEH “5 FS]B] {15 PS[E)
WATER WATER STERM STEAM
' 83°C {200°F) WATER
" Figure 40B — Heat Recovery Subsystem — Configuration 2
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Figure 40C — Heat Recovery Subsystcm — Configuration 3
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Contral of the baseline 40 KW powerplant in the heat recovery configuration does not
require the addition of any controls. This applies to both the oil-cooled power section con-
figuration and the two-phase water-cooled power section configuration described in the pre-
ceding paragraph. Normal control of the oil coolant loop is with a coolant bypass valve to
control flow through the thermal control heat exchanger. This same bypass valve would be
usad to control oil flow through the steam generator in the heat recovery mode. Normal
controls for the alternate two-phase water-cooled version include regulators to control
steam flow to the process line and to the excess steam condenser, These contrals are suit-
able for normal powerplant configuration or heat recovery configuration. Thase methods
of contro! with .the active control unit on the fuel cell side of the heat recovery loop will
result in varying amounts of excess condensed water from the fuel cell powerplant. This
water is available to the integrated utility system, if desired. Powerplant modifications to
the 26 MW powerplant for heat recovery are similar to the 40 KW baseline powerplant,

4.2.4 Available Heat from 40 KW Powerplant

In defining available heat, the heat exchanger effectiveness must be considered.

From the effectiveness () versus N.T.U. curves in the heat transfer literature and consider-
ations of practical heat loss, axial conduction and maldistribution effects, the following
conclusions can be made for small size heat exchangers:

® ¢ max. practical = 0.90 for counterfiow
® ¢ max. practical = 0.80 for cross flowi

For compact heat exchangers of the type being considered for fuel cell powerplants, header
costs for counterflow units are substantially higher than for cross flow units resulting in
higher overall heat exchanger costs. Economic considerations would dictate the use of the
0.80 effective cross flow unit except where special system thermodynamic requirements
for higher effectiveness and higher cost existed. A heat exchanger effectiveness of 0.80 was
selected as a practical design point for all heat exchangers invalved in this study.

The quantities of available high grade and low grade heat for the baseline 40 KW powerplant
in heat recovery Configuration 1 are indicated in Figure 42 as a function of net power level.
In this conﬂgurat:on the power section coolant loep is the sole source of high grade heat
10.3 x 10% n/m? (15 psig) steam., High grade heat drops from 19,400 KCAL/HR at 40 KW
to zero at about 8 KW because the process steam requirements consume all available heat

in the loop below this point. The low grade heat {71°C (160°F) hot water)} decreases {in-
early from a maximum of 23200 KCAL/HR (92,000 Btu/hr) at 40 KW to 3020 KCAL/HR
(12,000 Btu/hr} at zero net power. This heat recovery configuration (1} is the arrangement
which causes a minimum of changes to the powerplant, yet produces reasonable quantities
of both high and low grade heat.

Configuration 2 is somewhat more complex but maximizes the available quantity of high
grade heat. This is, of course, at the expense of low grade heat since the total availabie heat
remains constant. Figure 43 shows the available high and low grade heat for the 40 KW
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Figure 42 — ‘Available Heat for the 40 Percent Efficient, 40 KW Powerplant — Configuration !

o 40 KW BASELINE POWERPLANT
* 21°C {70°F) AMBIENT
e MAX ELECTRIC GENERATION
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powerplant in Configuration 2, hithis configuratlon, some high grade heat remains available -

even at |dle from the combined cathode/anode exhaust siream, The maximum quantity of

103 x 10 n/m {15 psig) steam available at 40 KW has increased from 19300 KCAL/HR

{76,500 Btu/hr) in Configuration 1 to 22000 KCAL/HR (87,300 Btu/hr) in Configuration
2. ‘Anequal amount of low grade heat has been sacrificed in all cases.

* The available heat for the all low grade heat version, Configuration 3, is shown in Figure 44,
Here all available heat from both the exhaust stream and from the power section coolant loop
is used to generate 71°C (160°F} water. in this arrangement, the total available heat varies
from 42300 KCAL/HR (168,000 Btu/hr} at 40 KW to 3020 KCAL/HR (12,000 Btu/hr)
at 0 KW,

40 KW BASELINE POWERPLANT

® 21°C (70°F) AMBIENT

» MAX ELECTRIC GENERATION EFFICIENCY
40% AT 20 KW

o HEAT EXCHANGER EFFECTIVENESS = 0.8

o
[—]
|
o
T

11°G
{160°F)
WATER

[
[—]
I

1000 X BYU/HA

—
o
T

_ AVAILABLE HEAT
1000 X KILOGCALORIES /HR
[y~ ]
o=
T

-]
]

(=]
L.

6. 10 20 30 a0
NET AC POWER ~ kw

Figure 44 — Available Heat for the 40 Percent Efficient, 40 KW Powerplant — Configuration 3

425 The Im;_iact of Independent Variables on Available Heat

" Electric Generation Efficiency

The lmpact of electric generation efficiency on available high grade heat js shown in Figure

45, Efﬁcnency levels of 30 percent, 35 percenit, and 40 percent were. mvestlgated The

- quantity of hlgh grade heat increases rapidly with decreasmg efectric generation efficiency
since the level of Waste heat from the power section is increasing. The largest increase in
high grade heat occurs between 40 percent and 35 percent efficiency. A smaller increase

- goouys as efflclency is further lowered to 30 percent. Thls is-due to desngn restrictions -

~ imposed by power section operating restraints. Similar curves are presented in Flgure 46
10 illustrate that the impact of efficiency on available low grade heat. Again, the quantity

. of available heat is.increasing rapldly between 40 percent ; and-30 percent electric generation -
- efﬁmency The largest change occurs between 35 percent’ and30 percerit where the decreasing

efficiency of the fuel condltnoner contnbutes more. strong[y to avallable low. grade heat.
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* 40 KW BASELINE POWERPLANT

o HEAT RECOVERY CONFIGURATION 1

o 21°¢ {70°F) AMBIENT

« HEAT EXCHANGER EFFECTIVENESS = 0.8

50 jgﬂr MAXIMUM ELECTRIC
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Figure 45 — The |mpact of Electric Generation Efficiency on High Grade Heat

* 40 KW BASELINE POWERPLANT
o HEAT RECOVERY CONFIGURATION 1
® 21°C {70°F) AMBIENT

o HEAT EXCHANGER EFFECTIVENESS = 0.8
50~ 260

— -
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< = 302120 35%
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= 10~ 40
- oL o0 - t t ! ]
0 10 20 30 40
NET AC POWER ~ kw
" Figure 46 — The Impact of Electric Generation Efficiency on Low Grade Heat
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Figure 47 is shown to illustrate the impact of electric generation efficiency on total useable
energy. This curve is expressed as percent of fuel lower heating value and shows the trend

at full power (40 KW) and half-power (20 KW). In general the change in useable energy from
40 percent to 35 percent are relatively small both at full and half-power. A more significant
change is shown between the 35 percent and 30 percent powerplant designs. The primary
factor causing the sharp decline in useable energy at 30 percent is the electric generation
efficiency at full power which drops off much faster between half-power and full power

for the low efficiency powerplant. This is due to design restrictions on the powerplant sub-
systems.

90
S asf FULL POWER
-
Z
— 80_
o = 1/2 POWER
EE =
= & 15
et
w S
@ = 70f
[¥S)
e
(72 BT
=S el ® 40 KW BASELINE POWERPLANT
= ® 21°C (70°F) AMBIENT
= ¢ ® HEAT EXCHANGER EFFECTIVENESS
w g0
= 0.8
1 ]
25 40

30 35
MAXIMUM ELECTRIC
GENERATION EFFICIENCY AT 20 KW

Figure 47 — The Impact of Electric Generation Efficiency on Total Useable Energy

Ambient Temperature

The effect of ambient temperature on available hijh grade and low grade heat was studied.
A temperature range of 2°C (35°F) to 43°C (110°F) was investigated and the impact was
found to be small. Figure 48 shows less than a 10 percent change in available high grade heat
from 21°C (70°F) to 43°C (110°F) or 21°C (70°F) to 2°C (35°F) at any power level. The
effect of ambient temperature on low grade heat is even smaller (about 1 to 2 percent max-
imum) as temperature is increased or decreased about the 21°C (70°F) reference point. The
larger impact of ambient temperature on high grade heat as compared to low grade cari be
attributed to the difference in the amount of power section waste heat removed by the
process air stream. This stream enters the power section at ambient temperature and always
exists at average cell temperature. Heat removed from the power section to heat incoming
air in this manner is heat that is unavailable to the power section coolant loop.
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‘ * 40 KW BASELINE POWERPLANT
E © HEAT RECOVERY CONFIG. 1
* MAX ELECTRIC GENERATION EFFICIENCY ~ 40% AT 20 KW

i e HEAT EXCHANGER EFFECTIVENESS = 0.8
- 100 AMBIENT TEMPERATURE
] £ 2 43°C {110°F)
b S 2 % 2°C (35°F)
%, &€ 5 15-E 60
E Rk
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Figure 48 — The Effect of Ambient Temperature on Available High Grade Heat

Varying Recovery Loop Steam Pressures

1 L0 1 L

Figure 49 shows the results of studies to determine the impact of varymg recove 1 Ioop steam
pressures on available high grade heat. A range of 10.3 x 10% n/m? to 62.1 x 10% n/m? {15 to
90 psig) was selected as compatible with the possible range of coolant temperatures. The study
was conducted u.ing Configuration 2 for maximum effect. The maximum steam pressure avail-
; able is limited by the coolant exit temperature from the power section. Limits are indicated

; over the range of interest 149 to 177°C (300 to 350°F). These results are shown in Figure

49 ai the 40 KW net AC power level only. They indicate only a minor effect of recovery

loop pressure on high grade waste heat availability. This effect is associated with maintain-

ing an effectiveness of 0.8 for the exhaust gas heat exchanger.
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Low Grade Heat Recovery Loop Temperature

A study of the effect of varying temperatures in the low grade heat recovery loop was con-
ducted for the 40 KW baseline powerplant. Specific cases studied were: 24°C {75°F) return
temperature with 71°C (160°F) supply (the baseline case - low grade heat used for domestic
hot water), 60°C (140°F) return with 93°C (200°F) supply (low grade heat used for space
heating), and a two-stage recovery arrangement with 24°C (75°F) return, 71°C (160°F}
supply and 71°C (160°F) return with 93°C {200°F) supply. The quantities of low grade
heat available at 40 KW, (21°C (70°F) amhbient, 40 percent electric generation efficiency

at 20 KW) are shown in Table VIII.
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The sharp decline in available heat between 24°C (75°F)} and 60°C (140°F) water return
temperatures is due to the loss of the heat of condensation in the powerplant exhaust stream. | '
The combined exhaust stream dewpoint for this configuration is approximately 66°C (150°F). i

o 40 KW BASELINE POWERPLANT ®» MAX ELECTRIC GENERATION

e 40 KW NET POWER AC EFFICIENGY ~ 40% AT 20 KW
» 21°C (70°F} AMBIENT « HEAT EXCHANGER
EFFECTIVENESS = 0.8 —
I
40r- 160 4
N MAXIMUM PRESSURE MAXIMUM PRESSURE
= €30 120F AT 1495 (300°F) AT 177°C {350°F)
i = COOLANT COOLANT -
=5 | 3 T 7 ™~ .
= E20- = 80 ? i
=% s F E / =
- * =]
=g 10"~ 40 .
UL 0 1 ] 1 [ | | t i ) '
0 10 20 an 40 50 6@ 10 i) 90
STEAM PRESSURE ~ »sic 4
L L L 1 ! L ] . |
0 10 20 30 40 50 50 ', ;
STEAM PRESSURE ~ newtons/meter? x 10* ) |
Figure 49 -The Effact of Steam Pressure on Available High Grade Heat for the 40 ; ,
Percent Efficient, 40 KW Powerplant—Configuration 2 L
TABLE VI ;J

LOW GRADE HEAT AVAILABLE AT 40 KW

40 PERCENT EFFICIENCY AT 20 KW

Water Return

Water Supply

Available Low

Temperature Temperature Grade Heat
°Cc  (°F) °C (°F) KCAL/HR  (Btu/hr)
Baseline 24 (75} 71 {160) 23,000 {91,900}
Case 1 60 {140) 93 {200} 7,600 (30,000)
Case 2 24 {75) 71 {160} 16,300 (64,600)
71 {160) 93 {200) 6,880 (27,300
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Powerplant Rating

!

11 The effect of scale (powerplant rating) was studied by evaluating the quantities of avaiiable
high grade and low grade heat for the 26 MW powerplant; these quantities are indicated in
Figure 50 over the range of half-power to full power, Heat recovery Configurations 1 and 2
are both shown in this firure. The averall impact of scale is obtained by comparing the

total useable energy for the 40 KW haseline and the 26 MW powerplants. The total useable
energy at rated power for the 26 MW powerplant is 96 percent of the fuel lower heating value
compared to 84 percent for the 40 KW powerpiant. Since the 26 MW powerplant is a modular
powerplant, it is obvious that this same 96 percent holds true at the module rating (typically

4 MW). Estmates have indicated that the useable energy remains nearly constant down to
about the 500 KW level and then decreases slowly to the 84 percent vaiue for the 40 KW base-
line powerplant. The primary factors producing this trend toward slightly fower useable energy
at lower power levels are inverter performance, component parasite power and thermal |osses.
All items show strong scale effects between 40 and several hundred KW to produce this trend
in total useable energy.
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i ® 26 MW FCG-1 POWERPLANT
' e 21°C {7T0°F) AMBIENT
* MAX ELECTRIC GENERATION
EFFICIENCY ~ 38% AT 27.1 MW
e HEAT EXCHANGER EFFECTIVENESS = 0.8

‘ 20r  gof 71°C (160°F) WATER, CONFIG 1

- £ 71°C (160°F) WATER, CONFIG 2
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[ g I 10.3 X 10% n/m?2
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‘ ! Figure 50 — Available Heat for the 26 MW Powerplant — Configurations 1 and 2

4.2.6 Component Design Requirements for Heat Recovery

S SR R T s

1 Component design requirements were developed for the 40 KW powerplant at 35 and 40
§ percent electrical generation efficiency and for the 26 MW powerplant. Reguirements were
* analyzed for heat recovery Configurations 1 and 2 for L.oth powerplants. These design re-
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quirements are pravided in Appendix A. Items included in the design requirements are func- :
tion, heat transfer requirements and a complete description of both cold side and hot side f
streams. The latter includes mass flow rates, inlet and exit temperatures, and detailed stream :
: compositions. Pressure drop allocations are also indicated wherever they are considered .
5 critical. The 26 MW powerplant design requirements are written in terms of 4 MW indepen- j |
: dent modules. - §

These design requirements plus the coolant properties determined in Task 3.3 provide ; l
; complete component design requirements for the definition of a heat exchanger test pro- *
; gram to assess the basic characteristics of candidate heat exchanger cores.

4.3 Task 3.3, ""Determination of Heat Transfer Properties of Fuel Cell Coolants’’ Wi

4.3.1 Method and Equipment for Measuring Each Fiuid Property ,

Initial fluid property data for the two candidate silicone oil coolants, SF-97-50 and SF-1093-50,
were limited at fuel cell powerplant operating conditions and no data was available on changes T
to the coolant properties after exposure to powerplant operation. Since definition of the i
| impact o1 heai recovery on fuel cell powerplant size and cost requires coolant property data,

3 important properties were measured as part of this contract effort. The properties which were
evaluated included:

® Viscosity
| ® Density

e Specific Heat
Thermal Conductivity
Volatility
{ Fiammability :
E ® Dielectric Strength o
: :

The test meathod for each measurement is discussed below.

Viscosity

Viscosity measurements were pertormed by using a Brookfield Viscometer; the device func- - 1
tions by detecting the effort required to roiate a test “wheel” in the fluid sample while the !
fiuid is maintained at specific temperatures. The test unit is shown in Figure 51,

Density

Originally, density measurements were planned to be made with Hydrometers. However, an
alternate approach was selected which is considered to be more accurate. A 250 Ml narrow-
neck glass vessel was carefully weighed empty and after being filled with the test coolant. i
The density was calculated from the weight-volume relationship. This was repeated at el-
evated temperatures with the excess fluid volume {due to thermal expansion) being removed é

as required. .

A e e E e e
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Figure 51 — Brookfield Viscometer

Specific Heat 3

Specific heat measurements were performed using a Dupont Differential Scanning Calori-
meter. A sample of coolant is placed within the calorimeter and is automatically heated in

a manner to change its temperature at constant rate. The calorimeter readout is proportional
to the heating energy required and is a measure of the coolant specific heat. The test in-
strument is shown in Figure 52.

Thermal Conductivity 3

Coolant Thermal Conductivity T

The thermal conductivity of the test coolant samples was evaluated by Wear Sciences, Inc.
The test instrument employed by Wear Sciences is a Thermal Comparator utilizing a specially
constructed test probe from Technornetrics, Inc. The equipment is illustrated in Figure 53.
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Figure 52 — Dupont Differential Scanning Calorimeter
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Figure 53 — Thermal Comparator
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- The probe consists of an electrically heated metal block which is maintained at a specific

temperature and an unheated, ‘‘pointed” end containing a thermocouple temperature read-

t out. The probe is mounted on a balance arm similar to that used for a record turntable
. stylus. The test fluid is placed in a shallow heated dish and maintained at a temperature
approximately 21.2°C (70°F) lower than the probe. A thin membrane is placed over the
fluid to minimize secondary effects such as evaporation or variations in fluid surface tension.
U The test method is to allow the thermocouple end of the probe to gently contact the fluid
surface (i.e., membrane) which allows heat conduction from the probe into the fluid. The
B “tip" of the probe in contact with the fluid will reach a lower temperature than the metal
block depending upon the relative conductivities of the probe material and the test fluid.
Since the highest temperature is at the top of the test sample, convection currents are
minimized and the temperature differential between the metal block and the test sample is
proportional to the thermal conductivity of the coolant sample. The thermal conductivity '
is determined by comparing the temperature differential of the sample to the temperature
i differential observed with a liquid of known conductivity. This instrument and the test
method are described further in Appendix B.
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Volatility

The volatility of the coolants was evaluated by monitoring the rate of weight loss from
coolant samples while maintaining the fluid at specific temperature levels in open containers.
The test arrangement is shown in Figure 54.
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Figure 54—Test Arrangement for Volatility
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Flammability

The flammability tests were performed according to standard ASTM procedures D92-52

and D2155-66. In these procedures, samples of each coolant vsere heated in an open con-
tainer while a flame is passed back and forth across the top of the container as the tempera-
ture rises. The temperature at which the vapor initially ignites was recorded as the ‘‘flash
point”. When the flame ignites and burns for a minimum of 5 seconds the temperature is
recorded as the “fire point”’. Continued heating of the coolant without using an open flame

eventually resulted in the fluid self igniting; this is referred to as the “‘autogeneous ignition
temperature’’. Figure 55 shows the test in process.

Figure 55 — Flammability Test in Process
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Dielectric Strength

This test was performed using an Associated Research inc. test machine model 4720-M7
and ASTM procedure D877-49. The dielectric strength test was performed by placing the
electrodes of the tester in a coolant sample. The voltag= between the plates was increased
until arcing occurred which indicates coolant dielectric Lreakdown. This test was repeated
with a fresh coolant sample six times at each temperature. The test equipment is shown

in Figure 56.

Figure 56 — Dielectric Strength Test Equipment
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4.3.2 Description of Test Program

The test program is shown in out-line form in Figure 57 and described below. The results
of the test program are presented in Section 2.3.

START-STOP
TESTS
PRE-TEST COOLANT POST-TEST CODLANT
PROPERTIES EVALVATION PROPERTIES EVALUATION
2000 HOUR
LAB
ENDURANCE
TEST
POWERPLANT
AND
RIG SAMPLES

Figure 57 — Outline of Test Program

Pre-Test Cooclant Properties Evaluation

Sufficient quantities of both the SF-87-50 and the SF-1093-50 were obtained from the
manufacturer 1o support ail testing required of the task. Samples of each coolant were
tested to establish the initial values of coalant physical properties.

The 2000-Hour Exposure to Powerplant Conditions

The long-term steady-state test consisted of exposing approximately 1 liter of each coolant
to selected powerplant materials while maintaining the fluid at 190.5°C (375°F) for & period
of 2000 hours. The specific .est conditions for each coolant were tailored to conform closely
to the coolant manufacturers recommendations while also considering realistic powerplant
limitations. The manufacturer recommends minimizing the amount of air which comes in
contact with the SF-97-50 coolant to prevent oxidation of the fluid. Filling a powerplant
cooling loop usually results in the inclusion of a small quantity of air and, as a result, approx-
imately 1 percent air by volume was sealed into the SF-87-50 container at the start of the
long-term exposure test. The SF-1093-50 coolant is manufactured with an additive to pre-
vent oxidation and actually requires being exposed to air to prevent degradation of the fluid.

paGE NO. B 7
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A powerplant system using this coolant would be designed with a membraneless accumulator
to encourage air exposure to the coolant. Therefore, the long term sample of SF-1093-50

was placed in an open container such that the ratio of coolant surface area in air contact

to the total coolant volume approximated that expected in a typical powerplant; 2.5 x 10
cmz/cm3. The test arrangement for the SF-97-50 samples is shown in Figure 58. The arrange-
ment for the SF-1093-50 was similar.

Figure 58 — 2000-Hour Laboratory Test Arrangement
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The Start-Stop Exposure to Powerplant Conditions 2

| The start-stop test cycie performed on samples of each coolant consisted of heating the fluid i
with an electrical immersion heater from room temperature to the powerplant operating ¢
y temperature of 190.56°C {375°F) and then allowing the fluid to air cool to room temperature.

The surface temperature of the heater was monitored to assure it did not exceed a maximum ;

temperature of 3156°C {600°F) during the heat-up cycle. According to the coolant manufac- “
g ture, temperatures in excess of 315°C could cause fluid degradation; each coolant sample

adequately abosrbed the heat energy so that the bulk remained well befow the 315°C limit. i l
i Ten thermal cycles were accumulated on each of the coolants. i

Several samples of SF-97-60 with varying exposure times {1500, 3000 and 8000 hours) T z
were obtained from fuel cell stack test stands, and one (461 hours) SF-87-50 sample was i
obtained from an experimental powerplant for evaluation along with the lab samples. These
fluid samples provided a crass check against the lab resuits,

4.4  Task 3.4 — “Definition of an Experimental Program to Assess Heat Exchanger Core
) Characteristics”

44,1 Introduction to Heat Exchanger Design for Fuel Cells in Integrated Utility System

Heat exchanger design requirements are established by the power system thermodynamic

and system analysis. These requirements include fluid flows, temperatures and pressure

drops. The requirements for fuel ce!l powerplants in integrated utility system were estab-
lished in Task 3.2 {see Sections 2,2, 4.2, and Appendix A). Fluid properties are also required;
these properties were defined for the silicone oils used as fuel cell coolants in Task 3.3 (see
Sections 2.3 and 4.3). The heat exchanger design process involves selecting the heat exchanger
configuration and dimensions which deliver the required performance at minimum cost.

T R T T I T T T TR TS

* The techniques used to evaluate the system performance level of 2 given heat exchanger con-
i figuration require the use of mathematical models and experimentally determined charac-
teristics for the specific geometry considered. The experimentally determined characteristics
for heat transfer is the “j" factor (Coburn Factor); it is expressed as follows:

2/3 E

: = G . i:

l GC, \k |

where: ;
) Calories Btu o
h = Unit Thermal Conductance _H_HF{ em2°C ' HR Ft2°F .
Viass Veloci am lbm L3
G = Mass Velocity cmZ-sec ' FTZHR 3 :
» Calories Btu R
& Cp = Specific Heat gm °C . bm°F I
| L gm bm B

u = Viscosity cm - sec * FT-HR - E

» Calories Btu T ;

k = Thermal Conductivity HRem°C -+ HR-FT-°F .
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POWER UTILITY FCR-0021

The experimentally determined characteristic for pressure drop is the “f" factor (friction
factor). It is expressed as follows:

Dy/? gp
f=AP(—ﬁ—“_

LG2
where:

dyne b f

AP = Pressure Dro " ¢ T
P cm2 Ft2

L = Flow Length cm . Ft

Dy = Hydraulic Diameter cm ., Ft
= QGravity Constant e F
g 4 Hre * Hré
= Density am bm

p cm3 " Ft3

The Caoburn and friction factors are defined for a large number of core configurations as a
function of Reynolds number in the literature. However, the choice of silicone oil as a
candidate fuel cell coolant requires the use of heat exchangers with generous heat transfer
characteristics. Heat exchangers for use with silicone oil also require a generous cross section-
al area to minimize pressure drop since the fluids are relatively viscous. Studies to date in-
dicate that compact surface-type heat exchangers offer potential system cost savings com-
pared to more conventional round tube-type designs when considered for mass-produced

fuel cell systems using silicone oil. The potential economic advantage of compact surface
type heat exchangers aver more conventional round tube-type designs is somewhat diminished
when an alternate coolant, such as watar, is considered in place of an oil. The characteristics
of many of the compact cores which are suitable for use with silicone oils are not available in
the literature. Therefore, it is often necessary when performing the selection of a heat ex-
changer for a specific fuel cell system application to aiso perform the basic testing of candi-
date heat transfer surfaces to determine the f and j factors. This testing has been conducted
in the on going commercial fuel cell programs at United Aircraft.

Once the basic core configuration is established, heat exchanger materials must be selected
to minimize corrosion in use. This presents no difficulty on the heat exchanger surfaces

used with silicone oil because the oils are re'atively inert and non-corrosive. However, the
hot fuel cell exhaust streams which are fed to the various condensers in the 40 KW and 26
MW powerplants contain water vapor and in some cases, carbon dioxide. As a result, there

is formation of a mild carbonic acid in fuel cell condensers which requires choosing corrosion
resistant materials for the hot side of the condenser. The cold side of the condenser presents
no difficuity in present fuel cell designs because air is used to cool the powerplant. However,

raGe nO. BO
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in integrated utility systm applications, condenser heat will be used to heat damestic hot

water and impurities normally found in city water could introduce additiona! corrosion P
problems which must be considered in selecting heat exchanger core materials. This prob- B
lem may also require treatment of the city water hefore it is used in the fue! cell powerplants.

Another factor to be considered in designing heat exchangers is the tendency of heat ex-
changers to foul in use, Fouling is the total of ali surface heat transfer rate reductions
caused by contamination carried by the fluids or by reactions between the fiuids and the
heat exchanger materials. As a result of fouling, the heat exchanger loses capacity during
operation. Fouling in general can be minimized through proper selection of materials (to .

" reduce fouling caused by corrosion), through proper selection of fiuid velocities (to reduce
accumulation of deposits} an« through additions of filters or treatment systems to minimize
deposits or change the fluid chemistry, Even with these steps, however, some fouling will
take place. The impact of the remaining fouling on system performance must be eliminated
through periodic cleaning of the heat exchanger and by proper sizing of the heat exchanger
to allow for fouling. As in the case of materials selection, the fuel cell exhaust streams pre-
sent unigue fouling conditions and the fouling characteristics must be determined experi-
mentally. In addition, specification of heat exchangers which discharge heat to the integrated
utility system water or steam loops requires definition of design water quality levels and
associated fouling characteristics for these streams.

ozt )

4.4,2 Heat Exchanger Calibration Test Stands

The starting point for a heat exchanger, steam generator, or condenser design requires the
accurate definition of the heat transfer coefficients and pressure drop characteristics of the S
selected core canfiguration. i

The method used to obtain the required data is to test a small elemental heat exchanger core -
which is very carefully instrumented to obtain accurate data. The core is tested with steam i
as one fluid and air as the second fluid. The abundant heat available from condensing steam

enables an isothermal temperature distribution to be obtained on one side of the core and P
confines any thermal resistance to the air side thereby allowing performance evaluation of i
the core geometry on that side. The test is repeated after reversing the fluid sides. A com-

parison uf the heat lost by one fluid to the heat gained by the second fluid serves as a cross- -
check and adds confidence to the data. The test data is used to calculate the j {Coburn) s
factor and the T {friction) factor which can then be used to predict the performance of this
core geometry on other fluids and other conditions of temperature and pressure.

A test stand at Power Utility used to obtain this type of data is shown in Figure 59. These
stands have been utilized to develop the analytical procedures used in the present fuel cell
programs and will be utilized for any future integrated utility system effort. This data :

obtained from tests on this stand yields an overall heat balance within 7 percent indicating L]
that the instrumentation is sufficiently accurate for obtaining heat exchanger data. To
further validate this stand, Coburn factor and friction factor were determined for a simple

H
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POWER UTILITY FCR-0021

bare round tube core presently described in thz literature. The Coburn factor established

in these tests is within 4 percent of that reported in the literature and the friction factor is
within 20 percent of that reported in the literature. Data obtained using this stand have been
used successfully to predict the performance of fuel cell powerplant steam generators, con-
densers and single-phase heat exchangers.

443 Experimental Program

An experimental program to define heat exchanger characteristics unique to fuel cells has
been defined. The program assumes the use of the stand described above. A description of
the experimental program is presented in Section 2.4.

EXIT CODLING AIR PRESSURE —+7
e - TEST BORE

Figure 59 — Heat Exchanger Test Stand
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POWER UTILITY FCR-0021

APPENDIX {CDR'S)

Component design requirements contained in this appendix are for the 40 KW powerplant
at 35 and 40 percent electric generation efficiency and for the 26 MW powerplant. Figures
CDR-1 through CDR-4 describe the 40 KW, 35 percent efficient powerplant. Figures CDR-5
through CDR-8 are the requirements for the 40 KW, 40 percent efficient powerplant. The
remaining Figures, CDR-9 through CDR-18 describe the heat exchanger requirements for
the 26 MW powerplant in heat recovery configurations 1 and 2.
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POWER UTILITY

Design Reguirerment

Component: Steam Generator
{Heat Recovery Configuration #1 and #2)

;Powerplant: 40 KW Baseline
{35% Electric Generation Efficiency)

Function

FCR-0021

Generate 10.3 x 104 n/m2 {15 PSIG) steam from heat supplied by powersection

coolant

Heat Transferred

28,425.6 Eigﬁc%mg (112,800 Btu/hr)

Flow Conditions

T=169°C (337°F} | (D)

T=93"C (200°F)

inlet HpO (L) o
Flow —  g514Kg
{Cold Side) hr

{113.3 Ib/hr)

@

T=160°C{321°)

Iniet 7,264 K9 (16,000 Ib/hr)
Flow o hr '
{Hot Side) Silicone Qil (SF-87-50 or Equiv.)

T=121°C {250°F)

Exit H20 (V)

Flow .. K
{Cold Side) 5--4Fr‘3 (113.3 Ib/hr.)

Exit 7,264 Kg {16,000 Ib/hr)
Fiow hr
(Hot Side)  gjjicone Oil

Pressure Drop

AP(1)-(2)= 6.895 x 10% n/m? (1psi)

Figure CDR-1 — Design Requirement 40 KW Baseline Steam Generator

(Configuration 1 and 2)
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POWER UTILITY FCR-0021 T
Design Reguirement E }
Component: Condenser i !
{Heat Recovery Configuration #1) j
: Powarplant: 40 KW Baseiine _
j {(35% Electric Generation Efficiency) ;
: Function lf
a0
Generate 71°C (160°F} Hot water (24°C {75°F) return temp.) 3 :
i 1
ig Desuperheat and condense HoO from powerplant exhaust stream to 52°C {126° F} _
J dewpoint
Provide for separation of condensed H50 from the hot side exit stream : :
; 01
1 Heat Transfer i
25,704 S119galOTiES (105 000 Buw/hr) o
o
Flow Conditions Moy
% by mass i
Inlet €Oy = 8 o
T = 186°C (368°F) .i.@ Flow Nz =66
& (Hot Side) O2 = ? -
Kg Ib. Ar =
306 = (674 hr) HoOlv) = 17 S :
T =24°C (75°F) Co
Ho0 (L} ISR
--——-—b— 5 N
Flow gasKa Exit Flow = 545 13 (1200 Ib/hr) ;
(Cold Side) hr. {Cold Side) z
(1200 Ib/hr) H :
% b }
! T=52°C (126°F}) Y Tass | :
. 002 b 8 Ef P
Exit Fiow ,° =66 it i
Pressure Drop (Hot}(Srde) 09 = B
- 62 A= 1
ap(D— (2)= 299 njm? T HOW)= 8 e
(1.2 in. H,0) (674 t2)  HzOM = 9 £
r 4
; CDR-2 — Design Requirement 40 KW Baseline g f,
j Condenser {Configuration 1)
|
PAGE NO. A.2
| f i
i




s

g=3

| F——

oy

=== B s B wovies

H
i
3

T By L e I P T R T TR e s

POWER UTILITY FCR-0021

Design Requirement

Component: Exhaust Steam Generator
{Heat Recovery Configuration #2)

Powerplant: 40 KW Baseline
(35% Electric Generation Efficiency)

Function

Generate 10.3 x 104 n/m?2 (15 PSIG) steam from heat supplied by powerplant
exhaust stream

Heat Transfer

4,334 KUOC2lOME (17 500 Bru/i)
Flow Conditions
% by mass
fnlet Flow CO» = 8
(Hot Side) Ng = G6
. Ib 19))] = 8
T = 186°C (368°F) @ (674 ¢ A - 1
HoOv) = 17
306 K9
hr
T=03°C (200°F) ‘ HoO (v)
T=121°C (250:(1:}
: = g
Inlet Hzo(l)-—-—’—- = Exit Flow =79 FF- (17.3 th/hr)
Flow 7.9 .Kg (Cold Side)
(Cold Side) “ hr
(17.3 Ib/tr)
@ % by mass
co = 8
T =134°C (274°F) Ngo = 66
0 = 8
K 2
306 N AT = 8
Exit Flow  HaOW) = 17

(674 1B) (Hot Side)
hr

Pressure Drop

(1) - (2 = 14985 (05in HyO)

CDR-3 — Design Requirement 40 KW Baseline Exhaust Steam Generator
(Configuration 2)
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POWER UTILITY FCR-0021
1 Design Requirement
Component: Condenser . )
{Heat Recovery Configuration #2)
Powerplant: 40 KW Baseline ,
(35% Electric Generation Efficiency)

Function a
Generate 71°C (180°F) hot water (24°C (75°F) return temp.) -1
Desuperheat and condense Ho0 fram powerplant exhaust stream to 52°C (126°F) ol
dew point
Provide for separation of condensed H90 from hot side exit stream

Heat Transfer .
21,370 UL (54 500 Btu/hr)

Flow Conditions % by mass .

Inlet Flow COp- =8 o
T = 134°C (274°F) ® (Hot Side) N3 = 66
206 K (672 1292 i i
hr hr ' Ar =1 i
HeOlv) = 17
Ho0 (L) (
T = 24°C (75°F) g T=71°C (160°F) Kg .
Exit Flow = 4563 == (997.6 Ib/hr)
—_— e . h T
Inlet Flow Ho0 (L) (Cold Side) ' ;3

(Cold Side) 453 i:_g
-

(997.6 Ib/hr)

@ :

% by mass
co = 8 -
T = 52°C (126°F) Nyo = 66
Exit Flow (] = 8
(HotSide) A2 . ;
Kg = B
P 306 = HoO (v) =
ressure Drop T; Hy0 (L) = 9
(M- @) = 149 /m? (0.6 in. HyO) 67447
CDR-4 — Design Requirement 40 KW Baseline Condenser (Configuration 2) ;}
g
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POWER UTILITY FCR-0021

Design Requirement

Component: Steam Generator
(Heat Recovery Configuration #1 and #2}

Powerplant: 40 KW Baseline
{40% Electric Generation Efficiency)

Funection

Generate 10.3 x 104 n/m2 {15 PSIG) steam from heat supplied by power section
coolant

Heat Transfer

19,309 51'—”‘;{"“;——% (76,980 Btu/hr)

Flow Conditions

Inlet Flow 7,264 hﬁrﬁlns,ooo Ib/hr)
- 171°C (340°F Hot Sid
T 340°F) | (1) (Hot Side) Siticone Oil (SF-97-50 or Equiv.)

T =93°C (200°F}

Exit T=121°C (250°F)
Flow HoO (v)

Iniet H20 (L) — - (Cold Side) Kg

Flow Kg 35 h—r— (77.3 Ib/h!")

(Cold Side) ~~ AT
{77.3 Ib/hr)

®@

T = 165°C {320°F)
Kg
7264 &5 Exit
(16,000 Ib/hr) Flow

Pressure Drop Silicone Ojl (Hot Side)

2p(1) - (2) = 6.895 x 108 a/m? (1 psi)

CDR-5 — Design Requirement 40 KW Baseline Steam Generator (Configuration 1 and 2)
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POWER UTILITY FCR-0021

Design Regquirement

Component: Condenser
{Heat Recovery Configuration #1)

Powerplant: 40 KW Baseline 2
(40% Electric Generation Efficiency)

Function , 1 .
Generate 71°C (160°F) hot water (24°C (76°F} return temp.) ;]
Desuperheat and condense HyO from powerplant exhaust stream to 47°C (117°F) i
dewpoint
Provide for separation of condensed HoO from the hot side exit stream ! %

Heat Transfer -

. i
23,151 KISEOTIES 99 570 Bru/hr) "
Flow Conditions % by mass
Inlet Flow CO, = 8
T = 168°C {335°F) @ {Hot Side) No = 66 _
257 X9 O =9 &
hr Ar = 1 . ;
(586 Ib/hr) HaOlvl= 16 _ :
T = 24°C (75°F) i
L ;
fnlet Flow  HpO (L) T=71°C (160°F) _ H20 (U
(Cold Side) 49 K& —2= ——=Exit Flow =491 3 (1081 (b/hr)
hr {Cold Side) -
{1081 Ib/hr)
T=47°C {117°F) @ % by mass
Exit Flow CO; = 8 P
{HotSide} Np = 66
K 0 = 9 :
Pressure Drop 257 ﬁ A? = 1 |
HyOlv)= & )
- 2 2
» @ -0 = 299 n/m (assLi’- HoO(h = 10 ;
(1.2 in. Ho0) r |

CDR-6 — Design Requirement 40 KW Baseline Condenser {Configuration 1) . ]
J
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POWER UTILITY FCR-0021 r:

.

Design Requirement

B

Component: Exhaust Steam Generator f
{Heat Recovery Configuration #2)

Powerplant: 40 KW Baseline
(40% Electric Generation Efficiency)

t Function |
] Generate 10.3 x 10% n/m? (15 PSIG) steam from heat supplied by powerplant ‘
- exhaust stream 1
! Heat Transfer {
EooL . . ‘
; 2,621 Kllocalories 40,400 Bru/hr) z
Fo Flow Conditions
% by mass i
P Infet Flow €O, = 8 |
[ ; T = 168°C (335°F) O (Hot Side) No = 66
257 K4 % =%
i hlll':: Ar = 1 %
] b HoO (v} = 16 i
T = 93°C (200°F) (566 ?
; Inlet Flow H,0 (L)
| : 2 Hn0 {v)
§ (Cold Side} 7.5 Kg T = 121°C (250°F), ' 2
. —
hr ——= Exit Flow=7.5  ~2(16.6 Ib/hr) |
j (16.6 Ib/hr) (Cold Side} :
| ®
! - = i o ;
- T =131°C (267°F) % by mass
¢ _} Exit Flow COg = 8
(HotSide)  Np = 66
0 = g
T K 2 i
; 257 2 At = :
- (566 lo/hry 120 M) =16 .
Pressure Drop
- 2P (1) - (2) = 149 n/m? (0.6 in HRO)
:
. CDR-7 — Design Requirement 40 KW Baseline Exhaust Steam Generator
- (Configuration 2)
I PAGE nNO. A-7
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POWER UTILITY FCR-0021

Design Requirement

Component: Condenser
(Heat Recovery Configuration #2}

S 3aEs s A e T8 A2t R L e TS S0

Eisned

Powerplant: 40 KW Baseline

(40% Electric Generation Efficiency) -1
Function ;

0 e
Brorre=t

Generate 71°C (160°F) hot water (24°C (75°F) return temp.)

Desuperheat and condense HoO from powerplant exhaust stream to 47°C (117°F)

dewpoint 7]
Provide for separation of condensed H,0 from hot side exit stream o
Heat Transfer i1

90,529 Kilocalories a4 456 BTU/HR)

HR 1
Flow Conditions % by mass i
(D) Inlet Flow Co, = 8 o
T = 130°C (267°F) {Hot Side) gz = eg P
Kg 2 = ad
267 hr Ar = 1 ‘
(566 Ib/hr) HO v) = 16 o
T = 24°C (75°F) do
K Ho0 (L) :
Inlet Flow 403 ﬁ& ——— _ —m- T =71°C (160°F) Kg oy
(Cold Side) ' Exit Flow = 403 (-2 (887 Ib/hr) o
{887 Ib/hr) (Cold Side)
71
@ T
T =47°C {117°F) % by mass 1B
Exit Flow -
oW co, 8
(Hot Side) N - 66 -y
Kg o] = 9 i
257 = 2 L
hr Ar =
b H20 vy = 6 -
(566 &) H,0{L) =10
r 2 £
Pressure Drop
(D) - (@)= 149 n/m? (0.6 in. HyO) ?;
CDR-8 — Design Requirement 40 KW Baseline Condenser {Configuration 2}
PaGE NO. A-8 L
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POWER UTILITY FCR-0021

Design Requirement

Component: Steamn Generator
{Heat recavery configuration #1 and #2)

Powerplant: 4,33 MW module for 26 MW powerplant
(39% Electric Generation Efficiency)

Function

Generate 10.3 x 10% n/m? {15 PSIG) steam flow from heat supplied by
power section coolant

Heat Transfer

2.4 x 106 5—"—‘-‘;—3%9-@ (9.53 x 108Btu/hr)

Flow Conditions

Ka/hr  {lb/hr)
Inlet HZO (V) 4,243 ( 9,3486)
T = 162°C (323°F) H/S Flow H2O (L) 38,396 (86,776)

Total 43,639 (96,122)

T=9FC R
HgO (L T = 121°C (260°F)
4.3 x 103 Ka—> T ExitFlow 43x10358 o

inlet . Tr
Flow (9.57 x 163 Ib/hr) (Cold Side) (g 57 , 103 tb/hr )

(Cold Side)

T = 155°C (311°F) Exit Kg/hr  {ib/hr)
H/S HoO (L) 43,639  (96,122)
Flow Total 43,639 (96,122)

CDR-8 — Design Requirement 26 MW Steam Generator {Configuration 1 and 2)
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POWER UTILITY

Design Requirement

Component: Cathode Condenser
{Heat recovery configuration #1)

FCR-0021

Powerplant: 4,33 MW module for 26 MW powerplant
{ 39% Electric Generation Efficiency )

Function

Generate 71°C (160°F) hot water
Desuperheat and condense H50 from cathode exhaust to 58°C {137°F) dewpaint

Provide for separation of condensed water

Heat Transfer
1.88 x 108 KHogalories 7 4, 106 grushr)
Flow Conditions
% by mass
T =191°C (375°F) Inlet 02 = 7
H/S N2 =7
Flow Ar = 1
t54x 103 K8 H20W =21
] » hr

T =24°C (75°F)

———-—,"
Inlet Ho0 (L}
c/S 39.9 x 103 hﬁrg

Flow

(87.9 x 103 ib/hr)

T =58°C (137°F)

Exit H/S

Flow

15.4 x 103 X9
hr

(34.1 x 103 1)
ke

(34.1 x 10° Ib/hr)

s
T=71°C (160°F} H,O0 (L)

Exit C/S 30.9 x 103 @
Flow hr
(87.9 x 102 Ib/hr)

% by mass
02 = 7
N2 = 71
Ar =1
Hzo(\!)= 3
Ho0(l) = 18

CDR-10 — Design Requirement 26 MW Cathode Condenser (Configuration 1)
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POWER UTILITY FCR-0021
Design Requirement
Component: Anode Condenser
{Heat recovery configuration #1)
Powerplant: 4.33 MW module for 26 MW powerplant
| (39% Electric Generation Efficiency) i
A Function
“ | Generate 71°C (160°F) hot water
- Desuperheat and condense HoO from anode exhaust to 58°C (137°F} dewpoint
' LI Provide for separation of condensed water
. Heat Transfer
] 0.43 x 108 KHIOCAANES (4,74 5 108 Bru/hr)
I | Flow Conditians % by mass
o Injet N2 = B
| T = 180°C (375°F) H/S CUy = 65
3 Flow Hy = 8
T y 4 x 103 *-}f-g- CHy = 2
Lo r HoOfv)= 19
l | . (89 x 103 Ib/hr) 2
P T =24°C (75°F}
Inlet HZO (L) I= 7100(160°F) H20 “.)
c/s 0.3 x 103 K2 Exit C/S 9.3x 103 K8
t‘ F|0W : hr FiOW hr
(20.5 x 102 o/hr) {20.5 x 103 Ib/hr)
: ) % by mass
b N2 = b
© L T = 58°C (137°F) ay 3K €Oy =65
: Exit H/S I;r Hp = 8
e Flow (88x103Ib/hr)  CHy = 2
! ‘ H20(V)= 3
~ CDR-11 - Design Requirement 26 MW Anode Condenser {Configuration 1)
¢ 1 #
L1 :
: "E pace NO, A-11
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POWER UTILITY FCR-0021

Design Requirement

Component: Exhaust Condenser
{Heat recovery configuration #1)

Powerplant: 4,33 MW maedule for 26 MW powerplant
(39% Electric Generation Efficiency)

Function

Generate 71°C (160°F) hot water
Desuperheat and condense HoO from exhaust to 52°C (126°F) dewpoint

Provide for separation of condensed water

Heat Transfer
0.97 x 106 KHocalories 3 g5 108 Btu/hr)
Flow Conditions % by mass
inlet H/S Np =72
T = 186°C (330°F)  Flow cOy, =15
(43.2 x 103 tb/hr) A
20 x 103 K¢ 201y
x 10 R HQO(\:) = g
T =24°C {/5°F)
T=71°C °F) HsO0 (L
H0 (L) .7P {160°F) H50 (L} Kg
Exit C/S 3 A
C | 103 Ko 21x10%
Flow 21 x fr Flow i
% by mass
N2 = 72
_ o, o 3 Kg 002 = 15
T = 52°C {126°F) 20x10° 2 POC I
31b 0 = B
43,2 x 10°— 2
( . x, b HoOlv) = 2
Exit H/S HQO“) = 4

Flow

CDR-12 — Design Requirement 26 MW Exhaust Condenser (Configuration 1)

PAGE NO. A'12

-l
By

[T,



SN S PO PR

Sy

11
—scida

R

POWER UTILITY ECR-0021 §

Design Requirement

o
: Component: Cathode Steam Generator
o {Heat recovery configuration #2)
o
!
3 Powerplant: 4,33 MW module for 26 MW powerplant

{39% Electric Generation Efficiency)
1

I AR

Function

Generate 10.3 % 104 n/m2 {15 PSIG) steam flow

| S S v

Heat Transfer

0.2468 x 108 Ei‘i’f%"’@ (0.9797 x 108 Btu/hr)

Flow Conditions

—

% by mass
Inlet H/S O = 7
{ T =191°C (3756°F) Flow No = 7
] € 3 E Ar = 1
+.4 % 10 T HoO - 21
| T =93°C (200°F) (34.1 x 103 ib/hr)
R
P Inlet HoO(L)
H - r
- (Cold Side] T = 121°C (250°F) Ho0 (v)
a (984 Ib/hr) Exit Flow 447 Kg/hr
| {Cold side} {984 Ib/hr)
H o o
:oi T =135°C {275°F) % by mass
L 02 = 7
Exit H/S No =71
Flow Ar = 1
- 15.ax103Ke  HO =2

(34.1 x 103 Ib/hr)

CDR-13 — Design Requirement 26 MW Cathode Steam Generator {Configuration 2)
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POWER UTILITY

Design Requirement

Component:

Powerplani:

Function

FCR-0021

Cathode Condenser
(Heat recovery configuration #2)

4,33 MW module for 26 MW powerplant
(39% Electric Generation Efficiency)

Generate 71°C {160°F) hot water
Desuperheat and condense HO from cathode exhaust to 58°C {137°F) dewpaint

Praovide for separation of condensed water

Heat Transfer

1,635 x 108 Kilocalories e 494 » 108 Bru/hr)

Flow Conditions

T =24°C (75°F)

{76.4 x 103 Ib/hr)

HR
% by mass
Inlet H/S 0, =7
T = 135°C {275°F) Flow Ny =71
3 Ky Ar = 1
154107 & H,0(v) = 21
; (34.1 x 102 Ib/hr)

Flow 2
(76.4 x 109 |b/hr)

T =58°C {137°F)

2
inlet C/S HoO {L) T=71°C {160°F) H20 (L}
Flow 35 x 103 59 == [ Exitcls  35x103 8

% by mass
Exit H/S 02 = 7
Flow Ng =71
3 Kg Ar = 1

(34.1 x 10°% Ib/hr)

CDR-14 — Design Requirement 26 MW Cathode Condenser (Configuration 2)
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POWER UTILITY FCR-D021
Design Requirement
Component: Anode Steam Generator
{Heat recovery configuration #2)
Powerplant: 4.33 MW module for 26 MW powerplant
{39% Electric Generation Efficiency)
Function
Generate 10.3 x 104 n/m? {15 PSIG) steam flow
Heat Transfer
0.121 x 108 Kilocalories g 457 x 108 Btu/hn)
Flow Conditions % by mass
Inlet H/S Np =5
T =191°C (375°F) Flow CO; =65
4x10 e CHy = 2
HzO(V’ = 18
T = 93°C {200°F) (8.9 x 103 Ib/hr)
HA,O (L
mfvi 2;29 lég) T ='_1_21°C (250°F) HoQ (V)

{Cold Side)

{483 Ib/hr}

hr
Exit Flow

{Cold Side)

T = 138°C {275°F)

Exit H/S
Flow % by mass
3 N2 = B
4x10°Kg €0, =65
89x 103 Ib/hry CHg = 2

H20 {vi= 19

Kg
219 =

(483 Ib/hr)

CDR-15 — Design Requirement 26 MW Anode Steam Generator {Configuration 2} ~
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POWER UTILITY FCR-0021

Design Reguirement

Component: Ancde Condenser
{Heat recovery configuration #2)

Powerplant: 4,33 MW module for 26 MW powerplant
{33% Electric Generation Efficiency)

Function

Generate 71°C (160°F) hot water
Desuperheat and condense HyO from anode exhaust to 58°C {137°F) dewpoint
Provide for separation of condensed water

Heat Transfer
0.303 x 10° E%mﬁ'?ﬁ (1.202 x 106 Btu/hr)
Flow Conditions % by mass
Inlet H/S ) = b
T = 135°C (275°F) Flow 302 = 53
3 Kg 2 =
4x10%0" o, = 2
(8.9 x 108 1oty 120 V1 =19
T = 24°C {75°F)
T=71°C(i60°F)  Hy0 (L)
Inlet C/S HoO (L) =i ——
Flow 2 3Kg ExitC/S 64x10° 5—3
' 6.4 x 10 hr Flow
(14.1 x 10° Ib/hr)
(14.1 x 103 [b/hr) :

% by mass
T=58°C (137°F) Noy = 5
4x103 K8 COp =65
hr H2 = g
Exit H/S 3 CHy = 2
Flow (8.9 x 10 1b/hr} HyO (V) = 3
H20 (L) = 16

CDR-16 — Design Reguirement 26 MW Anode Condenser {Configuration 2}
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POWER UTILITY FCR-0021

Design Requirement

Component: Exhaust Steam Generator
{Heat Recovery Configuration #2}

Powerplant: 4,33 MW module for 26 MW powerplant
{39% Electric Generation Efficiency)

Function

Generate 10.3 x 10% n/m2 (15 PSIG) steam flow

Heat Transfer
0.017 x 108 Klo%ONES 14 56g 4 108 Brusir)
Flow Conditions % by mass

Inlet N2 = 72
T = 166°C (330°F) H/S cOqy = 15
Flow Ar = 1
3 Eg 02 = 6
%075 wov) = 6

(43.2 x 103 ib/hr)

o cos ———

T =93°C {200°F} Ho0 (L) T=121°C (260°F)  H0{v)
Inlet flow K K
(Cold side) 31455 Exit Flow 3144

(69.2 tb/hr) {Cold Side)
(69.2 Ib/hr)
T=130°C (266°F) VExit H/S % by mass

Flow N8 =72

3 Eg c 2 = 15

20x 10 = Ar = 1

43.2 x 103 Ib/hr 07 = 6

HaO (V) = 6

CDR-17 — Design Requirement 26 MW Exhaust Steam Generator (Configuration 2)
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POWER UTILITY FCR-0021 i,J ,

Design Requirement

£
Component: Exhaust Condenser E
{Heat recovery configuration #2)

Powerplant: 4,33 MW module for 26 MW powerplant
{39% Electric Generation Efficiency)

Function

| St

fevstmy : 1
[ ——— [ SR [N

Generate 71°C {160°F) hot water R
Desuperheat and condense HoO from exhaust to 52°C {126°F) dewpoint i ‘ S 4
Provide for separation of condensed water -

Heat Transfer : ; _
0.95 x 108 Kiicalories - (5 75 x 106 Brur) o j
I
B :
Flow Conditions Inlet H/S % by mass - 3
T = 130°C (266°F) Flow Ny - 72 ; ;
20 x 103 1;—9 Cop =15 P
r Ar = 1 ' i
43.2 x 10° Ib/hr 0, - 5 | 3
T= 2400 {?50[:) HQO(U) = § t 1
e P
Infet Ho0 (L) T=71°C (160°F)  HpO (L)
C/s 21 x 103_!5& Exit C/S 21 x 109 FQ_ . i
Flow nr - Flow v L
(45.3 x 103 Ib/hr) (45.3 x 103 Ib/hr) L3
T =52°C (126°F) :
% by mass
Flow cOy =18 S
3Kg Ar = 1
20 x 103 -2 00 s o
(43.2 x 103 ib/hr) H20 {V) = 2 L
H20 (L) = 4
b
L
CDR-18 — Design Requirement 26 MW Exhaust Condenser (Configuration 2)
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APPENDIX B 1

THERMAL CONDUCTIVITY MEASUREMENTS
OF SILICONE FLUIDS
WITH A THERMAL COMPARATOR
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FCR-0021

Summary

Thermal conductivity measurements have been made, as a function
of temperature, on nine new and used silicone fluid samples.
These measurements were made by the thermal comparator method
and cover the temperature range from 70 to 350F.

The following fluids were evaluated:

X-708(38655) 8000 hour test
X-707(38596) 3000 hour test
X-586

1. SF-97 (50) New :
2. SF-97 (50) After ten cycle test
3. S8F-97 (50) 2000 hour endurance
4, SF-1093-50 New

5. ©8F-1093 After ten cycle test
6. §SF-1093 2000 hour endurance
7.

3.

9

.

Test Eguipment

The thermal comparator method used in this work was developed
by Powell (Ref.l). This method is based on the fact that when
two materials of different thermal conductivities, such as
aluminum and plastic, are touched, the material with the higher
thermal conductivity (in this case, the aluminum) will feel
colder to the touch. This is simply because the aluminum con-
ducts heat away at a faster rate. The thermal comparator is a
means of quantitatively measuring this effect. This technique
has three major advantages over other means of measuring thermal
conductivity. First, it is simple to use and does not require
an elaborate setup. Secondly, the method is rapid and a num-

R2f.1. Thermal Conductivity. Edited by R.P. Tye, Academic Press,
New York 1969. Ch. 5: Thermal Conductivity Determina-
tions by Thermal Comparator Methods, By R.W. Powell
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ber of points can be measured in a short period of time. Fi-
nally, since it is a relative measurement, there is much less ;
risk that an error in procedure or measurement will negate the
I value of the results.

}

P

é A specially constructed Thermal Comparator probe was purchased

i from Technometrics, Inc. for this work. Figure 1 shows a schem-
i atic of the construction of this probe. A thermocouple, mount-
i ed within 0.001" of the sensing tip of the probe, is differ-

: entially connected to a copper thermal reservoir which is held

] at temperature Ty by means of a Nichrome wire heater mounted

in the copper block. Upon contact of the probe tip, of thermal
conductivity Ky with the surface of a test material having a ‘
M thermal conductivity Ko, the tip of the probe quickly drops to
an intermediate temperature T, resulting in a temperature dif-
ferential signal given by the expression (Ty-T)=T,i K2/ (K]+K2)}
L In the tests conducted by Wear Sciences ths temperature dif- "
ferential signal was recorded on a Leeds and Northrup Speedomax
XL recorder which was set up to measure signals in the micro-
volt range.

: A photograph of the test setup is shown in Figure 2. TFigure 3
- is a schematic of the test equipment.

i In this test the Thermal Comparator probe was mounted on one
= _ end of an aluminum arm which was held in a ball bearing mount
so that the arm was free to pivot in the vertical plane. An

} adjustable counterweight, mounted on the other end of the alu-
- minum arm beyond the fulcrum point, was used to counterbalance
the weight of the probe. This counterbalance feature was nec-
[é essary since experience has shown that the load of the probe

' tip against the specimen must be small and consistent to ob-
tain reproducible data. A uniform probe loading of 5 grams was
used throughout these tests.

In order to measure the thermal conductivity of a fluid with
this equipment, it has been found that a thin membrane cover
- must be used so that the probe will not be in direct contact
- with the fluid. Otherwise, the area of contact between the

probe tip and the fluid would be too large, and would vary

- with the surface temsion of the fluid. Evaporative cooling

effects from an open fluid surface would also be an unknown

factor that would influence the results. Powell showed that

=

=3

=3
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a thin film of plastic, stretched tautly over the fluid, would
be an effective barrier as long as the plastic film was inert

to the fluid. He used a proprietary material, Melinex, 0.00025"
thick and found that this thin f£ilm had little effect on th-
readings obtained with both solid and liquid samples. 1In thz
Wear Sciences tests, a polyimide film, Kapton, was used because
this plastic could withstand much higher temperatures. The
Kapton film was 0.0005" thick.

The Kapton film was mounted in an embroidery hoop, and then
stretched to form a smooth surface. The fluid sample was placed
in a shallow evaporating dish about 0.5" deep x 5" in diameter.
Powell found this size dish to be the optimum for achieving uni-
form heating and for minimizing the effects of thermal convective
currents. The dish was filled to the brim so that the meniscus
of the fluid was raised above the level of the top of the dish.
Then the plastic film, stretched tautly over the embroidery
hoop, was placed over the fluid surface, being careful to be
sure that no air bubbles were trapped under the film. Finally,
a concentric steel ring was placed on the edge of the embroidery
hoop to weigh this assembly down. In this way, the plastic film
would remain tightly stretched over the surface, even when the
fluid was heated. Since this technique requires that the probe
tip be hotter than the fluid surface, a temperature differential
of about 70F between the probe and the fluid was maintained
throughout these tests. The temperature of the probe was con-
trolled with a variable power supply. The dish containing the
test fluid was heated on a stepless control hot plate. The
temperature of the test fluid was measured with a bare chromel-
constatan thermocouple which penetrated through the side of the
glass evaporating dish and extended into the center of the

dish, just below the point where the probe came into contact
with the plastic f£ilm. This thermocouple was sealed iunto the
dish to prevent £luid leakage.

Test Prccedure

Instead of trying to maintain the tempvrature differential
between the probe and the fluid at exactly 70F, the actual
temperatures of the probe and the fluid were measured with a
thermocouple potentiometer just before each test. The micro-
volt readings, measured with the Leeds and Northrup recorder,

B-4
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were divided by the actual temperature differential to convert
these readings to microvolts /°F and then the readings were
corrected to a 70°F temperature differential. Actually, small
errors in the temperature measurements would have very little

effect on the final results,
E gg Each test was run using the following procedure:
? - 1. The probe and the test fluid were heated slowly to the
.| desired temperature levels and temperature differential.
25 . 2. Just before each test, the actual probe and fluid tem-

. | peratures were measured and recorded. The recorder :
v chart was started and the zero was set. ]

[ YP—

3. The probe arm was released and allowed to drop down in
contact with the plastic film which covered the fluid
surface. (A dashpot controlled the drop rate and .
contact between the probe and the film so as to prevent ;
sudden impact and bounce).

Eol 4, As soon as the probe contacted the plastic film, a
; peak emf signal was recorded. This signal decayed
Sy rapidly until a plateau was reached which represented
a near-steady-state temperature level. It was this
level that constituted the reading related to thermal '
conductivity. ;

To convert these emf readings to thermal conductivity values, .
a calibration curve must also be prepared, using standard +
] fluids of known thermal conductivity. A series of tests were :
made with the Thermal Comparator probe on the following stan-
dard fluids:

i Water Toluene
i Glycerol Nujol (medicinal paraffinic mineral oil)
Methyl alcohol Carbon Tetrachloride

H A calibration curve was then prepared by plotting the thermal
conductivity values (from the literature) versus the Thermal

Comparator emf readings for each of these fluids. This graph
is shown as Figure 4. Using this curve, the emf readings for

B-6
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any sample fluid can then be converted into thermal conductivity
values by determining the intercept coordinates on the cali-
bration curve.

It should be noted that a limiting reading for the compara-
tor was determined by setting up a test with the Kapton film
covering an empty evaporating dish., The comparator reading was
then egssentially the thermal conductivity of the Kapton plus
some contribution from the air in the dish. For a temperature
differential of 70F between the probe and the film, the emf
reading was 15 micro-volts. Since the thermal conductivity of
the Kapton film is approximately 5-6 x 10-%4 milliwatts/cm®C,
this lends justification to the extrapolated shape of the cali-
bration curve shown in Figure 4.

Test Results

The graphs of Thermal Comparator microvolt readings versus fluid
temperature are shown in Figures 5 to 11. A second scale is
included on these graphs to show the approximate corresponding
conductivity values for some of these microvolt readings.

It was not possible to obtain data on any of these f£luids at
temperatures above 350 to 400F. The emf traces became very

erratic and low readings were obtained. It is believed that
volatile constituents in the fluid could be forming a vapor

barrier under the plastic film which can act as a partially

insulating layer.

Figure 5 shows the results cobtained with the SF 97(50) and,
for comparison, the data which had previously been obtained
with SF 96(100). The SF 97(50) gave more scattered values,
which may have been due to the lower viscosity of this oil.
It also showed a sharper decrease in conductivity at tempera-
tures above 275F. These low values at high temperature could
be the result of vapor being trapped under the plastic f£ilm,

Figure 6 shows the results obtained with SF 97(50) after the
ten cycle run and the 2000 hour endurance test. There is a
trend toward lower conductivity with running time. There is
also a shift in the curve for the fluid which was run for

2000 hours. At temperatures up to 175F, the conductivity of
this sample was approximately the same as it was for the oil

i
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thi.. wud been run for ten cycles., Above this temperature, the j

|

conductivity dropped and then followed a new curve. Normally,
this would be considered as experimental error, but similar
results were also obtained with other fluids; for examnle, the

SF 1093 after 10 cycles -~ Fig. 7, the X-586 - Fig. 9, the X-707 -

PN, wtey
1

L Fig. 10 and the X-708 - Fig. 11. The reason for this behavior
is not known.

] L Figures 7 and 8 show the curves obtained with the three samples

: of the SF 1093 fluid. The curve for the original oil, and the

: L} oil which had been run for ten cycles, is essentially the same

(as shown in Fig. 7), although there is a drop in conductivity

for the ten cycle test oil above 175F, and then a recovery at
a lower level of conductivity. The SF 1093 fluid which was run ;
for 2000 hours (Fig. 8) gave lower conductivity values at all
temperatures. This o0il was degassed by drawing a rough vacuum
on the o0il to remove any excess of dissolved gases. No signi-
ficant amount of gas evolution was observed.

. ™ -

Figure 9 shows the results for the X-586 fluid. When this oil
was tested '"as received", a considerable number of bubbles were
formed under the plastic filw (which covered the £luid sample)
as the fluid was heated. These bubbles were apparently the re- ;
sult of dissolved gases coming out of the oil, Since these
bubbles could be acting as insulating gas layers, a sample of
this fluid was degassed by evacuating the oil in a vacuum des-
sicator. A moderate amount of gas was expelled as evidenced

by the bubbles which formed while the vacuum was being drawn.

I This degassed sample was then evaluated. The slope of the curve
- was the same, as shown in Fig. 9, but the thermal conductivity
values were consistently higher.

E“_-?

| S

: Figure 10 shows the results for the X-707 £luid. Again, bubble
. formation was observed. When this fluid was degassed under

] vacuum and rerun, the thermal conductivity values were again

L consistently higher.

:f Figure 11 is the curve for the X-708 £luid. This fluid also
it showed considerable bubble formation. No test was run on this .
fluid after degassing. |
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Sunmary and Conclusions

RBased on the results of these tests and on the results of previous
tests which were done for the GE Silicone Products Department,
there appears to be a slight increase in the thermal conductiv-
ity of silicone fluids as the fluids are heated from room tem-
perature to about 125F, but this trend is reversed above 125

to 150F and the conductivity then decreases.

Within the limits of experimental error, all of the fluids which
were evaluated in this work have the same thermal conductivity
values at room temperature. '

The X-707 and the X-708 fluids appear to have similar thermal
conductivity characteristics over the temperature range from

75 to 350F, and both are better than the X-586 fluid. The new
sample of SF 1093 is close to the X-707, but appears to show a
drop in conductivity with running time. The X-707 does not
appear to be quite as good as the SF 97(50) at temperatures up
to 300F, but does not show as drastic a decrease in conductivity
at higher temperatures. All of the X-fluids appeared to have
considerable amounts of dissolved gases in the fluids. Either
they dissolve more gases at lower temperatures than fluids such
as the SF 97(50), or they give up dissolved gases more readily
than some of the other silicone fluids when they are heated.
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TABLE . FCR-0021
Thermal Conductivity Values for Silicone Fluids '

— _(mstimated from comparator_readings and calibration curve)
Recorder

R i ]

reading- (a) Bbu (b)

= = e

Fluid Temp. °F Microvolts Milliwatts/cm.°K  hp. FE.°F
D SF 97(20) 75° 10% .12 Ob4
(new 100 s LD 069
150 119 125 Q70
D 200 b7 LazZ L7
RS 102 A YT
@ 200 22 090 OF T
AR5 5% 079 . 0_4-3.
% SF a7 (30 i 03 |67 0622
S (ten ayals) 100 1o f.15 » 0677
{ 5D (13 .17 0L
@ >04 o0& Lo LOA
AL ok} 0.V 058
ﬁ 200 7! D20 AL XA
SFa7 (50) 0T 104 i3 067
: TR 10O 13 [ 47 AT
ﬂE QA\K, OVt S) (5D 1] kY VA
200 g1 0.1 DL
[ A5 75 0.3 059
300 LR 0T 04T
Il 3% 4.3 0,67 .03
SF 1093 () = e 115 067
I (new (00 11 " D) .

[ 1o ey © D67 25

A0 T DM

30 b7 Dr
b
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TAELE 1 (“oncluded) . FCR-0°21U :,

ok s 3
Recorder :
Reading - Btu - :
Fluid Temp.°F Microvolts Milliwatts/em.°kK hr. ft.°F .
SF 1022 5 o4 L L OL4 B
(A% hauss) 00 to’7 13 05T \
13D o3 Lot .06 4 -
200 92 1D . 057 1
25D 15 0.22 03I
200 53 072 042 Bl
: 25 a3 0.57 3s . __%‘__
X-326 15 03 1,07 067 |
“aS receiusd) 0D 119 A DL §]
|50 q4 /.02 .059
200 76 d.¢5 .0%9 i
215D S7 Q4 0432 i |
303 37 0.65 032 y
e e 22 0.La .03, i
X=707 e (0% Y —ete e
(as t‘e.ce:vcd) 100 P L 062 -
[ 5D 107 .10 064 1
200 g+ QR 059
aED 79 0/Z2 0S| |
200 6o 077 045 5
Aaw 47 067 045 i
o i e Sem e e
(as veceaived) HoYe) 11 LEs 072 all
15D 122 a7 0713 i “;ﬂ
&20 G% /03 060 - B
A50 GCA b.21 047 i
350 5% 0.73 049
335 39 065 ;032
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Thermocouple Wires

L

Insulation EWE Dutput

~. Ti[ﬁ

.

. Heat Reservolr

ﬁ\BEhsing Tip

Figure 1, Schematic of Thermal Compevator Probe
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Photograph of Test Rig
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