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This repor t  describes t h e  design, development, f ab r i ca t ion ,  and 
test at one gravi ty  of a prototype I ce  Pack Heat Sink Subsystem t o  be 
used eventually fo r  astronaut cooling during manned space missions; 
t h e  invest igat ion of thermal s torage material with the ob3ective of 
uncovering materials with heats of fusion and/or so lu t ion  i n  t h e  range 
of 300 Btu/lb (700 kiloJoules/kilogram); and t h e  planned procedure for 
implementing en I ce  Pack Heat Sink Subsystem Fl ight  Experiment. 

I n  normal use, excess heat i n  the l i qu id  cooling garment (LCG) 
coolant i s  t ransfer red  t o  a reusablehegenerable  i c e  pack heat sink. 
For emergency operation, o r  f o r  extension of extravehicular a c t i v i t y  
mission t i m e  after a l l  the i c e  has melted, water from t h e  i c e  pack is 
boiled t o  vacuum, thereby continuing t o  remove heat from the  LCG cool- 
ant .  This subsystem incorporates a quick disconnect thermal in t e r f ace  
between t h e  i c e  pack heat sink and t h e  subsystem heat  exchanger. 
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Future manned space exploration missions are expected t o  include 
requirements f o r  astronaut l i fe  support equipment capable of repeated 
use and regeneration f o r  many extravehicular  a c t i v i t y  sorties. 
t i c i p a t i o n  of these  requirements, NASA ARC funded two cont rac ts  (NAS 
2-6021 and NAS 
t e c t i v e  Systems. 
most prac t i ca l  and promising concepts f o r  manned space f l i g h t  operations 
prodected fo r  t h e  late 1970's and 1980's, and t o  iden t i fy  areas where 
concentrated research would be most e f f ec t ive  i n  the development of 
these  concepts. 

In an- 

2-6022) f o r  the study of Advanced Extravehicular Pro- 
The purpose of these  s tud ies  was t o  deternine the 

One regenerative concept f o r  as t ronaut  cooling u t i l i z e s  an i c e  pack 

In  an emergency, o r  f o r  extended operations,  water from the  
as the primary heat sink f o r  a l i q u i d  cooling garment (LCG) cooling 
system. 
melted i c e  pack could be evaporated (boi led)  d i r e c t l y  t o  space vacuum. 
NASA ARC funded contract  BAS 2-'7011 Phase I t o  design, develop, fabr ica te ,  
and t e s t  a t  one gravi ty  a funct ional  laboratory model of such an I c e  Pack 
Neat Sink Subsystem. 

This report  describes the  e f f o r t  funded by N h S A  ARC under contract  
NAS 2-7011 Phase I1 whereby t h e  I ce  Pack Heat Sink Subsystem prototype 
system- was designed, fabr icated,  and performance t e s t e d  a t  one gravi ty .  
Further,  t h i s  report  describes t h e  work expended t o  uncover a mater ia l  
o r  mater ia ls  t h a t  might be subs t i tu ted  f e r  water / ice  as t h e  thermal s ink 
thereby reducing system weight and volume. 

Calculations and data  per ta ining t o  t h e  execution cf t h i s  program 
were made i n  U.S. customary u n i t s  and then converted t o  S I  un i t s .  



SUMMARY 

The objec t ives  of the I c e  Pack Heat Sink Subsystem - Phase I T  pro- 
gram a r e  t o  improve t h e  design and performance of t h e  ice chest /heat  
exchanger in t e r f ace ;  t o  design, f ab r i ca t e ,  and performance test at one 
gravi ty  a prototype system; t o  inves t iga te  thermal s torage  material with 
t h e  objec t ive  of uncovering materials with hea ts  of fusion and/or hea ts  
of solut ion i n  t he  range of 300 Btu/lb (700 ki lojoulesht i logram);  and t o  
prepare a plan f o r  a candidate Shuttle/Spacelab f l i g h t  experiment capable 
of Zemonstrating the performance of  an Ice Pack Heat Sink Subsystem for 
astronaut cooling i n  zero-gravity, as w e l l  as providing data on t h e  physi- 
c a l  phenomena associated primarily with 
operation of such a system. 

t h e  heat t r a n s f e r  aspects  of t h e  

The basic  purposes f o r  conducting t h e  In t e r f ace  Developmeit por t ion  
of t h e  program were t o  develop a heat  t r a n s f e r  i n t e r f a c e  surface combina- 
t i o n  t h a t  is su f f i c i en t ly  durable i n  construct ion t o  allow many (100 p lus )  
couplings and uncouplings without degradation of performance, and t o  
inves t iga te  surface configurations and preloading pressures  with t h e  in-  
t e n t  of generating s u f f i c i e n t  d a t a  t o  allow se lec t ion  of optimum surface 
configurations and preload pressure. 
has been prepared t o  a l l o w  optimization of I c e  Pack geometry. 

Additionally,  a computer program 

Based on t h e  results of t h e  In t e r f ace  Development e f f o r t ,  as well 
as on t h e  experience gained i n  t h e  laboratory model development program 
(NAS 2-7011 Phase I ) ,  a prototype system has been designed, fabr ica ted ,  
and acceptmce tested. 
fabr icated:  
function as a water b o i l e r  f o r  emergency cooling. 
been designed and fabricated t o  be capable of mating w i t h  each of  t h e  
i c e  chests developed i n  t h i s  task.  Performance requirements f o r  t h i s  
subsystem consis t  of providing a heat  s ink  f o r  t h e  LCG coolant f o r  one 
hour a t  a 1500 Btu/hr (1600 k i lo joules /hr )  heat r e j e c t i o n  rate and with 
an LCG i n l e t  temperature compatible t o  as t ronaut  comfort. 
completed during t h i s  series have confirmed the adequacy of t h e  design. 

Two prototype i c e  ches ts  were designed and 
one w i t h  and one without t he  requirement t h a t  t h e  ice  ches t  

A heat exchanger has 

The tests 

Math model cor re la t ion  has been eutablished and has been u t i l i z e d  
t o  c rea t e  a simple procedure t o  schedule i c e  chest  water flow as a 
function sf heating rate, i n l e t  water temperature and f r ac t ion  of ice 
melted. 

The thermal s torage  material work has shown t h a t  a 30 percent solu- 
t i o n  of potassium b i f luo r ide  (KHF2) i n  water can be used t o  provide ap- 
proximately 52 percent more heat absorption than an equal weight of 
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water-ice, and approximately 79 percent more heat absorption than an 
equal volume of  water-ice. 
can be accomplished e a s i l y  by the same technique used present ly  fer 
water-ice. 
that  f o r  water-ice, 10.4°F ( 2 6 x 1  as compared t o  3 2 O F  (27%) f o r  waterice. 
Results of  measurements o f  the heat of fusion of  8 0 m  l i k e l y  candidate can- 
pounds and e u t e c t i c  mixtures are also included i n  t h i s  repor t ;  however, 
none were found t o  approach the  heat of  fusion o f  water-ice i n  the  tempera- 
ture range of 1 4 O  t o  158OF (263-34x1. 

The regeneration o f t h e  KW2 water system 

Heat absorption begins at a lower tempemture, however, than 

Resulting from the  e f f o r t  t o  prepare a plan f o r  a candidate Shuttle/ 
Spacelab flight experiment is a comprehensive out l ine ,  Ice Pack Heat Sink 
Subsystem - Phase 11, Flight  Experiment Plan, SVHSER 6526,which describes 
the steps necessary t o  develop the  concepts t o  flight experiment status. 
This report is contained under separate cover t o  allow its c i r c u l a t i o n  
independent of t h i s  f i n a l  report .  

Based on the results of t h i s  program the Ice Pack Heat Sink Subsystem 
prototype hardware has been developed t o  a point where it has shown itself 
t o  be acceptable f o r  as t ronaut  cooling during EVA. 

4 



Completion of t h e  hardware por t ion  of t h i s  program has l e d  t o  t h e  
development of a prototype T m e  Pack Heat Sink Subsystem with t h e  follow- 
ing c h a r a c t e r i s t i c s  : 

. The un i t  holds 10.45 lbm (4.75 kg) of water. 

. Cooling loads of 750, 1500, and 2000 Btu/hr (800, 1600, and 
2130 kJ/hr)  can be s a t i s f i e d  f o r  both t h e  normal melting i c e  
and emergency water boi l ing  modes of operation. 

The in t e r f aces  between the i c e  ches t /bo i l e r  and t h e  heat 
exchangers are s u f f i c i e n t l y  durable t o  withstand repeated 
removal/installation cycles. 

. 

Completion of t he  thermal s torage materials por t ion  of t h i s  program 
has shown tht a 30 percent soluSion of potassium b i f l u o r i d e  (KHF2) i n  
water can provide approximately 52 percent more heat absorption than 
an equal w e i g h t  of water-ice, and approximately 79 percent more heat 
absorption than an equal volume of water-ice, with heat absorption be- 
ginning at 10.b°F (261~) as compared t o  320F (273K) for water-ice. 



The s tudies  and test results of t h i s  program evolved the follow- 
ing recommendations. 

. Continuation of the basic  hardware configurat ion generated 
by t h i s  program phase is recommended. 

. Additional e f f o r t  is recommended t o  study t h e  impact of 
replacing water w i t h  a 30 percent so lu t ion  of potassium 
b i f luo r ide  (:'HF2) i n  water a s  the heat sink material i n  
the  i c e  ches t /bo i le r .  



B t U  

Btu/hr-OF 
Btu/hr-f't2-oF 

B t U / h r  

C 

CP 
CUI 

EVA 

OF 

in 

J 
J f s  
J/S-K 
J/s-m2-K 

K 
k 
kg 
ICN 
ICN /m* 
kJ 
kJ /hr  
HI /m2A 
ks 

LCG 
lbm, lb 
lbm/hr, l b /h r  

B r i t i s h  thermal u n i t  
B r i t i s h  thermal u n i t  pe r  hour 
B r i t i s h  thermal u n i t  pe r  hoy-degree Fahrenheit 
B r i t i s h  thermal u n i t  pe r  hour-square foot-degree 
Fahrenheit 

connect ion  
centimeter 
water s p e c i f i c  heat 

extravehicular  a c t i v i t y  

degree Fahrenheit 

c a m  
gram per  second 
gal lons per  minute 

heat exchanger 
hour 
water 

inch 

jou le  
jou le  per second 
jou le  per  second-degree ke lv in  
jou le  per  second-square meter-degree ke lv in  

degree kelvin 
thermal conductivity 
kilogram 
k i  lonewton 
kilonewton per  square meter 
k i l o  jou le  
k i lo jou le  pe r  hour 
kilonewton per  square meter d e l t a  
kilosecond 

l iqu id  cooling garment 
pound mass (avoirdupois) 
pound mass per  hour 
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m 

mHg 
min 

mm 

N 

Ps i  
p s i a  
ps id  

s 

T 
Tin 
Tout 
t o r r  

UA 

w, G 
W/mK 

X 

A T  

rl 

€ 

meter, m i l l i  
millimeter 
millimeters of mercury 
minutes 

newton 

pounds force per  square inch 
pounds force per  square inch absolu te  
p u n d s  force per square inch d e l t a  

heat t r a n s f e r  rate, hea t  load 
revolut ions per minute 

second 

temperature 
water i n l e t  temperature 
water o u t l e t  temperature 
pressure measured i n  millimeters Hg 

overa l l  subsystem thermal conductance 

water mass flow rate 
watts per  meter-degree kelvin 

f i n  height ,  l ength  of  heat t r a n s f e r  path 

temperature d i  f f erence 

f i n  e f f ic iency ,  dimensionless conductance 

pressure measured i n  micron Hg 

effect iveness ,  heat exchanger o r  i c e  chest  
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INTERF ACE DEXELO PMENT 
8 

"he basic  purposes f o r  conducting t h e  In t e r f ace  Development port ion 
of t h e  program were t o  develop a heat transfer in t e r f ace  surface combina- 
t i o n  t h e t  i s  s u f f i c i e n t l y  durable i n  construct ion t o  allow many (100 p l u s )  
couplings and uncouplinRs without degradation of performance, and t o  
inves t iga t e  sur face  configurat ions and preloading pressures with t h e  
in t en t  of generating s u f f i c i e n t  data t o  allow se l ec t ion  of optimum sur- 
face configurations and preload pressure.  

SURFACE CONFIGURATION SEUCTION 

Eight surface configurations were selected f o r  test: 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

0. 

Pla in  aluminum OIA p la in  aluminum - t h i s  configurat ion is  t o  be 
used as a baseline.  

Lead plated aluminum on p l a i n  aluminum - t h i s  configuration 
represents  t h e  Phase T configuration. 

Lead plated aluminum on p l a i n  aluminum with the  lead plated 
p a r t  grooved t o  produce square pads approximately 0.25 in. 
(0.635 em) x 0.25 i n .  (0.635 cm). 
configuration. 

Figure 1 i l l u s t r a t e s  t h i s  

Same as  ( 3 )  but with every o ther  pad removed t o  produce a 
checkerboard pa t te rn .  Figure 2 i l l u s t r a t e s  t h i s  configuration. 

Same as ( 3 )  but wi th  square pads approximately 1 .5  in .  (3.81 cm) 
x 1.5 in.  (3.81 cm). Figure 3 i l l u s t r a t e s  t h i s  configuration. 

Same as ( 5 )  but with every o ther  pad removed t o  produce a 
checkerboard pa t te rn .  

Lead plated aluminum on p l a i n  aluminum, displaced 0.062 in .  
(0.157 cm) l a t e r a l l y  after pressure  mating. 

Figure 4 i l lustrates t h i s  configuration. 

Lead plated aluminum on hard-coated aluminum. 

Configurations 3 through 6 were designed t o  evaluate  t h e  self-cleaning 
e f f e c t  of grooves i n  t h e  lead plated surface.  These grooves allow b i t s  of 
g r i t  t o  drop o f f  t h e  mating surface without being dragged across t h e  entire 
surface.  Further ,  these  configurations were intended t o  help evaluate  t h e  
improvement, i f  any, gained by allowing t h e  lead p l a t e  t o  more eas i ly  flow 
( i n t o  t h e  grooves) and thereby obtain b e t t e r  surface conformation. 
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Configuration 7 was deeigned t o  evaluate the improvement, if any, 

Configuration 8 was intended t o  evaluate what loss, if any, would 

gained by scuffing the plates together under pressure. 

be encountered by hard-coating the plain aluminum surfrace. 
coating would be desirable to provide protection for the plain aluminm 
surface since th i s  surface Will be somewhat exposed i n  the actual hardware. 

The hard- 
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TEST PROGRAM 

The in t e r f ace  development tes t  program was revised after i t s  i n i t i a -  
t i o n  t o  make t h e  most e f f i c i e n t  use of ava i lab le  funding i n  l i g h t  of con- 
t r a c t  change #9 which reduced t h e  prototype design heat load t o  a maximum 
heht r e j ec t ion  rate of 2000 Btu/hr (586.7 J / s ) ,  and a t o t a l  heat absorption 
of 1500 Btu 11584 kJ). 
where t h e  required heat t r ans fe r  surface size i s  approximately 8 inches 
(20.3 cm) by 12 inches (30.5 cm) as compared w i t h  the  previous heat t rans-  
fer surface size of 1 2  inches (30.5 cm) by 12 inches (30.5 cm). This new 
heat t r a n s f e r  surface s i z e  was s u f f i c i e n t l y  c lose  t o  t h e  6 inches (15.2 cm) 
by 6 inches (15.2 cm) s m a l l  s ca l e  t es t  samples t h a t  t h e  r e s u l t s  of t h e  
small sca l e  t e s t i n g  are su f f i c i en t  t o  allow f u l l  s c a l e  configuration eval- 
uation. 
sequence was run on each of t he  eight  6 x 6 configurations.  

The revised hea t  loads were lowered t o  t h e  point  

Hence, t h e  f u l l  s ca l e  t e s t i n g  was eliminated ar.d a complete test 

The Smali/Large Scale In te r face  Development Test P l a n  i s  included i n  
t h i s  report  as Appendix A. 
development test fi-xture. 
of t h e  heater block and heat exchanger. 
are hard-coated aluminum. 
on t h e  heater  block, heat exchanger, and 6 x 6 configuration p l a t e s .  
tes t  f i x t u r e  i s  designed t o  produce two in t e r f aces  i n  series, each in te r face  
w i t h  t he  same combination Jf surfaces  i n  contact.  This arrangement is par- 
t i c u l a r l y  convenient because it allows t h e  configurat ion t o  be changed by 
merely changing t h e  configuration p l a t e ,  s ince  the  heater surface and heat 
exchanger surface are p la in  aluminum !or hard-coated f o r  the f i n a l  tes ts) .  

Figure 5 shows the  small / large sca l e  in t e r f ace  
Figures 6 aqd  7 show t h e  6 x 6 in t e r f ace  surfaces  

The sur faces  shown I n  these  f igures  
Figures 8 ,  9, and 10 show thermocouple loca t ions  

The 

Figure 11 shows t h e  6 x 6 configuration p l a t e  which, when i n s t a l l e d  witn 
t h e  test f i x t u r e ,  produces t h e  p l a in  aluminum on p l a in  aluminum in t e r f ace .  

Figure 12  shows the  lead-plated aluminum on p l a in  aluminum configurat ion 
p l a t e .  

Figure 1 3  shows the  lead-plated aluminum with 0.25 i n .  (0.635 cm) x 
0.25 in .  (0.635 cm) square ?ads on p l a in  aluminum configuration plt.te. 

Figure 14 shows t h e  lead-plated aluminum with 0.25 i n .  (0.635 cm) x 
0.25 in.  (0.635 cm) a l t e r n a t e  square pads on p l a in  aluminum c o n f i g x a t i o n  
p la te .  

Figure 15 shows t h e  lead-plated aluminum with 1 . 5  i n .  (3.81 cm) x 
1 .5  in .  (3.81 cm) square pads on p l a in  aluminum configurtition p l a t e .  

Figure 16 shows t h e  lead-plated aluminum with 1.5 i n .  (3.81 cm) x 
1 .5  in .  (3.81 cm) a l t e r n a t e  square pads on p la in  aluminum conf imra t ion  
p la te .  
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The s i x  configurations represented by f igures  11 t h r u  16 were t e s t ed  
u t i 1  zing a preload (bladder) p r a s s i ~ e  of 8 t o  30 ps id  (55.3 t o  206.9 

hard-coated and the configurations of  figure 12 and f igure  1 4  were re t e s t ed  
a t  8, 16, and 30 psid (55.3, 110.6, and 206.9 k N / m 2 A ) .  
used because it has superior hardness and i s  easy t o  apply uniformly. 

kN/m $ A ) .  In  addi t ion,  t he  heater  block and heat exchanger surfaces  were 

Hard-coating was 

In te r face  assembly was accmplished both a t  ambient pressure l e v e l s  
(100 kN/m2) and at  vacuum conditions of less than loo4 mm Hg 

A ninth configuration, p l a in  lead p l a t e  against  a l d n u n ,  was t o  be 

of 760 mm 
(1.3 x l.0-SIRklu/m2). 

tested f o r  du rab i l i t y  when subJected t o  lateral 'scuffing" under pressure. 
This configuration w a s  abandoned as impract ical  due t o  the extremely high 
force l e v e l s  required t o  produce t h e  lateral scuff ing under preload, i n  
the  order 500 pounds (2.22 ItN). 
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TEST DATA EVALUATION 

Analytical  Predict ions 

When two surfaces  are brought together  forming an  i n t e r f a c e  across  
which heat  must flow a discont inui ty  i n  t h e  system temperature p r o f i l e  
( f igu -e  17) w i l l  occur a t  t h e  in t e r f ace .  The temperature p r o f i l e  within 
materials (1' and (2)  w i l l  be a direct  function of t h e i r  thermal conduc- 
t i v i t i e s ,  k l  and k2* but t h e  d e f i n i t i o n  of t h e  contact  temperature dis-  
cont inui ty  i s  not so e a s i l y  described. Considerable a t t e n t i o n  t o  t h i s  
d e f i n i t i o n  has been generated s i n c e  t h e  l a t e  1950's due t o  s t r ingen t  
aerospace requirements. I n  t h e  ice  pack, t h e  contact r e s i s t ance  w i l l  
comprise a major port ion of t h e  t o t a l  system temperature drop and was 
t h e  subject  of considerable a t t e n t i o n  during Phase I. Although t h i s  
problem could be avoided through t h e  u t i l i z a t i o n  of a one piece ice  
chest/LCG heRt exchanger, t h e  inherent drawbacks of t h a t  configuration 
( l o g i s t i c s  * performance and p o t e n t i a l  LCG freeze-up) wnuld produce 
problems with subs t an t i a l ly  higher development r i s k .  

The actual a rea  of t h e  two materials i n  contact i s  a r a t h e r  small 
f r ac t ion  (possibly one t o  t e n  percent)  of t h e  projected area and is  6, 

d i r e c t  function of t he  contact pressure o r  fo rce  holding t h e  j o i n t  to- 
gether and t h e  hardness of t he  materials. Roughness and f l a t n e s s  of 
t h e  two contacting surfaces  r e s u l t  i n  peaks which j c i n  t o  form t h e  
e f f e c t i v e  heat f l rw area of t h e  j o i n t .  
produce a gap which e s s e n t i a l l y  i n s u l a t e s  t h a t  port ion of t h e  heat  flow 
path ( e spec ia l ly  i n  .z vacuum environment). 
by increasing t h e  contact pressure,  which produces p l a s t i c  deformation 
of t h e  peaks thus increasing t h e  e f f e c t i v e  heat flow area. Also, sof t  
materials may be applied t o  t h e  i n t e r f a c e  t o  deform under iow load and 
f i l l  t h e  va l l eys  providing p a r a l l e l  paths  fo r  heat  flow. 
t h e  higher t h e  p l a s t i c i t y  and t h e m 1  conductivity of t h e  i n t e r s t i t i a l  
material, t h e  g rea t e r  t h e  e f f e c t .  

The val leys  between t h e  peaks 

Conductance can be increased 

Obviously, 

For t h i s  design, t h e  g r e a t e s t  hurdle lies i n  t h e  extrapolat ion of 
reported data down t o  H range of contact pressure achievable by a crtw- 
man during EVA. 
(689.5 kN/m2) while loadings fo r  t h i s  e f f o r t  w i l l  be 30 p s i  (206.86 kN/m2) 
or  less. 
basis f o r  t h e  following conclueions: ( l)  

Much data i s  reported a t  loadings above 100 p s i  

Data from reference 1 are presented i n  f i g u r e  18 and were t h e  

References a r e  presented i n  Appendix H .  (1) 
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r . .=* 

0 Contacts assembled i n  a pressured environment will have subs t an t i a l  
conductance at lov applied loads a8 a result of gas trapped i n  t he  
in t e r f ace .  
period during t h e  reference 1 tes t ing .  

0 Materials having a very f i n e  f in i sh ,  vhich are assembled i n  vacuum, 
have e s s e n t i a l l y  zero conductance at zero contact pressure.  

This gas pe r s i s t ed  i n  the j o i n t  throughout a one-week 

Rougher materials, assembled i n  vacuum, exhib i t  some conductance 
at low contact pressures but  ve r i f i ca t ion  of extrapolat ions t o  very 
l a w  loads is required. The rate of  conductance drop-off apparently 
is quite high i n  t h i s  region. 

A contact conductance of  200 Btu/hr-ft*OF (1152 J/s-m2-K) was assumed 
f o r  t h e  assembly. This value w a s  considered conservative f o r  contacts  
assembled i n  a pressurized environment such as t h e  lunar  base o r  spacecraf t  
cabin, but  may be u n r e a l i s t i c  f o r  a vacuum assembly such as resupply during 
EVA. 

To a t tack  t h i s  problem and improve conductance f o r  a l l  modes of 
assembly, t h e  inclusion of an i n t e r s t i t i a l  material w i l l  be required. 
presented i n  reference 2 and shown i n  f igure  19 show an order  of magnitude 
improvement i n  contact conductance through the appl icat ion of s i l i cone  
vacuum grease and subs t an t i a l  improvements w i t h  indium, lead o r  gold. 
Although the  grease appears t o  hold t h e  highest  performance po ten t i a l ,  i t .  
poses t h e  p r a c t i c a l  problems of contamination during assembly and excessive 
force A*equirements f o r  disassembly. 
i n  figure 20 subs tan t ia tes  t h e  f indings i n  reference 2 with contact prt%sares 
i n  the  range of 20-300 p s i  (136-2040 kXi/m2). 

Data 

Data presented i n  reference 3 and shown 

The development assembly has lead p l a t i n g  applied t o  the r e l a t i v e l y  
rough, approximately 32 micro-inch f i n i s h  of t h e  test specimens. 
f i n i sh  will provide the  peaks necessary t o  load and p l a s t i c a l l y  deform the  
lead w i t h  the intended a i m  of f i l l i n g  t h e  va l leys  and voids kLueen  the 
two contacting surfaces.  

A rough 

Several  o ther  materials and applicatior,s  were considered i n  Phase I 
because of t he i r  e f f e c t  on contact conductance. 
corrosion and s torage requirements. Aluminum was disregarded because 
identical .  materials w i l l  cold weld  under vacuum conditions. Although indium 
has a desLrable  e f f e c t  on contact conductance, i t s  cos t  is prohib i t ive  when 
compared t o  lead. 
cable than leafs and foils, 8s leafs and f o i l s  w i l l  tear, necess i ta t ing  
replacement when the  i c e  chests are removed and replaced. 
ing  i s  thus the  most e f f ec t ive  means of improving contact conductmce by 
ilse of i n t e r s t i t i a l  materials. 

Copper w a s  el iminated by 

A p la t ing  procedure f o r  t h e  lead w a s  deemed more appli-  

The l ead  p l a t -  
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P r i o r  analysis  had ind ica ted  t h a t  t h e  da ta  of reference 3 and figure 20 
would predic t  t h a t  t h e  use of  lead  p l a t i n g  could iwrease t h e  contact con- 
ductance by approximately 200 times - a conclusion not i n  keeping with the 
da ta  of  f igu re  19. Reevaluation o f  t he  da t a  of reference 3 would ind ica te  
only a th ree  t o  s ix-fold increase i n  contact  conductance through t h e  applica- 
t i o n  of lead  i n  the in t e r f ace  area - a l e v e l  co r re l e t ing  d i r e c t l y  with 
f igu re  19. Current design analysis  is based on contact conductances rang- 
ing  between 96 and 152 Btu/hr-ft2-oF (553 md 875 J/s-&-K) obtained from 
Phase I test r e s u l t s  ( reference 4). 

T e s t  Results 

Test  da t a  acquired during t h e  per iod Octgber 9, 1973 t o  December 5, 1973 
have been reduced t o  engineering design un i t s  and are presented i n  Table I 
and f igu res  21 and 22. The actual log shee ts  are reproduced as Appen- 
d i x  B of t h i s  report. Because the  in t e r f ace  area is  not  equal f o r  all 
samples (area is reduced by grooves and removed squares) ,  two bases were 
u t i l i z e d  f o r  data cor re la t ion .  In  one (figure 21), the  ove ra l l  appa-:ent 
area of 36 in.2 (232 cm2) w a s  assumed appl icable  and t t e  thermal contact 
conductance w a s  derived u t i l i z i n g  t h i s  value. 
the ac tua l  contact area w a s  employed i n  t h e  ana lys i s  and both contact con- 
ductance and pressure loading were adjusted t o  be representa t ive  of  t h e  
i n t e r f a c e  area. 

I n  the second (figure 2?lb 

Differences i n  t h e  cor re la t ions  of figwes 21 and 22 are most apparent 
f o r  those in t e r f aces  assembled i n  a pressurized environment. 
t he  data cor re la t ion  i s  subs t an t i a l ly  improved when ac tua l  contact areas 
are considered and derived contact coef f ic ien ts  and pressure lcadings are 
representat ive of t he  conditions present  at the  in t e r f ace .  

As expected, 

In t e re s t ing ly ,  t h i s  improvement does not appear f o r  t h a t  da t a  o b t d n e d  
when t h e  in t e r f aces  are assembled i n  vacuum. The d i f fe rence  lies i n  the  
va r i a t ion  i n  s lope between the  two cor re la t ions .  
s lope of the vacuum assembly data produces the  unique r e s u l t  t ha t  removal 
of contact  area has no ne t  effect on the r e l a t ionsh ip  between loading pres- 
sure  and overa l l  thermal conductance. 
A, i s  halved then both contact coe f f i c i en t ,  he, and contact pressure,  Pc, 
are doubled but  the product h,Ac remains a constant.  
the  result that  ove ra l l  conductance w i l l  remain a constant f o r  vacuum 
assembly regardless  of t h e  ac tua l  area i n  contact.  
contact area, while maintaining the  desired conductance could, however, 
produce gross irregularities i n  t h e  ice melt p r o f i l e  r e su l t i ng  i n  secondary 
increases  i n  thermal res i s tance .  The da ta  fo r  bare aluminum are subs t an t i a l ly  
below values in te rpola ted  f o r  the  32 micro-inch (0.81 micro-meter) f i n i s h  on 
t h e  test specimens. Achieved conductances are approximately one-third those 
a n t i c  i pat  ed . 

The nearly one t o  ofie 

For example, i f  t h e  contact area 

This t r a n s l a t e s  i n t o  

A gross  reduction i n  
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The addi t ion of lead  p l a t i n g  has produced a two t o  five-fold increase 
i n  conductance f o r  interfaces assembled i n  a vacuum. This r e s u l t  provides 
excel lent  cor re la t ion  t o  t h e  improvements predicted from t h e  l i t e r a t u r e ,  
Absolute values of t h e  condnctance remain at approximately one-third those 
presented i n  figure 19 and approximately one-half those achisvcd i n  Phase I 
t e s t i n g  (reference 4). 
r i g i d  double in t e r f ace  test specimens r a the r  than t h e  s ing le  contact  semi- 
f l ex ib l e  in t e r f aces  reported i n  t h e  l i t e r a t u r e  and u t i l i z e d  i n  t h e  ac tua l  
i c e  pack design. 
t h a t  t h e  t o t a l  system res i s tance  i s  a t t r i b u t a b l e  t o  t h e  two contacts.  If 
t h e  ac tua l  area i n  contact is subs t an t i a l ly  less than an t ic ipa ted  and t h e  
contact ing areas are not d i r e c t l y  opposed on the  test specimen then an 
added res i s tance  th ru  the  t e s t  specimen (from one contact  area t o  another)  
w i l l  be present .  
conductance and can be avoided only by u t i l i z i n g  a s i n g l e  contact test 
configuration as i s  done i n  t h e  ac tua l  prototype configuration. 

This anomoly may be t raced  t o  t h e  effect o f  t h e  

Contact res i s tances  derived from t h e  test d a t a  assume 

This type of e r r o r  W i l l  produce low values of contact  

Testing accomplished wi th  the bare aluminum p a r t s  hard anodize coated 
( f o r  w e e r  r e s i s t ance )  produced inconclusive data. 
a surface f i n i s h  which appears smoother than t h e  subs t r a t e  - a f ac to r  which 
would decrease the a b i l i t y  t o  penetrate  t h e  lead  coating and thus Increase 
thermal res i s tance .  Test r e s u l t s  f o r  t h i s  configuration produced results 
varying from those equivalent t o  lead at low pressures  t o  bare aluminum at 
high pressure.  
pressures should improve penetrat ion of t h e  lead thereby producing lower 
res i s tance .  

The hard coat produced 

This is exact ly  opposite the  t rend  an t ic ipa ted  - t he  higher 

Conclusions 

The following conclusions m a y  be derived from t h i s  t es t  series: 

1. For t h e  l imi t ing  operat ing conditions f o r  i c e  pack design 
(vacuum assembly), t o t a l  i n t e r f ace  conductance i s  independent 
of ac tua l  contact area. Configurations which remove surface 
area t o  incorporate self-cleaning e f f e c t s  a re  feasible. 

2. The appl ica t ion  of lead p la t ing  t o  t h e  contact i n t e r f ace  has 
produced an improvement i n  thermal conductance equivalent t o  
that  reported i n  the l i t e r a t u r e .  

3. Li tera ture  values f o r  conductance of bare aluminum junct ions are 
approximately three times those measured i n  t h i s  tes t  program. 
This anomoly m a y  be due t o  other  undefined res i s tances  present  
i n  the  test specimen - res i s tances  which can only be eliminated 
th ru  t h e  use of a s ing le  contact t es t  assembly. 
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PRELOAD STUDY 

As p a r t  of t he  in t e r f ace  development program a study w a s  undertaken 
t o  determine t h e  most des i rab le  method f o r  providing pressur iza t ion  t o  
the in t e r f ace  j o i n t .  The following general  catepories  were examined and 
are l i s t e d  i n  order of increasing d e s i r a b i l i t y :  

Electromaqnetic 
Permanent Magnetic 
Me chan i c a l  
Pneumatic 
Hy d r  a u l i  c 

Electromagnetic 

In  order f o r  an electromagnetic preload t o  be u t i l i z e d  it would be 
necessary t o  bui ld  i n  electromagnetic s t r i p s  o r  c o i l s  and u t i l i z e  a mag- 
ne t izable  surface on the  mating par t .  Further ,  and more important, a 
continuous e l e c t r i c  power dra in  would be required t o  maintain the  preload. 
Therefore. t h i s  category has been eliminated from fu r the r  consideration. 

Permanent Mspneti c 

A preloading force can be generated and ungenerated by u t i l i z i n g  
permanent mqpets t h a t  can be or ien ted  either t o  produce a magnetic f i e l d  
o r  t o  produce no f i e l d .  
on t he  mating surface.  The magnets would add approximately 25 t o  30 lbs .  
(5.05 t o  6.06 kg) t o  the weight of the subsystem. Further ,  a d i f f e ren t  
method of t r ans fe r r ing  heat t o  o r  from t h e  magnets would have t o  be devised. 
Th i s  category has been eliminated from fu r the r  consideration due t o  t h e  
added complexities and weight. 

This concept would require  a magnetizable surface 

Mech ani c ril 

Various methods f o r  u t i l i z i n g  a mechanical preload were examined, 
including cams, ramps, and screw threads. 
po ten t i a l ly  su i t ab le  f o r  preloading, no method could be devised t h a t  
would produce uniform preloads u t i l i z i n g  a p r a c t i c a l  mechanism. 

Even though t h i s  mc:',hod i s  
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Pneumat i c 

Pneumatic pressur iza t ion  devices can be categorized in to  two bes i c  
types:  The device used i n  t h e  Phaee I 
port ion of t h i s  contract  is expendable i n  thF.t it u t i l i z e s  a separa te  
gas supply f o r  pressurieat ion,and the  gas is  !lumped t o  ambient t o  vent 
t he  bladder. 
t he re  i s  a separate  accumulator i n t o  which t h e  gas from t h e  bladder  can 
be pumped t o  r e l i eve  the  bladder pressure.  The primary drawback t o  t h i s  
system is the  requirement f o r  a separate  pump t o  transfer t h e  compressible 
f l u i d  between t h e  bladder and t h e  accumulator. This system i s  completely 
feasible wi th  t h e  pump being manually operated. The drawback lies i n  t h e  
f a c t  t h a t  t he  f l u i d  i s  compressible, thereby requi r ing  almost complete 
emptying of t he  bladder t o  change t h e  i c e  chest  during vacuum conditions.  
Further,  t h e  bladder pressure i s  not able t o  self-compensate as t h e  ambient 
pressure changes. 

self-contained and expendable. 

An example of a self-contained pneumatic device is one where 

Hydraulic 

A hydraulic pressur iza t ion  device, t o  be self-contained, also requi res  
a separate  accumulator i n t o  which t h e  bladder f l u i d  can be t ransfer red .  
However, un l ike  the  case with the  compressible f l u i d ,  only small quan t i t i e s  
o f  incompressible f l u i d  must be removed from t h e  bladder t o  r e l i eve  the  
pressure.  The accumulator can be equipped w i t h  a diaphragm and a spr ing,  
thereby automatically producing a preload pressure.  
pressure the  accumulator diaphragm is  equipped w i t h  a mechanical overr ide 
t h a t  allows the operator t o  remove t h e  spr ing force from the  diaphragm, 
thereby unpressurizing t h e  f lu id .  F’urthermore, t h e  bladder pressure i s  
self-compensating t o  changes i n  ambient pressure s ince  t h e  accumulator 
diaphragm i s  referenced t o  ambient. 
t h e  schematic shown i n  f igu re23  and i s  t h e  one incorporated i n t o  t h e  
prototype design. 

To relieve the  bladder 

This configuration is represented by 
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ICE PACK GEOMETRY OPTIMIZATION COMPUTER PROGRAM 

The purpose of generating computer models of  t he  I c e  Pack Heat Sink 

Normal ana ly t i ca l  procedures are insuf f i -  
Subsystem is t o  provide an accurate  ana ly t i ca l  t o o l  t o  c o r r e l a t e  sub- 
system performance test data.  
cient t o  model t h e  melting phenomenom because of constant ly  varying 
subsystem i n t e r n a l  res is tances .  

"he predic t ion  of t h e  overa l l  heat t r a n s f e r  coe f f i c i en t  of t he  I ce  
Pack Heat Sink Subsystem can be expressed by equation 1. 

where, 
UA 

hx 

hC 

overa l l  heat t r a n s f e r  coe f f i c i en t  

= conductance from LCG water t o  t h e  heat exchanger 

= i n t e r f ace  contact cosductance between the  heat 
exchanger and t h e  i c e  chest  p l a t e  

hice I conductance between t h e  i c e  chest  p l a t e  and t h e  heat sink. 

This overa l l  hea t  t r a n s f e r  coe f f i c i en t  can then be used t o  determine 
t h e  effect iveness  of the system by use of  equation 2. 

where, - ac tua l  heat t r a n s f e r  € = effect iveness  - 
maximum theor  et  i cal heat t rsnsf  er 

W = LCG water flow r a t e  

Cp = 5CG water spec i f i c  heat 
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However, t he  normal ar.alytical prop A w e  which considers heat ex- 
changer e f fec t iveness  as nearly constant i s  complicate4 by t h e  f a c t  t ha t  
the  i c e  chest  conductance, h ice ,  va r i e s  as a function 0:' t h e  amount of 
i c e  t h a t  has melted. 
function of the t o t a l  amount of energy t r ans fe r r ed ,  

Thus, t h e  system ef fec t iveness  w i l l  vary a s  a 

To simplify t h i s  pred ic t ive  procedure, and a l s o  provide a means of 
analyzing t e s t  da t a ,  two computer models ha:e been generated, The f i r s t  
model i s  of one-half of an i c e  chest  c e l l .  This model i s  used t o  deter-  
mine the  conductance from the  heat  exchanger p l a t e  surface t o  t h e  l i qu id /  
i c e  melt i n t e r f ace  as a function of t he  amount .of i c e  which has melted. 
The ,node1 u t i l i z e s  a generalized heat t r a n s f e r  propram which was developed 
several  years  ago a t  United Aircraf t  Research Laboratory and subsequently 
expanded end ref iqed a t  Hamilton Standard i n  l a te  1972. 

The r e su l t an t  conductance from the  above model i s  then used as in- 
put t o  t h e  second model, which cons i s t s  of t h e  f u l l  size Ice Pack Heat 
Sink Subsystem. 
recent ly  developed a t  HSD. Both of these  models are discussed i n  detai l  
below. 

This model uses a spec ia l  I c e  Chest Computer program 

I c e  Cell Melt Model 

Since each i c e  c e l l  i s  symmetrical about t h e  c e l l  and f i n  center- 
l i n e s ,  a one-half c e l l  msdel i s  ade5uate t o  determine t h e  melting char- 
ac t ; r i s t i c s  of t h e  i ce .  The i c e  melt model t he re fo re  cons is t s  of one- 
ha l f  of one i c e  c e l l  over a f u l l  c e l l  length.  

The nodal break-down of t he  melt model i s  presented i n  f igure  24. 
The i c e  and half-f in  port ion of t he  c e l l  i s  dtvided i n t o  10 nodes. 
10 nodes i s  s u f f i c i e n t  t o  deternine an accure,te melt cha rac t e r i s t i c  
while a l s o  keeping computer execution time within reasonable limits. 

I n  the  generalized heat t r a n s f e r  program, each node i s  assigned a 
thera 
To model t h e  heat of fusion of each i c e  mode, a dimensionless teIcpera- 
ture dependent t h e m 1  mass mul t ip l i e r  i s  used. This mul t ip l ie r  i s  
determined from equation 3. 

' mass equivalent t o  t h e  mass of the  node times i t s  spec i f i c  heat. 

h i r p  h Mul t ip l ie r  = 
&ice 'Pice nT 

( 3 )  
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where. 
m = mass 

h = heat  of f'usion 

Cp = s p e c i f i c  heat 

T = temperature range of m e l t  

The a c t u a l  physical meltinR process occurs a t  320F (273.16K). How- 
ever,  it is  impossible t o  mcJdel t h e  m e l t  process as an instantaneous step 
function with H-179 because not enough heat can be absorbed by t h e  m o d e l  
node as t h e  conputer process moves forward i n  time. The model thds  as- 
sumes t h a t  t h e  ice  m e l t i n g  process occurs over a range of 31°F t o  3 3 9  
(272.60~ t o  273.72K). 
absorbed by each ice node tc  model t h e  heat o f  fusion. 

This insures  t h a t  t h e  proper amount of heat i s  

Within t h e  computer model, each node is  connected by a conductance. 
I n  t h e  connection between nodes HX and PLATE (see f igu re  2 b ) ,  t h e  conduc- 
tance used w a s  an assmed minilnum contact conductance of 96 Btu/hr-ft*-oF 
(544.3 J /s -m2-K)  which was determined from Ice Pack Heat Sink Subsystem 
development testing conducted a t  ES2 from Febritary t o  March 1973. 

Several heat loads were then impressed on t h e  node, HX, t o  simulate 
Ice Fack Heat Sink Subsystem loads of 475, 2000, and LOO0 Btu/hr (139.3, 
586.7, 1173 J /s) .  The r e su l t an t  conductances from node PLATE t o  t h e  ice/ 
l i q u i d  i n t e r f a c e  were then p lo t t ed  as f igu re  25. 

From f igu re  25, it can be seen t h a t  t h e  computer model ice c e l l  con- 
ductance is  approximately equal fo r  Ice Pack Heat Sink Subsystem loads of 
d75, 2090, an3 LO00 Btu/hr (139.3, 586.7, 1173 J / s ) .  For use as input i n  
t h e  full system computer model t h e  i c e  c e l l  conductance w i l i  t he re fo re  be 
assumed t a  be independent of t h e  heat load. 

Also depicted on f igure 25 are t h e  a n a l y t i c a l  calculat ions of i c e  
c e l l  conductince f o r  t h e  present design. These values are approximately 
one-half of  t h e  ana ly t i ca l  calculat ions presented i n  reference 5 f o r  t h e  
i c e  c e l l  conductaiice. The difference betweer! t h e  two sets of a n a l y t i c a l  
ca l cu la t ions  is  caused by differences i n  geometry between t h e  two u n i t s  
and by use of a more accurate thermal conductivity of t h e  n e t a l  f o r  t h e  
a n a l y t i c a l  i c e  conductance calculat ions of t h e  present design. 
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Comparing t h e  a n a l y t i c a l  ca l cu la t ions  of t h e  present system with 
t h e  results of t h e  computer model, a difference i n  slope can be noted. 
This discrepancy is t o  be expected as t h e  computer model treats t h e  m e l t  
process and multi-dlmensiond heat  t r a n s f e r  more accurately than a n a l y t i c a l  
approximations. "is d i f fe rence  is discussed i n  d e t a i l  i n  Appendix C. 

The conductance r e s u l t s  of t h i s  ice  ce l l  melt model are now used i n  
t h e  f u l l  I c e  Pack Heat Sink Subsystem model described b e l o w .  

F u l l  S i ze  I ce  Pack Heat Sink Subsys+,em Model 

A computer progran was r ecen t ly  developed t o  model t h e  f u l l  s ize  Ice 
Pack Heat Sink Siibsystem thermal performance. 
s a ry  because t h e  generalized heat  t r a n s f e r  program used with t h e  m e l t  
model cannot handle conductance as a function of t h e  t o t a l  heat input t o  
a node. 

A nev program w a s  neces- 

Since t h e  LCG water t r ave r ses  a patn consis t ing of two single passage 
four pass heat exchangers connected i n  series, t h e  model is set up i n t o  
eight  major segnents (see f i g u r e  .?GI with each major segment cons is t ing  
of one f u l l  pass of t h e  LCG water through t h e  heat exchanger. Each major 
segnent i s  then subdivided i n t o  four nodes (see f igu re  27) t o  simulate 
t h e  LCG water; heat  exchanger; ice c e l l  p l a t e  and supports; and t h e  ice 
c e l l  i t s e l f .  As can be seen from f igu re  27, each LCG pass width encom- 
passes f i v e  i c e  c e l l s  and f i n s .  

Each node is  assigned an appropriate  thermal mass, as discussed i n  
t h e  m e l t  model section. 
t h e  melt model when determining node connector values. 

However, t h i s  model becomes ivre complex then  

Each LCG water node is connected t o  t h e  appropriate heat exchanger 
node by heat t r a n s f e r  c o e f f i c i e n t s  determined f ron  heat exchanger theory. 
The values of t h i s  t r a n s f e r  coe f f i c i en t  as a function of LCG water flow 
rate i n  t h e  heat exchanger i s  presented i n  f igure 28. 
generated fron data i n  reference 6. 

This curve was 

Each heat exchanger node is  connected t o  t h e  adjacent p l a t e  node 
by t h e  same contact conductance described previously. 

The p l a t e  node i c  then connected t o  t h e  i c e  c e l l  node by t h e  i c e  
c e l l  ccnductance determined from t h e  i c e  c e l l  melt model t h a t  vas pre- 
sented as f igu re  25. During t h e  computing process,  t h e  temperature of  
t he  i c e  c e l l  node i s  maintained a t  320F u n t i l  enough heht has been added 
t o  t h e  node t o  completely melt t h e  i c e  and t h e  connection from t h e  i c e  
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c e l l  t o  t h e  p l a t e  is calculated anew during each in t e rac t ion  8s a func- 
t i o n  of t h e  percentage of i c e  melted. 
figure 25)  can be expressed as 

This r e l a t i o n  (determined from 

where 
C is  i n  un i t s  of Btujhr-OF (1.89 J/s-K). 

Furthermore, sideweys connections ( i .e . ,  from major segment 2 t o  
major segment 3, e t c . ,  from figure 26) are used f o r  t h e  heat exchanger, 
p l a t e ,  and i c e  c e l l  nodes. These values are a l l  s t r a i g h t  conductance 
terms, kA/Ax. 
downstryam water node with a connection equivalent t o  t he  LCG water 
veight  flow times t h e  spec i f i c  heat of water. 

Each water node a l s o  conducts heat t o  each subsequent 

Computer runs of t h i s  model i nd ica t e  co r re l a t ion  g rea t e r  than 98% 
between ana ly t i ca l  predict ions of t h e  time t o  melt a l l  t h e  i c e  and com- 
puter model ca lcu la t ions  of t h e  t i m e  t o  melt. 
t h i s  model i s  contained i n  Appendix D. 

A sample print-out of 

Resul ts  

By using t h e  i c e  c e l l  conductance r e l a t i o n s  of f igure  25, t h e  f u l l  
s i z e  I c e  Pack Heat Sink Subsystem model was run f o r  LCG water flow r a t e s  
of 120, 180, and 240 lbrn/hr (15.1, 22.7, and 30.2 g / s ) .  The conductance 
from t h e  LCG water t o  t h e  heat. exchanger was calculated by use of f igure 
27 w i t h  a segment primary area (Ap) of 0.158 f t 2  (0.0147 m2). 
conductance between t h e  heat exchanger and p l a t e  nodes was assumed t o  be 
96 Btu/hr-ft*-*F (544 .3  J/s-m2-K). 
Heat Sink Subsysterr was then ca lcu la ted  by use of equation 5 a t  various 
i c e  c e l l  percer.tage melt points .  

The contact 

The effect iveness  of t h e  I c e  Pack 

Tin - Tout 

Tin - Pice 
€ =  
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where 

e = 

Tin = 

Tout = 
- 

m Pice - 

effect iveness  

LCC water i n l e t  temperature 

L a  water o u t l e t  temperature (segment 8)  

Melting poin t  of i c e  

The results of t h i s  coanputer/analfiical procedure are presented i n  
f igure  29. From f igure  29, t h e  dependence of t h e  ove ra l l  thermal perfor- 
mance upon t h e  amount of i z e  t h a t  has melted is readi ly  apparent. 

With the use of t h e  computer models, t h i s  type of predict ion can be 
made f o r  v a r i m s  LCG water flow rates and various contact  conductances. 
Each computer run also requires  an input of t h e  LCG water i n l e t  tempera- 
ture and t h e  amount of t i m e  t h a t  t he  m e l t  process is t o  cover. I n  this 
manner, it w i l l  be possible  t o  compare predicted performance with Ice  
Pack Heat Sink Subsystem test  data by ac tua l ly  input t ing t h e  test condi- 
t i ons  i n t o  t h e  computer model. 
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PROTOTYPE DESIGN, FABRICATION AND ACCEPTANCE TEST 

DESIGN AND FABRICATION 

Based on the  results of the  In te r face  Eevelopment e f f o r t  as w e l l  as 
on t h e  experience gained i n  t h e  laboratory model development program 
(NAS 2-7011 Phase I ) ,  a prototype system has been designed, fabr ica ted  
and acceptance tes ted .  
cated: one with and one without t he  requirement t h a t  t h e  i c e  chest  
function as a water b o i l e r  f o r  emergency cooling. A heat exchanger and 
mounting assembly has been 3esigned and fabr ica ted  t o  be capable of 
mating with each of t h e  i c e  chests  developed i n  t h i s  task .  

Two prototype i c e  ches ts  were designed and fabr i -  

The prototype hardware was designed t o  meet the  following require- 
ment s : 

Ice  pack water weight: 
M a x i m u m  heat r e j ec t ion  r a t e :  
Average heat r e j ec t ion  rate: 
Minimum heat r e j ec t ion  rate: 
LCG m o l a n t  flow rate:  
Ice  chest  #1: 
Ice  chest  #2 (Boi le r )  : 

approximately 4.75 Q (10.45 l b )  
2000 Btu/hr (2130 kJ /h r )  
1500 Btu/hr (1600 kJ /h r )  

750 Btu/hr ( 800 kJ /hr )  
0.48-0.53 gpm (108-120 kg/hr)  
normal mode, no emergency mode 
normal mode, emergency mode 

The in t e rna l  configuration of t he  i c e  chest  and bo i l e r  i s  i d e n t i c a l  
t o  t h a t  developed during Phase I of t h i s  e f f o r t  and i s  documented i n  
reference 4. 

The prototype hardware cons is t s  of t h e  following assemblies: 

Boi ler  Assembly SVSK 88482-500, Rev. C 
Ice  Chest Assembly SVSK 88482-600, Rev. B 
Mounting Assembly and Harnesses SVSK 87308-100, Rev. B 

A funct ional  schematic of t h e  prototype system i s  shown i n  
f igure  30. 

Appendix E contains a complete set of prototype hardware p a r t s  
l i s ts .  
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Boiler Assembll 

Figure 31 i l l u s t r a t e s  a view of t h e  b o i l e r  assembly with t h e  cover 
removed and p r i o r  t o  i n s t a l l a t i o n  of t h e  wicks and expansion compensa- 
t i o n  assemblies. 

Figure 32 show t h e  bo i l e r  assembly with t h e  wicks and expansion 
compensation assenbl ies  i n s t a l l ed .  

Figure 33 shows t h e  b o i l e r  assembly completely assembled. 

I ce  Chest Assembly 

Figure 34 i s  a view of t h e  heat t r a n s f e r  surface of t h e  i c e  chest  
assembly . 

Figures 35 and 36 show t h e  i c e  chest  assembly completely assembled. 

Mounting Assembly and Harnesses 

Figures 37 and 38 show f r o n t a l  views of t h e  completely assembled 
mounting assembly. 

Figure 39 shows a s ide  view and f igu re  40 shows a bottom view. 

Figure 41 i s  a r e a r  view of t h e  mounting assembly showing t h e  mount- 
ing r ings  f o r  t h e  harnesses (not  shown). 

Figure 42 shows the  mounting assembly with a b o i l e r  assembly 
in s t a l l ed .  
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ACCEPTANCE TEST 

Performance requirements f o r  t h i s  subsystem cons is t  of providing 
a heat sink f o r  t h e  Leer coolant [coolant flow rate i s  240 lbs H O / h r  
(1814 g H ~ ~ m l n ) ]  f o r  one hour at a 1500 Btu/hr (1600 k i lo joules7hr)  
heat redection rate and with an LCG i n l e t  temperature compatible t o  
as t ronaut  comfort. 

Test Summary 

Two configurations of t h e  i c e  chest  were tested, one a pure i c e  
chest  and the second an ice chest  with emergency capabi l i ty  t o  operate  
i n  a water bo i l e r  mode. Test runs are summarized i n  Table I T .  Tea ts  
completed during the series have confirmed t h e  adequacy of the design. 
A Performance Test Plan i s  included i n  t h i s  plan as Anpendix P. 
ac tua l  log  sheets are reproduced as Appendix G. 

"he 

Test Results 

Figure 43 presents  t h e  tes t  r e s u l t s  as heat  exchanger effect ive-  
ness,  € vs f r a c t i o n  of i c e  melted. All t h e  data are cons is ten t  except 
fo r  t he  i c e  chest  test at  1500 Btu/hr (1600 ki lo joules /hr )  which ex- 
h ib i t ed  thermal s ink  exhaustion a t  approximately 80s of nominal capacity.  
This anomoly has been explained as an incomplete i c e  f reeze  at the begin- 
ning of t he  run, wi th  subsequent loss of heat s f n k  capacity.  
planation is  consis tent  with a l l  the  remaining data obtained dwing  t h i s  
series and would produce exce l len t  cor re la t ion  i f  t h e  questionable data 
were transposeu t o  t h e  r i g h t  by a coilstant increment of 20 t o  30 percent 
of t he  i c e  melt f r ac t ion .  

This ex- 

Several  i n f l ec t ions  are noted i n  t h e  t es t  data p l o t s ,  pr imari ly  i n  
the  runs a t  1500 Btu/hr (1600 k i lo joules /hr ) .  These d i scon t inu i t i e s  
r e f l e c t  changes i n  t h e  flow rate th ru  the  i c e  ches t  heat exchanger and 
are t o  be expected s ince  ove ra l l  effect iveness  i s  reduced a8 flow rate 
increases.  

Unit effect iveness  vs heat exchanger flow ra te  a t  t h e  point  of  zero 
i c e  melt i s  important s ince  t h i s  i s  a l so  t h e  system ef fec t iveness  i n  t h e  
emergency bo i l e r  mode. 
a r e  shown i n  f igure  44 and are compared t o  ana ly t i ca l  predict ions.  
r e s u l t s  are excel lent  and devia te  from ana ly t i ca l  predict ions only i n  
the  high effect iveness  or low flow regime. 
i n  t h a t  t h e  heat exchanger flow paseages are designed t o  meet performance 
and pressure drop f o r  t he  high flow case and flow mald is t r ibu t ion  can be 
expected when flow rates arc reduced by an order of magnitude. 
performance a t  the low flows i s  subs t an t i a l ly  above system requirements. 

These data, taken from the  s i x  i c e  melt tes ts ,  
The 

This result is  not unusual 

Unit 
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TABLE I1 ICE CHEST TEST RUNS 

Test 
Date 

10-1-74 

10-2-7 4 

10-2-74 

10-3-74 

10-3-74 

10-3-74 

10-4-74 

10-4-74 

Lw 
Sheet 
NO 

10509 

10510 
10511 

10512 

10516 

10517 

10518 

10520 
10521 

10522 

Conf i 
Ice 
Cheat Boiler 

Heat Sink Heat Rat e 

1 

1500 

750 

2000 

1500 

750 

2000 

750 

15001 
2000 

(1600) 

(800) 

(2130) 

(1600) 

(800) 

(2130) 

(800) 

(1600/ 
2130) 



.60 

FRAI=TION OF ICE MELTED 

FIGXIRE 43 ICE MEST ACCEPTANCE TEST RESULTS 
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AUALYTICAL CORRELATIOI'? 

Math model co r re l a t ion  has been es tab l i shed  and has be@n u t i l i z e d  
t o  create a simple procedure t o  schedule ice chest  water flow as a 
function of heating rate, i n l e t  water temperature and f r ac t ion  of ice 
melted. 

Ice Melt 

A math model of  the ice chest/water boiler was presented i n  refer- 
Wi th in  ence 7 and has been u t i l i z e d  t o  c o r r e l a t e  the data of Table 11. 

the heat sink subsystem the three areas that are considered i n  the 
res i s tance  t o  thermal transfer are: 

1 )  Heat exchanger res is tance.  
2) 
3) 

Contact r e s i s t ance  between the ice module and t h e  heat exchanger. 
Resistance between the contact  i n t e r f a c e  and t h e  ice melt boundary. 

The first two re s i s t ance  should be constant within any one test while 
the th i rd  w i l l  increase  as the  ice/water boundmy recedes from the  aluminum 
containment. Overall  system re s i s t ance  between the  LCG water and t h e  m e l t -  
iag ice w i l l  therefore increase w i t h  run time and can be described as a 
decrease i n  component e f fec t iveness  with run time o r  f r a c t i o n  of ice melted. 
This cha rac t e r i s t i c  is evident from the  d a t a  of f i gu re  43. 
t h e  ana ly t i ca l  predict ions of reference 7 is, however, not precise.  
reduction i n  e f fec t iveness  forecas t  w i t h  t h e  o r ig ina l  model was not as 
severe as experienced i n  test. 
ductance during the  melt process was modified from a l i n e a r  decrease be- 
tween 255 and 71 Btu/hr-OF (490 and 136 ki loJoules/hr-K) t o  a l i n e a r  
decrease jetween 255 and 0 Btu/hr-oF (490 and 0 kilojoules/hr-K). 
predict ions of contact  conductance, 96 Btu/hr-OF (184 kilojoules/hr-K) , 
and heat exchanger conductance (figure 5 of reference 7 )  were cocfiwed by 
t h i s  test series as evidenced by t he  data of figure 44. 
results are presented i n  figure 45 and incorporate  correct ions f o r  Mow 
maldis t r ibut ion a t  flows below 75 lbs. & O / h r  (567 e; H20/min. 1. 
data without t h e  flow maldis t r ibut ion cor rec t ions  is shown i n  f igu re  46. 

Comparison t o  
The 

This w a s  corrected when t h e  i c e  cel l  con- 

Original 

Revised math model 

The same 

Boiiing Mode 

In  the bo i l ing  nude the t3ta.l. ice chest  thermal r e s i s t ance  includes 
only those value- ' 

and t h e  res i s tance  uetween the  in t e r f ace  and t h e  boi l ing  water. 
t o t a l  is i d e n t i c a l  t o  the  ice ches t  value a t  t h e  point  of zero ice melt. 

Ibu ted  t o  the heat exchanger, the  i n t e r f a c e  contact  
This 
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FIGURE 45 PREDICTED In ,  C I E T  PERFORMANCE 
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U t i l i z i n g  the data of figur@ 45, t h e  q Q m x i n u $ t C  heat sink temperature 
experienced in test c m  be calculated as follows: 

Tin - Tout 
Tin Tsink 

For heat loads ranging fram 750 t o  2100 Btu/hr (800 t o  2237 kilo- 
joules/hr), heat sink o r  water bo i l ing  temperature i n  test has k n  
estimated as 4C f 1.WF (4.L f O.S0C) .  
(5 .5OC)  below the values pred ic ted  during component design. 
has been t r aced  t o  the in t en t iona l  omission of t h e  steam vent o r i f i c e  i n  
the asseanbly. Instead of the desired o r i f i c e  r e s t r i c t i o n  dimeter of 
0.381 inches (9.7 mm), a 0.47 inch (11.9 mn) diameter r e s t r i c t i o n  was 
present i n  t h e  exhaust f i t t i n g .  
t h e  sa tu ra t ion  pressure t o  seek a l e v e l  of 0.25 inch Hg (846 N/m2) 
[4@F (4.4OC) dew point]  rather than the predicted 0.37 inch Hg (1252 83/m2) 
E0.5OF (10.3OC) dew point) at heat loads of 1000 Btu/hr (1067 k i loJoules /hr )  
per o r i f i c e  (there is one o r i f i c e  i n  t he  vent l i n e  from each i c e  chest  0 1  
two per system). 
0.186 in.  Hg (629 N/m2) at a heat load of 750 FStu/hr (800 k i lo jou le s /h r )  
and provide B heat sink of 32.8OF (0.4OC). 

This is approximately 109 
This anomoly 

This d i f fe rence  i n  diameter would permit 

Back pressure provided by t h i s  f i t t i n g  w i l l  reduce t o  

Mission Performance Prediction 

Results of t h e  math model and the test results have been combined t o  

The working chart is presented i n  f,gure 47 
provide a procedure t o  ennble prediction of i c e  chest  operating cordi t ions 
throughout its mission life. 
and is u t i l i z e d  as follows: 

Q =  

a =  Tin - Tout 

T i n  - Tsinlt 

79 



.. 
i . 1  +-.. ! 

. I  
.;... I . .  . 

80 



where, 

= heat  load, Btu/hr 
= 1 ice chest  water flow, lb /h r  

cp  = water heat capacity 1.0 Btu/lb°F 
€ = ice chest  effect iveness ,  dimensionless 
Tin = ice chest  water inlet temperature, OF 
Tout = i c e  chest  water o u t l e t  temperature,OF 
Tsing = ice chest  sink temperature = 32% 

Rearranging, 
Q 

W €  = 
Tin - 32 

low for any given heat load end water i n l e t  temperature, i c e  chest  
This water flow may be determined as a function of u n i t  effect iveness .  

r e l a t ionsh ip  i s  shown i n  figure 48 f o r  a heat load of 1500 Btu/hr 
(1600 ki lojo%es/hr)  at a water inlet temperature of 560F (286.5K) and 
fo r  one of 70 F (294.X). The p lo t  is used as follows: 

'What i s  t h e  i c e  chest  flow rate 45 min. i n t o  a run at 
1500 Btu/hr w i t h  a water i n l e t  temperature of 56OF? 

(heat  load)  (run time) 

(1500 Btu/hr) (45/60 hours) 

(10.45 lbs . )  (144 Btu/lb) 

Fraction Of ice = (*. I ce )  (1at.ent heat  of fusion)  

- - 

= 0.75 

Working of f  t h e  56OF i n l e t  temperature isotherm ( f iqu re  481, 
t h e  in t e r sec t ion  at 0.75 f r ac t ion  of i c e  melted ind ica tes  
u n i t  effect ivt  ness w i l l  be 0.56 and a water flow rate of 
112 lb /h r  is proper. 
t h e  proper flow would be 60 lbs /hr  at  45 minutes. 

Similarly, a t  70°F i n l e t  temperature 

This procedure may now be followed t h r u  an e n t i r e  preplanned 
mission t o  provide p r io r  knowledge of operating conditions.  
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llfERMAL STORAGE MaTERIALS EVALUATION 

AIUALYTICAL INVESTIGATION 

Introduct ion 

This port ion of the study has consis ted pr inc ipa l ly  of a literature 
search end analysie  of available data on various thermal s torage materials 
t h a t  were candidates for use i n  themal storage systems. 

T&e overall t a r g e t  of t h i s  ana ly t i ca l  invest igat ion was the doubling of  
the cooling capacity per  u n i t  weight of t h e  heat sink material over t ha t  
provided by water i ce ,  while maintaining a low voltme change and a densi ty  
equal t o  or greater than t h a t  of water ice .  
date materials were as follows: 

Other target c r i t e r i a  f o r  candi- 

1. 
2. 
3. 

4. 

5.  

6. 
7. 
8. 
9. 

10. 

Materials m u s t  be regenerable. 
Primary concern is heat  absorption per  un i t  weight. 
Thermal conductivity m u s t  be at least 0.3 B!l'U/hr-ft°F 
(0.52 W / m K ) .  
Heat absorption and r e j ec t ion  temperatures should be within 
18'F (10 K).  
Vapor pressure of material should be l e s s  than 1000 p s i a  
(680 W/m2 abs). 
Material  m u s t  be safe t o  hmdle under operational conditions. 
A non-corroding container  must be possible.  
Materia:. must be non-explosive. 
Material should have no tox ic  e f f e c t s  d a m  t o  20 p p  concentration. 
Material must La non-radioactive. 

None of t h e  literature sources revealed any compounds t h a t  would simultaneously 
meet rrll of the acceptance c r i t e r i a  ta rge ted  f o r  the  thermal s torage material. 
The work performed i n  t h i s  ana ly t i ca l  inves t iga t ion  has resulted i n  es tab l i sh ing  
3eChniques f o r  predict ing c lasses  of molecules which meJr have la rge  heats of 
fusion. 

The processes considerel  i n  the  liter-iture search and subjected t o  
analysis  were: 

heat i f  fusion; 
heat oT 601 i t ion plus  heat of f u s i c  1; and 
eol id-sol id  t r a n s i t i o n s  . 
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Literature Search 

The i n i t i a l  program of study by the United Aircraft Research Laboratories 
has comprised a canvass of  e ight  Wor sets of abs t r ac t s  o f  chemical literature 
plus  seven major sources of d a t a  for hea ts  of fusion of chemical compounds. 
The search included study of references t o  thermal s torage systems as w e l l  as 
t o  compounds with high heats of  fusion. 
along with the  earliest year searched. 
through October 1973. 

The sources searched are l i s t e d  below 
I n  all cases,  t h e  search w a s  ca r r i ed  

Cheaical Abstracts (1937) 
In te rna t iona l  Aerospace Abstracts (1961) 
S c i e n t i f i c  and Technical Aerospace Reports (1963) 
Metals Abstracts (1968) 
Nuclear Science Abstracts (1948) 
Physics Abstracts (1950) 
Engineering Index (1962) 
Applied Science & Technology Index (1958) 

mater ia ls  
I n  addi t ion,  t he  following data compilations were searched fo r  su i t ab le  

with higher heats  of fusion than water: 

Handbook of Tables fo r  Applied Engineering Science - p. 398-403 
Circular  500 - Bureau of Standards 
b u l l e t i n  393 - Bureau of Mines 
Physical Prooert ies  of Chemical Compounds - R. R. Dreisbach - 

Amercian Chemical Society 
In te rna t iona l  C r i t i c a l  Tables - Vol. 111, p. 131-134 

Results of the following two searches conducted by NASA and t h e  Defense 
Department were a l so  reviewed: 

NASA Literature Search #23680 - Heat of 'rhsion 
Defense Documentation Center - Compouciie with Heat of Fusion 

Greater Thai Jce 

One review a r t i c l e  w a s  found on the  subject  d k a t  s torage (Ref. 8) at 
low temperature and others  (Refs 9-16) were found which described materials 
unsuited t o  the  present appl icat ion,  but which included design data which 
might be found useful  i n  ove ra l l  system design. 

Table I11 lists t he  heats  of fusion and melting temperatures of t h e  f i f t y  
mater ia ls  t ha t  were found t o  have hea ts  of fusion per gram g rea t e r  than ice .  
O f  the  compounds on t h i s  l ist ,  the re  a r e  only f ive  t h a t  melt below 392'F 
(473 K )  , and only one, hydrazine (Ref. 17) 
a tu re  range. 
because of i t s  t o x i c i t y  and corrosive propert ies .  

t h a t  melts i n  the  required temper- 
The s m a l l  improvement over i c e  (19%) makes hydrazine una t t rac t ive  
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TABLE 111 

COMPOUNDS WITH HIGHER HEAT OF FUSION THAN WATER 

Meltin 

OC 

Material Formula 

Aluminum oxide 

Sodium chloride NaCl~ 800 
Vanadium oxide VaO 2077 
Aluminum A 1  660 
Magnesium M R  650 
Lithium Li 183 
Carbon dioxide co2 -109.5 

Bariumoxide BaO 1923 

Calcium carbonate CaC03 1282 
Calcium metasilicate CaSi03 I 1512 - 
Calcium oxide CaO 2707 
Copper oxide cu20 1230 
Germanium 
Iron oxide 1330 
Iron oxide 

LiOH 
Lithium nitrate I 
Magnesium fluoride I 
Manganese oxide bln0 1784 
Manganese oxide M"304 1590 
Nickel chloride NiCi? 10 70 
Potassium fluoride KF ti7 5 

I : Point I AH* 
(K) cal/s;m (J/R) 

(3073) 460 ( 1925) 
(2820) 680 ( 2846) 
(2443) 490 ( 2051) 
! 2318) 260 (1088) 

146 ( 611 1 
I 

(1673) 1 4 31 I (1804) 1 
238 (996) 
250 (1046) 

(1435) 141 ( 590 

(2057)  I 183 I (766 1 I 
(1363) 170 f 711) 
(1303) 1 4  3 ( 11J8 1 
(1 1118) 112 (408) 
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Although t h e  governing c r i t e r i o n  f o r  s e l e c t i n g  the compounds listed i n  
Table I11 has been a l a r g e  heat o f  fueion per  gram o f  material., it might be 
ueefUl t o  consider one material t h a t  w a s  found t o  have a l a r g e r  heat of 
fusion than water on a volume bastis. G a l l i u m  (Ref, 18) is  such an element, 
melting at 8 4 O 8  (307 K) w i t  a heat of  fusion of 19 cal/gm (80 J/g) having 

dens i ty  08 6 g/cm3, gallium has a heat absorption capabi l i ty  o f  114 
a s o l i d  dens i ty  of  5.9 g/cm 4 and a l i q u i d  dens i ty  of 6.1 g/cm3. Taking  an 

aver"g5 cal/cm (480 J/cm ) which is a 43% improvement over i c e  on a volume basis. 
Further advantages of gallium are its l o w  t o x i c i t y  and i t s  high thermal 
conductivity. 
one-fourth t h a t  of i c e  the volumetric improvement might permit advantageous 
trade=offe f o r  c e r t a i n  appl ica t ions ,  p a r t i c u l a r l y  where complex regeneration 
s y s t e m  may lower the  o v e r a l l  e f fec t iveaess  of materials with a hidher 
i n t r i n s i c  heat of *ion per un i t  o f  weight. 
t h i s  direct ion w a s  done under t h i s  program, such trade-off studies may prove 
p ro f i t ab le  i n  t h e  future. 

Although hea t  absorption per un i t  weight of gallium is only 

Although no f u r t h e r  work i n  

A number of references concerning hea t  s torage  appl ica t ions  t o  s o l a r  
energy (Refs 19-24) at higher temperatures were found, which report  design 
features which might have some value i n  the design of  lower temperature heat 
storage hardware. 
present etudy and they are reported f o r  completeness only. 

25-35) with t h e  method of  Turkdogan and Pearson, (Ref. 35) described later,  
as the most useful. 

However, no use was m a d e  o f  t hese  references i n  t h e  

Various methods for  the  estimation of heats of fusion were found (Refs. 
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Heat of Fusion of Pure M R t e r i d l . 8  

Thermodynamic Considerat ion 

The molar heat  of f b i o n  it? re l f r ted  t o  t h e  melting point  and t o  t h e  molar 
entropy of fusion (Ref. 36) through t h e  expression: 

AHf = T#Sf 

where Tf is t h e  melting temperature i n  degrees absolute  a t  one atmosphere pres- 
sure. Thus, a high molar heat  of fusion may result from e i t h e r  a high melting 
temperature o r  o high molar entropy increase on melting. 
temperatures of compounds t o  be considered i n  t h i s  study are r e s t r i c t e d  t o  t h e  

Since the  melting 

range of approximately 23 t o  14g6F (268 
highest  molar entropy of  fusion w i l l  be 
no la r  hea t  of fusion. 

The molar increase i n  entropy t h a t  
given by t h e  Uoltzmann expression (Ref. 

t o  338 K ), t h e  candidates with the  
expected t o  result i n  t h e  hip,hest 

occurs upon t h e  melting of  e s o l i d  is  
371, 

ASf = Rln - 
wS 

wheL.2 I f L  and WS are the number o f  states possible  i n  the  l i q u i d  phase and i n  
the  s o l i d  phase respect ively,  and R is  t h e  gas constant.  The entropy of the  
l i q u i d  phase is always g rea t e r  than t h a t  of t he  s o l i d  phase because of t h e  
addi t iona l  degrees of  freedom o r  number of s t a t e s  that  are possible.  
a d d i t i o n d  states a r i s e  from four p r inc ipa l  sourc6s. 
entropy increase i s  the result o f  t h e  loss of long distance order  t h a t  ex i s t ed  
i n  t h e  c rys t a l .  
possible  i n  t he  l i q u i d  s t a t e  and i f  these states do not a lso  occur i n  t h e  
c r y s t a l ,  a l a rge  entropy increase can occur on melting. 
o r ien ta t ion  possible  f o r  l a rge  assymetric molecules i n  the  l i q u i d  state can 
cause an entropy increase.  F ina l ly ,  f o r  l a rge  l i n e a r  molecules such as n- 
butane, t h e  extra configurations possible  i n  t he  l i q u i d  s ta te  t h a t  are not  
possible  i n  the  c lose ly  packed s o l i d ,  w i l l  cause an entropy increase on melting. 
Thus a large molar entropy increase i s  l i k e l y  t o  be associated w i t h  l a rge ,  
multi-atom molecules t h a t  have r i g i d ,  r e s t r i c t e d  s o l i d  s t ruc tures .  Since t h e r e  
is a weight conside.-ation f o r  spme  appl ica t ions ,  a lwce entropy change per 
mole m u s t  be accompanied, f o r  purposes of t h i s  study, by a low nolecular  weight 
i n  order  t o  insure t h a t  the entropy change, and t h u s  t he  heat absorbed, on a 
pe r  g r m  basis w i l l  be large.  

These 
F i r s t ,  the  pos i t i ona l  

Second, addit+-onal modes of v ibra t ion  and ro ta t ion  may be 

Third, t h e  more var ied 
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Prediction of Proanisitng CoaopounBs 

The preceding considerations were used t o  formulate a list of ctm- 
pounds (Table V I )  which might have high heats  of fusion. 
list, t h e  f i r s t  s t e p  w a s  t h e  tabula t ion  of pos i t i ve  radicals shown i n  Table  
IV primarily froan t h e  Plrst three periods of t h e  Fkriobic Table. 
multi-at- radical i n  t h e  list is I?Hq+. For t h i s  type of radical, t h e  metan 
atomic weight is defined as t h e  r ad ica l ' s  nrolecular weight divided by t h e  
number of atoms i n  t h e  radical. 
weight is i d e n t i c a l  t o  t h e  radical's molecular weight. 

In es t ek l i ah iag  t h i s  

The only 

For s i n g l e  atom rad ica l s ,  the  meem atomic 

A similar l is t  (Table V) w a s  made of negative radicals and t h e i r  mean 
at&c weights w e r e  calculated.  A listing was then made of compounds which 
could be formed froan t h e  pos i t i ve  and n@gative r ad ica l s  with t h e  lowest meem 
atomic w e i g h t s  (Table V I ) .  

It is i n t e r e s t i n g  t o  note t h a t  many cornpounds on t h i s  list are known t o  
have large hea t s  of fusion. These are water, ananonitan carbamate, amonia ,  
l i thium hydroxide, l i th ium hydride and hydrazine. 
on t h e  l ist  tha t  have suitable melting poin ts  f o r  which no hea t  of fusion data 
is w a i l a b l e .  
There are o the r  compounds on t h e  l ist  for which melting poin t  da t a  are not 
available.  
heats  of fusion t h a t  are higher than ice.  

There are o the r  co~lpounds 

%ese are l i th ium acetate, anrmonilaa b i ace t a t e ,  and hydroxylanine. 

The three compounds with s d t a b l e  melting poin ts  all have e s t h a t e d  

Es t ina te  of Heat of Fusion 

The method of Turbdogan and Pearson (Ref. 35 ) allows the heat of  fusion 

For t h i s  calculat ion,  first AT is  determined f n a :  
t o  be ca lcu la ted  from m e l t i n g  point ,  molecular weicht and number of atoms 
present i n  the  molecule. 

where Tf is t h e  melting poin t  i n  OK. 
of Lf/Tf vs AT according to  t h e  following empirical list of data:  

Then, Lf/Tf is determined f r o m  a p l o t  

AT - 
0 

300 
700 

1200 

1-9 
2.5 
3.0 
3.2 

where Lf = cal/mean gram atom. 
cular weight divided by t h e  number of atoms. 

The mean gram atomic we1q;ht is the  mole- 
I n  Table VI1 t h e  experimentally 
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TABLE V 

SF,GATm RaDICAIS 
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TARLF, v (cont inwrd) 
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TABLE MI 

Tf 
K 

694 

1121 

959 

418 

398 

271 

273 

CQNpBRpSOtl OF EXPERIMENTAL AWD CALCULATED 
VALUES OF TiiE HEXI OF FtBIClBI OF SELECTED COMPOUUDS 

AT Lp/Tr 

446 2.5 

873 3.0 

711 3.0 

170 2.3 

150 2.26 

-27 1.9 

-25 1.9 
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determined values f o r  heats  of fusion of se lec ted  compounds are canpared 
with values calculated by the  method of Turkdogan and Pearson. 

Although the  inaccuracy of t h e  method f o r  estimating heats  of fusion i n  
t h i s  set of c a p a r i s o n s  ranges f’mn 4% t o  about 54%, it should be noted tha t  
those cases f o r  which the  theory p red ic t s  too  high a value for t h e  heat  of 
fusion are i n  e r r o r  by less than 10% while t h e  l a rge  errors occur i n  unde+ 
estimating the  value of heat  of fusion. 
estimating technique w i l l  i n  general g ive  a reasonably accurate o r  conservative 
result. This method w a s  therefore  used t o  estimate t h e  heats of  fusion of 
l i th ium ace ta te ,  ammrcmium b i ace t a t e  and hydroxylamine as l i s t e d  i n  TableVI. 
The estimated heats of fusion fo r  each of  these  compounds is somewhat higher 
than t h a t  of ice. 

It would thus appear t h a t  use of t h i s  

Supplementary Compound Select ion 

The preceding paragraphs have emphasized the  d e s i r a b i l i t y  f o r  searching 

I n  addi t ion,  com- 
the  literature espec ia l ly  for  compounds wi th  low mean atomic weights and t h i s  
a c t i v i t y  has cons t i tu ted  t h e  major portion of i t s  search. 
pounds t h a t  were known t o  m e l t  i n  the  proper range were screened fo r  high hea t  
of fusion t h a t  m i g h t  occur due t o  unforeseen anomalous e f f ec t s .  
f o r  which no heat of fusion data were ava i lab le  are l i s t e d  i n  Table VIII, in- 
s p i t e  of t h e i r  r e l a t ive ly  high mean a t m i c  weights. 
f’usion of such compounds would be desirable .  

Those compounds 

Measurement of heat  of 
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TAbLE V I 1 1  

SELECTGD COMPOUNDS MEZTIEQC IN THE HEAT SINK TEMP- RAM= 

POClBr2 

p13 

m r 3  

188 

198 

242.5 

412 

i 303 
~ 

7 

5 

5 

4 

l 5  

Mean Atomic 
Weight 

27 

39.6 

48.5 

103 

60.6 

+ - 
10 

13 

30 

61.5 

30 - 
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Eutectic Mixtures 

A eutectic mixture a c t s  as pure(or s i n g l e )  material i n  t h a t  it has a 
well defined melting point and its freezing and melting temperatures are the  
same. Table IX contains a l ist  of mixtures tha t  form e u t e c t i c s  with melting 
poin ts  i n  t h e  proper temperature range f o r  t h i s  study. 
components i n  t h i s  list have l a rge  heats of  fusion but do not have suitable 
melting temperature, the formation of a e u t e c t i c  melting i n  t h e  desired range 
could result i n  a material having both a l a r g e  heat absorbing capacity and a 
s a t i s f a c t o r y  melting temperature. 

Since some of the pur@ 

I n  addi t ion  t o  t h e  mixtures shown in Table IX t h e  themo8yna;aics of two 
o ther  systems appears promising. 
the ammonium fluoride system - are ind ica ted  i n  Table X. 

The e u t e c t i c  mixtures possible i n  one of  these - 
h o n i u m  b i f luo r ide  is a white t rans lucent  s o l i d  ava i l ab le  at about $l./lio as 

white flakes.  It is used in industy f o r  metal pickling and cleaning, glass 
f ros t ing ,  o i l  w e l l  acidizing,  bu i ld ing  cleaning, and removal of i ron  stains froan 
t e x t i l e s .  This compound has a hea t  of fusion over t h r e e  times t h a t  of  i c e  (Ref. 
38) but its melting point  is outs ide  the t a r g e t  temperature range. 
some of t he  e u t e c t i c  mixtures shown do have s u i t a b l e  melting points ,  and perhaps 
they r e t a i n  a high heat of fusion also. 

However, 

The caanpound ammonium carbamate (NH2C0$4), melting at l&SoC (418 K), has 
a heat of fusion of 165 caljgm (690 J/g) (Ref. 39). 
e u t e c t i c  mixtures with water o r  ammonia that have s u i t a b l e  melting points ,  
although the l i t e r a t u r e  search has failed t o  discover them. 

This compound may form 

97 



TABU I X  

MOLTEN SALT EUTECTIC MIXTURES WI3!€I 1.N MELTING POINTS 

Salt System . Me1 t ig 
O C  

19.4 

A1Br3-SnBr4 20 

1 AsBr3-PBr5 23.5 I (296.5) 
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TABLE X 

MELTING POINTS AND HEATS OF 
FUSION FOR THE AEdMoQIIUM FLUORIDE S Y S m  

230 

109 

12s 

-6 

23 

-14 

-8 

275 

49 

. .. 

Oeneity 
g/Cm 

1.5 
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System Combinin8 Heat of Fusion and Heat of Solution 

Some s o l i d s  dussolve in water with the absorption of l a r g e  amounts of 
heat. Table XI s h m s  those salts with hewn value@ for heat  of so lu t ion  above 71.7 
cal/gm (300 J/g). I n  t h i s  casee as i n  the fusion pF0Ce8Se entropy is increased 
because of the  des t ruc t ion  of the ordered amangemat of molecules i n  t he  solid 
state, an8 t h e  formation of new dlrrangemnts having a greater degree of randam- 
ness than the or ig ina l .  The d i s so lu t ion  of t h e  solid requi res  t h a t  the  latt ice 
energy be overcomet, as it is in Eusion with thermal energy. 
supplied by the solvent  through solute-solvent i n t e rac t ions .  
of these  solute-solvent structures is an  o r d e r h g  process and therefore  results 
in t h e  evolution of heat. The relative magnitude of the randomization of the  
s o l i d  molecules by dispersion and t h e  ordering by so lva t ion  w i l l  determine if 
t h e  o v e r a l l  process w f U  absorb or  release heat. I n  add i t ion ,  the order that 
e x b t e  in the solvent  is disrupted by the addi t ion of so lu t e  and th i s  contr i -  
bu tes  an endothermic effect t o  the t o t a l .  

This energy is 
The formation 

The magnitude of these effects depends in a complex manner upon the  s i z e  
of t h e  so lu t e  p a r t i c l e e  and the i r  charge, as well a8 t h e  degree of order that 
existed i n  the so l id .  
a l w a y s  have a l a rge  endothermic heat of so lu t ion  due t o  t h e  el iminat ion of 
entropy decreasing solvent  ordering. A procedure for Qbtaining a l a r g e  heat 
absorption from a salt-water system could involve t h e  melting of water at32"F 
(273 K) 9 followed by dissolving the salt i n  the water t o  obtain added heat absorp- 
t i o n  f r o m t h e  heat of so lu t ion .  The regeneration of these salt-water mixtures 
may be accomplished by nothing more complicated than a slow cooling t o  precipi-  
tate out the salt-hydr~te, then further cooling t o  f reeze  t h e  water. The regen- 
e ra t ion  e t ep  when carried out under zero  g rav i ty  conditions may r e s u l t  i n  a more 
unifurm, dispersed mixture of hydrate and i c e  and therefore  8 more uniform and 
reproducible heat absorption capacity.  

Hydrated salts, compared t o  t h e i r  anhydrow counterpar ts  

TableXI shows that only a few compounds are known t o  have a heat of eolu- 
t i o n  greater than  the  heat of fusion of water, dC cal/gm (333 J/g).  
neceesary t o  exceed t h i s  value,  s ince  otherwise the  salt could simply be re- 
placed by marc water t o  obtain the  stme absorption capacity.  
a l s o  have a high s o l u b i l i t y  i n  water i n  order t o  use as l i t t le  water as gorralble, 
and not diminish t h e  ove ra l l  e f f e c t  of  the large heat of so lu t ion .  The table 
shows that potassium thiocyanate has the largest heat of so lu t ion ,  and a very 
large s o l u b i l i t y  i n  water. 
mol@ of 6 0 l U t @  (97 g) t o  3 moles of water (54 g) . The heat of so lu t ion  is 
126 cal/em (528 J/g) sf' so lu te .  Hawever, i f  the  weight of water needed is con- 
sidered then it is 81 cal /gm (339 J/g) of water-salt mixture. 

It I s  

The salt muot 

This compound is so luble  i n  water t o  the exten t  of1 
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COMPOUNDS WITH HEATG OF SOLUTION 
APPROXIMATING THE HEAT OF FWSION OF WATER 

Name 

ammonium acid carbonate 

wumonium chloride 

amonium cyanide 

ammonium nitrate 

ammonium ni tr i te  

ammonium oxalate hydrate 

ammonium thiocyanate 

boric acfS 

potassim chlorate 

potassium acid fluoride 

potassium nitrate 

potassium acid oxalate 

potaseium tetreroxalate 

potassium thiocyanate 

rubidium thiocyanate 

sodium cyanate 

sodium cyanide hydrate 

sodium acid oxalate hydrate 

- 
carl/gm 
84.6 

76.5 

98.7 

79.1 

74.3 

81.0 

74.6 

87.5 

83.7 

76.5 

83.9 

74.8 

72.4 

126 

100 

72.9 

90.3 

73.6 

H 
- 

Solubility at  32'F 
(273 K)gm/100 ml 
( g / 1 ~ ~ d ) ~ 2 ~ ,  

11.9 

29.7 

118.3 

128 

1 a95 

7.1 

4 1  (21'F) 

13.3 

2.5 

1.8 (13'F) 

177 2 

1.7 
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The heat of fusion allows ice t o  adsorb 80 tal/@ (333 J/g) of ice or 
28.5 cal/gm (119 J /g )  o f  ice-salt mixture, 
cal/gm (458 J/g) of ice salt mixture which is  a 30% improvement over t he  use 
of i c e  awe. 
exchange vessel, the  i c e  melting and absorbing hea t ,  then t h e  salt dissolving 
i n  the  water t o  absorb more heat. 

This br ings t h e  t o t a l  t o  109.5 

Thus, a powdered salt and ice mixture is placed i n  the heat 

It is w e l l  known (Ref. 36) tha t  t h e  heat  of so lu t ion  is concentration- 
dependent, and t h e  values given i n  t h e  literature f o r  potassium thiocyanate 
and other  salts are fcw the  i n f i n i t e  d i lu t ion  case. The heat  of  so lu t ion  is 
measured at severa l  successively smaller concentrations until t h e  heat of 
so lu t ion  per  gram o f  so lu te  no longer changes with concentration. 
is  taken as the heat of so lu t ion  at i n f i n i t e  d i lu t ion ,  and is very useflil 
f o r  t heo re t i ca l  cmparisons of salts i n  a s i n g l e  solvent ,  s ince  it contains  
no per turbat ions due t o  solute-solute in te rac t ions .  However, f o r  heat sink 
appl icat ions,  concentrations of salt near t h e  sa tura t ion  point  m u s t  be used 
t o  gain max imum advantage from t h e  process. 
is  added t o  va t e r  t o  make a saturated so lu t ion ,  t he  first salt added absorbs 
an amount of heat e s sen t i a l ly  equal t o  t ha t  f o r  the  so lu t e  dissolving i n  
pure water, whereas the  las t  KCNS is added t o  a so lu t ion  t h a t  is highly con- 
e n t r a t e d .  
solut ion w i l l  be because t h e  concentration at which solute-solute in t e rac t ions  
begin t o  be  important cmnot  be predicted.  
before the  sa tura t ion  point  i s  reached at which f'urther addi t ions of  s o l u t e  
w i l l  no longer be j u s t i f i e d  due t o  t h e  decreased heat of solut ion.  
necessary t o  m a k e  t he  various trade-offs are access ib le  only by experiment, 

"his value 

Tb Arefore, i f  KCNS, f o r  example, 

It is  impossible t o  pred ic t  how much smaller the  t o t a l  heat of 

There w i l l  be a concentration 

The da ta  
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Solid-Solid Transi t ions 

These t r ans i t i ons  typ ica l ly  are not associated with la rge  entropy changes, 
and therefore  do not haw large heat  absorbing capabi l i ty .  
degrees of freedom from one s o l i d  form t o  another,  does not have the  same 
potent ia l  for large effects as does the  t r a n s i t i o n  from s o l i d  t o  l iqu id .  The 
Bureau of Standards Table i n  Circular  500 lists 18 sol id-sol id  t r a n s i t i o n s  i n  
the  temperature range from 230'F (268 K )  t o  149OF (333 K). 
of t r ans i t i on  ranging 

The increase i n  

These have heats 
aa! 0.5 callgin (2.1 J /g)  t o  43.5 cal l -  (182 J/g) and 

pressures up t o  5 x 10 r mm lig (667 m/rn2) are necessary. 

Solid-solid t r ans i t i ons  are important only i n  t ha t  some solids undergo 
premelting t r a n s i t i o n s  where some entropy changes take place before the  s o l i d  
undergoes fusion. 

The solids with t r ans i t i ons  c lose  t o  t h e i r  melting points  w e r e  checked 
fo r  high combination transit ion-fusion heat absorption and none w e r e  found. 
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Conclusions 

The results of a literature search for a material or process with a heat  
absorption capab i l i t y  greater than ice, 80 cal/gm (333 J/gb lead t o  t h e  
following conclusions : 

1. There is no da ta  reported i n  t h e  ava i lab le  literature t h a t  def ines  
a suitable candidate thermal storage material which o f f e r s  a sub- 
stantial improvement over  ice i n  heat absorption capabi l i ty  per  
un i t  weight i n  t h e  temperature range 23 t o  149OF (268 t o  333 L ) .  

2. There are several. pure materials, and severa l  eu tec t i c  mixtures 
melting i n  t h e  proper range, t h a t  offer prau i s r  of higher heat 
absorption capabi l i ty  than water-ice but f o r  which no da ta  is 
current ly  avai lable .  

3. A canbination of t w o  heat  absorption processes,  t he  melting of  
water-ice, followed by d isso lv ing  a salt i n  water, may be able t o  
supply a heat absorption 30% g r e a t e r  per un i t  weight than t h a t  
obtained from the  use of water-ice aloue. 

There appear t o  be no o ther  phase changes or processes described i n  t h e  
ava i lab le  literature which w i l l  equal  or even approach the  heat absorption 
cur ren t ly  ava i lab le  from heat of fusion i n  the  temperature md pressure ranges 
o f  in t e re s t .  

In  the  following sec t ion  t h e  heat of fusion has been experimentally 
determined f o r  c e r t a i n  compounds t h a t  appear t o  o f f e r  a good p o s s i b i l i t y  of  
having subs tan t iaUy higher values than water-ice. 

The heat absorbing capabi l i ty  of a combination of  two heat absorbing 
processes - heat of fusion of water-ice followed by heat of so lu t ion  of  salt 
i n  water, and methods f o r  t h e  regenerat ion of t he  water-salt mixture t o  achieve 
ice-salt separat ion are investigated.  
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EXPERIMENTAL IWVESTIGATION 

Introduction 

The ana ly t i ca l  port ion of the  study, comprising a canvass o f  e igh t  major 
sets of abstracts of chemic& literature plus  th ree  major sources of  d a t a  f o r  
hea ts  of fusion of chemical cc++ounds, d id  not revea l  any compounds t h a t  
would simultaneously meet a l l  of  t he  acceptance c r i t e r i a  ta rge ted  fo r  an 
improved the& storage material. The survey d id ,  however, revea l  c e r t a i n  
areas where acquis i t ion  of experimental information which was not ava i lab le  
might provide a way t o  s ign i f i can t ly  increase the  present  heat  s torage  capabil- 
i t y .  One of t hese  areas w a s  t h e  use of the  hea t  absorption available from 
disso lu t ion  of salts i n  melting water-ice. 
extremely soluble salt capable o f  dissolving i n  water with 8 heat  absorpt ion 
g r e a t e r  than 80 cal/gm (333 J/g), the  value f o r  t h e  heat  of  fusion of water- 
ice, would upgrade the  heat s ink absorption capabi l i ty .  For example, a 
salt with a heat of so lu t ion  of 120 cd/gm (500 J / g )  t h a t  dissolved t o  the  
ex ten t  of lOOg o f  salt t o  lOOg of water would result i n  25 percent more heat  
absorption over the  use of an equivalent amount o f  water-ice. It  w a s  expected 
from the  l i terature search of the  previous port ion t h a t  t he re  were salts which 
f i t  t he  dual cr i ter ia  of high heat of so lu t ion  and high so lub i l i t y .  

The study revealed t h a t  an 

In addi t ion t o  t h e  canbined heat  of  fustiun-heat of so lu t ion  absorption 
process of a salt and water-ice, an invest igat ion w a s  undertaken t o  explore 
t h e  p o s s i b i l i t y  uf using fused salt eu tec t i c  mixtures t h a t  m e l t  i n  o r  near the  
temperature range -5 t o  65Oc (268 to 3 3 8 K ) .  Also, compounds t h a t  seemed t o  
satisf'y c e r t a i n  common cha rac t e r i s t i c s  of  materials with high heats  of fusion -- 
t h a t  is, low molecular weight, high number of atoms and rigid s o l i d  s t r u c t u r e  -- 
were investigated.  



Experimental Methods 

'ho experimental techniques for measuring heat  absorption were used i n  t h i s  
study. F i r s t ,  a Beckman Model DSC-1 d i f f e r e n t i a l  scanning c a l  rimeter was 
used for measuremeiits of t h e  heat  of fusion or' single campounds and eutectics. 
Second, a Paar r o t a t i n g  bomb calorimeter was used for t h e  measurement o f  heat 
o f  so lu t ion  a i d  regeneration experiments. This s ec t ion  descr ibes  t h e  operat ion 
o f  these instruments and t h e  procedures used t o  obtain t h e  da t a  in  t h e  following 
sections.  
required t o  achieve a l e v e l  of accuracy necessary t o  determi*:e i f  t h e  neat 
absorption of t h e  compound o r  process was s i g n i f i c a n t l y  g r e p t e r  than t h a t  o f  
water-ice. Emphasis was placed on v e r i f i c a t i o n  of concepts, eval.iation o f  a 
l a r g e r  number o f  candidate mater ia ls ,  and i d e n t i f i c a t i o n  of most p.-omising 
candidate mater ia ls  for development and appl icat ion r a t h e r  than an achieve- 
ment of high precis ion i n  measurement for a s m a l l  number o f  materials. 

I t  w a s  t h e  i n t e n t  throughout t h i s  work t o  adhere t o  the  tecbniques 

The Beckman Di f f e ren t i a l  Scanning Calorimeter 

The operation o f  the Di f f e ren t i a l  Scanning Calorimeter ( D S C )  is  based on 
t h e  temperature control  of two miniature sample holders,  one f o r  the sample and 
one f o r  a reference located i n  t h e  sample holder assembly (see Fig. 49). The 
system cons i s t s  of two separate  control loops, t he  first f o r  average tempera- 
ture con t ro l  arid the  second f o r  d i f f e r e n t i a l  temperatwe control .  I n  t h e  
average temperature loL)p t h e  e l ec t ron ic  programmer pwvid r s  an e l e c t r i c a l  
s ignal  proportional t o  t h e  temperature desired.  lhis s igna l  i s  compared t o  
t h e  average s igna l  from platinum res i s t ance  thermometers permanently embedded 
in  the sample and reference holders. When t h i s  feedback S ig r id  c a l l s  for hea t ,  
both reference a id  sample holder are brought up t o  the proper temperature 
together . 

In  t h e  d i f f e r e n t i a l  temperature control  loop, s i g n a l s  representing t h e  
siunple and reference temperatures measured by platinum res i s t ance  thermometers 
are fed t o  a c i r c u i t  w h i c h  determines whether t he  reference o r  sample ternpera- 
t u r e  is greater .  This e r r o r  s igna l  w i l l  cause a heater  output s u f f i c i e n t  t o  
equalize t h e  temperature of sample and reference. 
difference i n  heater  power between sample arid reference is fed t o  a recorder. 
The i n t e g r a l  of the r e s u l t i n g  s i g n a l  is ttie intcr i ta l  energy change, and t h e  
d i r ec t ion  of the s igna l  indicates  whether the process occurring in  t h e  sample 
chamber is endothermic u r  exothermic. 

A s igna l  r e l a t i n g  t h e  

For t h e  series o f  runs whose results are reported here,  a standard com- 
posed o f  5.81 mg of Indium metal was run i n  t h e  sample holder while t h e  
reference holder was empty. The r e su l t i ng  endothermic peak occurring a t  
152OC (425K) was integrated by t r ac ing  t h e  peak and weighing t h e  t r ac ing  paper. 
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m8 calibration procedure W mmt@d m h  b y  the D8c Wm run. The 8Wipls8 
weme run as t h e  stmdorii MI, with t h e  refewmce pan empty, at a teargerature 
Bean rate of lO#/pninute. Each run ww repeated at least once, and f i v e  8- 
ples of each material were prepared. 
result of et least t e n  d e t e d n ~ t i o n s .  

Therefore, each heat of  ftasiofi'ie t he  

For those samples whoee melting po in t s  were close t o  room temperature, 
a dewar attachment allowing t h e  coolinR o f  t h e  smqla holder t o  below ambient 
temperature8 vas used. The tievar f i l l e d  with l i qu id  n i t romn enabled runs t o  
st& at &out 3OK below t h e  expected mel t inR point. 

The eutec t ic  samples were made up i n  a dry box since many o f t h e  compo- 
nents are hygroscopic. 
and were weiaed before being placed i n  t h e  dry box. After the samples were 
placed i n  the containers they were sealed w i t h  a crimpinR device and remved 
fiom t he  dry box for weighing. 
40 mg. 

The sanple containers and covers are leads of  aluminum 

"he sa.lples used varied i n  mifit f r o m  5 t o  
'laterials tha t  arc not  hy-oscopic were prepared i n  a 4rme hood. 

The Rotating Bomb Calorimeter 

The apparatus consists of a stainless steel, platinum l ined  combustion 
~OIII~, calorimeter, thermometric system, power input measuring system and 
l iqu id  nitmgen cooling system. The calorimeter schematic is  shown i n  FIR. 
50 and a photograph of the  apparatus is shown i n  FiK. 51. The bomb mav be 
rotated inside the calorimeter and thus is suited t o  measurements of  heats 
of solution and mixing. The bomb has an in te rna l  volume of 33.8 m l  (Paar 
Instrument Co. Cata lope  30. 1004), t e n o n  head gasket and valve packing an3 
a Kel-F valve seat. 
all xreasureleents. 
platinum. 
of fse t  g i m b a l  so t h a t  t h e  bomb can be set at a 45O angle fo r  f i l l i n e .  
35 grams of salt can be accoaarx>dated i n  t h e  crucible. 
surrounding the  bomb contained about 2 liters of a 50-50 by volume methyl 
alcohol-water mixture t ha t  freezes at -106c (173K). 
was completely immersed i n  t h i s  l i qu id  which w a s  kept at 8 known l eve l  for  
ell runs by weighing the calorimeter can and contents before each run on a 
5 kg capacity Seko 140 series balance. The calorimeter can a l so  contains a 
stirrer, ro ta t ing  mechanism, platintm resistance the-ter, and a 75 watt 
heater. 
a synchronous motor. 
motor through a drive Rear at a constant 10 rpm. 

In  the present work the  valves were kept closed duriw 
All i n t e r n a l  parts o f  the bumb are plated with 10% iridium- 

A ?latinrrm crucible conta in ingthe  sample salt was mounted i n  an 
About 

The calorimeter can 

During operation t h e  bomb 

The stirrer is operated at a constant 450 rpm using a belt drive from 
The rotation mechanism operates f r o m  a synchronous 

The thermometric system includes a platinum resistance themitmeter of the  
flat calorimetric type (beds Eb Northrup type 8160~1, a C-2 Mueller bridge 
(keds 8 Northrup type 8069B1, and a high s e n s i t i d t y  m w n a m e t t r  ( k e d s  
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FIGURE 50 SCHEMATIC OF ROTATING BOMB CALORIMETER 
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Northrup type HS2284d). 
t h e  l i g h t  beam is  projected v e r t i c a l l y  over a Dath o f  two meters. 'he thermo- 
meter was c e r t i f i e d  by L&N i n  April  1974 and t h e  bridge was c e r t i f i e d  i n  1962. 
Both the thermometer and bridge are per iodica l ly  checked usinR a t r i p l e  point  
c e l l  and standard r e s i s t o r .  
galvonometer movement. 

The talvonometer i s  mounted on a J u l i u s  suspension and 

The s e n s i t i v i t y  of t h i s  svstem is  .001K/mn of  

The calorimeter can i s  surrounded by a jacket  containing 10 gal lons 
('3.785 x lO'ZF.13) of f l u i d  t h a t  completely enclosed it on all s ides  (see Fiq.  
50). A 50% by volume methyl  alcohol-water mixture was used i n  t h i s  jacket  
i n  such a wey as t o  minimize t h e  heat  flow t o  o r  f'rom t h e  calor imeter  can. 
By adjust ing the  jacket  f h i d  temperature t o  within 1K of  t he  calor imeter  can 
temperature, t h e  calor imeter  was e f f ec t ive ly  under ad iaba t ic  conditions.  
l i q u i d  nitrogen coolin8 system permitted operation at jacket  temperatures 
below O°C. 
gen b o t t l e  t o  pressurize  t h e  system, insu la ted  polyflow tubing and a copper 
tube suspended near t h e  bottom o f  t h e  jacket  f lu id .  Rv Eorcing LN2 through 
t h i s  system it was possible  t o  reduce t h e  jacket  temperature f r o m  2OoC 
(293K) t o  -15OC (258K) i n  one hour. 
temperature was re@ated manually by short  bursts o f  LN2 o r  by ac t iva t ion  
of heaters  located within t h e  jacket  f l u id .  

A 

This system consis ted of a 50 l i t e r  dewar, a h i &  pressure n i t ro -  

After t h e  run had b e m  the  jacket  

The temperature of t h e  calorimeter f l u i d  i n  t h e  can was lowered t o  t h e  
s t a r t i n g  tempera'iure f o r  a run by t h e  use of dry i c e  lumps, about one pound 
being su f f i c i en t  t o  lower t h e  temperature o f  t he  calorimeter f l u i d  t o  -15OC 
(258K). The temperature of t h e  f i l l e d  bomb was lowered by placing t h e  bomb 
itself i n  a Styrofoam chest surrounded by dry i ce .  
i n  t he  calorimeter and allowed t o  come t o  temperature equilibrium with it. 
If t h i s  temperature was sa t i s f ac to ry  f o r  t h e  run desired,  then t h e  jacket  
temperature was adjusted t o  within one decree o f  t he  temperature of t h e  ca lor i -  
meter can whose value was monitored everv two minutes as t h e  run proceeded. 

The bomb was then placed 

A cartridrte heater immersed i n  t he  calorimeter f l u i d  was used t o  raise t h e  
temperature of t h e  bomb, i t s  contents and the  calorimeter can and f l u i d  t o  a 
temperature above t h a t  of t h e  melting point of t h e  water-ice o r  s a l t - i ce  mix- 
ture used i n  the  bomb. T l i ~  amount o f  e l e c t r i c a l  enerm i n  watts applied t o  
the  calorimeter was monitored w i t h  t h e  use of a Westrn wattmeter Madel 432. 
'L'lie encrcy balance is: 

E lec t r i ca l  berw i n  (J) = AT (CC. + Cbomb + Cf lu i2 )  + heat absorbed (1) 

where Ccal, cbomb, and C f l u i d  represents t he  heat capaci ty  o f  the  c d c r i m e t e r  
can, t?ie bomb and i t s  contents,  and the  calorimeter f l u i d  respect ively,  i n  
J/K and hT is  t h e  temperature rise o f  t h e  calorimeter.  
energy applied t o  t h e  calorimeter i s  not equal t o  t h e  temperature r ise term, 

When the e l e c t r i c a l  
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then t h e  d i f fe rence  represents  a heat absorption process t h a t  is occurring 
i n  the  bomb. 

Enera 
out  

Joules 

108,083 
73,861 
106, L62 
70,340 
111 , 700 
72,350 

Cal ibrat ion end Checkout o f  Bomb Calorimeter Technique 

% 
D i  f ference 

09 
2.G 
1.b 
1.5 
3.4 

.5 

I n  order  t o  tes t  t h e  v a l i d i t y  of  equation (1 )  t h e  experiments whose 
r e s u l t s  arc reported i n  Table X I 1  were carried out. 
was no heat absorption 
electrical e n e r w  input should have been exac t ly  equal t o  t h e  temperature 
rise term. 
( c C a  + Cbomb + C,luid) has been designated " b e r e y  out" . 

I n  these  experiments t h e r e  
process occurrinp; i n  t h e  bomb and consequently the 

For convenience of notation, t h e  temperature rise term, AT 

R u n  # 

TABLE X I 1  

HEAT BAWlCE TESTS ON ROTATING BO1 

Energy I n  AT 
Joules K 

I I E l e c t r i c a l  I 

1 
2 
3 
4 
5 
6 

108,000 7.60 
72 , ooc 5.17 
108 , 000 9.00 
72 , 000 >.. 

108 , 000 ? *  50 
72.000 6.15 

r nr, 

 TOTAL 
J/K 

14,340 
14 , 342 
11,82? 
11,822 

11,764 
11,758 

In runs 1-I; s!io.-n i n  Table X I I ,  t h e  bomb contained lOOg of water and the  
temperature was varied from about +5OC (27810 t o  + U o C  (288K). 
was used t o  ca l cu la t e  t h e  encrm output from t h e  spec i f i c  heat  capacity of 
t h e  calorimeter can, CCa1, the bomb, Cbomb and t h e  calor imeter  f lu id ,  Cfluid. 
Thus, t h e  c, i n  Table I was calculated from: 

Equation (1) 

A 9TAL 

where 
and f l u i d ,  respect ively.  
1 and 2 and i n  runs 3 4  a 50-50 by volune mixture of methanol and water 
was used. 
run. 
energy output as measured by t h e  temperature rise w a s  1.65. 

"bomb and 'fluid are the  weiEhts of the  calor imeter  can, bomb, 
\!ater was used as t h e  calorimeter f l u i d  i n  runs 

This d i f fe rence  accounts f o r  t h e  change in  C T O T ~ ~  af'ter t h e  second 
"lie average d i f fe rence  between t h e  e l e c t r i c a l  e n e r m  input and t h e  

The heat of so lu t ion  measurements described i n  t h e  next sec t ion  were 
made i n  t h e  same way as were the  experiments leading t o  t h e  results of Table 
X I I .  Rotation w a s  s tarted t o  mix the  s a l t  and water after a s t a b l e  temperature 
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had been ‘reached. 
dropped by a few t e n t h s  of a degree. 
t he  hea ter  i n  t h e  calorimeter was turned on f o r  60 second4 at  60 watts t o  
i n j e c t  ;600 Joules  o f  energy. The temperature r i s e  caused by t h i s  energy 
served t o  calibrate each run and was f a i r l y  sens i t i ve  t o  t h e  amount of ca lo r i -  
meter f l u i d  present.  The figure ca lcu la ted  f’rom t h e  heat  capaci ty  o f  t h e  cal-  
orimeter and t h e  amount of calorimeter f l u i d  used i n  t h e  heat  o f  so lu t ion  runs 
was 12,150 JoulesjK. 

During t h e  d isso lu t icn ,  t h e  temperature of t h e  calor imeter  
!.hen t h e  temperature was again s t a b i l i z e d  

A t  t h i s  point  i n  the experimental promam several runs were made usinp: 
100 m l  of  water i n  t h e  bomb and s t a r t i n g  at sub-freezing temperatures i n  order  
t o  determine t h e  heat  of  fusion of water-ice as a ca l ib ra t ion  check on t h e  
calorimeter procedure. The r e s u l t s  o f  these tests are shown i n  TableXIII. 

The e l e c t r i c a l  input from t h e  c a r t r i k e  hea ter  ranged from 30 t o  60 
watts, tr i th on-times from 60 t o  100 minutes. 
f r o m  about 6 degrees t o  almost 19 degrees. 
heat of furLon is  78.7 cal/gm (329 J /a )  which is  1.3% below t h e  l i t e r a t u r e  
value of 79.8 tal/@ (333.5 J/c).  The standard deviat ion of these runs i s  
3.8 cal/gm (15 J/g). 

The temperature chances ranRed 
The average value obtained for t h e  

The l a rges t  uncertainty i n  evaluat ing t h e  heat of fusion 
i s  i n  t h e  det  erminat ion of ‘TOTAL which is  defined as : 

The first two tams on t h e  r iEht  i n  ( 3 )  a r e  invar ian t  and s ince the  bomb 
and calor imeter  are near ly  a l l  s t a i n l e s s  s t e e l  and t h e i r  combined weight is 
7,976g, t h e  t o t a l  heat  capacity f o r  bomb and calorimeter can be calculated.  
Using a c 
(Ref. 40f 

( epec i f i c  heat capacity at constant pressure)  of 445 J k - K  

‘bomb + ‘calorimeter - - 3549 J/K ( 4  1 

In  t h e  runs of Table XIII, t h e  bomb contained lOOg of water a t  h.180 J/ka-K 
f o r  a t o t a l  o f  418 J / K  which must be added t o  t h e  value from Eq. ( 4 )  t o  Rive 
a t o t a l  of 3967 J/K. The t h i r d  term Cfluid is very sens i t i ve  t o  t h e  amount 
of alcohol-water mixture i n  t h e  calor imeter  can. Those run8 t h a t  exhibi ted 
a C T ~ f i  t h a t  was low, were run with less calorimeter f l u i d  than those showing 
a high CTOTAL. The average amount of fluid used was 2245 cm3, and t h i s  var ied 
by about -125 t o  +400 cm3. 
water mixture of 3550 J/kg-K i s  11,500 J/K, when 2122 pp~s of f l u i d  is used. 

The C T O T ~  calculated from c f o r  t h e  ~ 1 v ? 1 0 1 -  P 

?he experimental determination of CTOTAL was made i n  two ways. F i r s t  
t he  i n i t i a l  s lope of  a p lo t  of  e l e c t r i c a l  enerm input versus temperature rise 
was determined. Secondly, at  t h e  end of t he  run, when it waB c e r t a i n  t h a t  no 
more phase changes would be tak ing  place,  a known s m a l l  amount of e l e c t r i c a l  
epergy was in jec ted  and t h e  subsequent temperature rise measured from t h e  
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difference between t h e  equilibrium temperatures before  and af'ter t h e  hea te r  
was act ivated.  
t o  13,000 J/K, depending on how much calorimeter f lu id  was present.  

30th of these  methods gave C T O T ~  ranging fram 10,500 J/K 

TABLE XI11 

iEAT OF FUSION OF WATEH-ICE 

Run # 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

iilectrico.1 
Energy I n  
Joules 

i08,720 
108,000 
108,360 

172,800 

158,400 
115,200 

233,179 
220,884 
246,015 
220,020 
220,158 
212,552 
235,173 

AT 
K 

6.85 
G. 70 
6.00 
?*70 
6.23 

10.89 
17.189 
L6.49h 
10. Go8 
16.260 
16.243 
15.926 
17 530 

CTOTAL 
J /K 

11,06c 
11, oGo 
11,060 
12,300 
12,900 
12,300 
11,500 
11,500 
11,503 
21,500 
11,500 
11,500 
11.500 

Enerp 
out 

Joules  

75,761 

75,208 
125,712 

3!1,3(.7 
1110,481 
197,674 
1 Or, ,681 
21 3,992 
186,990 
186,064 

71+ ,102 

183,149 
202,285 

Measurements o f  Heats of Fusion 

Heats of Fusion f o r  Selected Compounds 

%20 
Zmr - 
78.8 
81.1 
79.3 
78.2 
83.3 
77.3 
84.9 
74.6 
76.6 
78.? 
79.7 
70.3 
78.7 

( 330 
(339 1 
( 332 
( 327 1 
(348 1 
(323 ) 
(355 1 
(312 
(320 
(330 ) 
(333 1 
("4 1 
(329 ) 

The compounds f o r  which heats of fusion were measured as part of t h i s  
program are l i s ted  i n  Table X I V .  This l i s t  was supplemented by se l ec t ion  
of addi t iona l  compounds known t o  melt i n  the  proper range fo r  space s u i t  
appl icat ions s ince on occasion anomolous e f fec t s  have resu l ted  i n  occur- 
rence of unexpectedly la rge  heats  of fusion.  All of t h e  heats  of fusion 
reported i n  Table X I V  are t h e  average of a t  least  four runs. 
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Compound 

heptadecanol 

acetophenone 
1-Naphthyl ace ta te  
t r imethyl  pentandiol 
t r i l a u r i n  
dicycloheQ-1 adipate  
ben zo r'uroxan 
ben z hydro1 
arachidic  acid 
didecyl sebacate 
ad ipon i t r i l e  
d ibuty l  tartrate 
bix-2 ethoxy e thyl  

nebacate 
diciodecylamine 
bicyclohexyl 
bLtyl carbamate 
2 amino 2 methoxy 

3 amino 1 propanol 
1 amino 2 propanol 

. pent m e t h y l  benzene 
te r t  buty l  isothiocyanate 
2,Ib-di-tert-pentylphenol 
2,5-dimet hoxytoluene 
u ,a-dimet hylbenzyl alcohol 
a ,a -dimethyl phenet hy 1 a]. c oh01 
d iace ty l  
dimethyl adipate  
piperazine hydrate 
1 -tet  radecanol 
p iva l i c  acid 
1-pent adecanol 
1-phenoxy-2-propanol 
1.4-butanediol 
l i t h i u n  ac? ta tc  
ammonium b i  f luoride 
1 it h i um b iac  e t  at e 

, octadecyl ace ta te  

propanol 

Melting Point 
duE 

54 
29 
19 
44 
46 
45 
34 
69 
67 
74 
28 

18 
-2 

44 
3 

53 

OC - 

1 
4 

10 
-2 

8 
25 
19 
19 
22 
-6 
9 

42 
35 
32 
4 1  
13  
15  
70 

126 

- 

- 
Molecular 

Weight 1 
,:! of A t  on 

4.7 
5.0 
7.1 
7.8 
5.2 
5.4 
6.0 
9.1 
7.1 
5.0 
5.2 
6.8 
6.6 
6.0 

h.2 
4 .8 
6.2 
5.8 

5.4 
5.4 
5.5 
7.2 

6.6 
6.2 
6.0 

6.7 
7.2 

8.8 
4.8 
b.0 
4.8 
6.6 
5.6 
l j .  3 
7.1 
7.3 

60 
38 
32 
28 
45 
56 
36 
30.4 
30.6 
57.9 
35.8 
44.8 
2.7 

31.5 

5 '.7 
21.6 
45.3 
27.3 

53.1 
28.14 

31.2 
24 
17 
23 
1 4  
28 
52 
64 
45 
36 
66 
10 
43 
67 
73 
32 

5.12 

- 



The compounds tested exhibited heats  of fusion ranging fra - 3 cal/gm (11 Jig) 
t o  73 cal/gm (306 J /g) ,  compared t o  t h e  values  f o r  water-ice of 79.8 cal/gm 
(333.5 J/g).  
divided by t h e  number of atoms for  each compound. 
value is low, betwem 4.2 and 5.4, exhibited an average heat of fusion of 46 
c a l l a  (192 J / g )  and those  compounds f o r  which t h i s  value is high, between 6.0 
and 9.1, exhibited an ave rwe  heat of fusion of 29 cal/gm (121 J/g). 
standard deviation f o r  each of these m e a n s  i s  13 cal/gn! (54 J / g )  and a "t" 
s t a t i s t i c a l  test shows t h a t ,  a t  t h e  99 percent confidence l eve l ,  t h e  two means 
are d i f fe ren t .  
numbers of atoms do have higher spec i f i c  heats of fusion, none was found that 
exceeded t h e  value of water-ice. 

The t a b l e  a l s o  includes t h e  value of t h e  molecular weight 
The compounds for which t h i s  

The 

Although compounds' t h a t  have low molecular weight and larger 

The heat of fusion of  WH4HF2, ammonium b i f luo r ide  is given i n  a Russian 
WPer (Ref. 38) as 275 C d / P  (1150 J/g), a figure more than three times that 
f o r  water-ice. Because t h i s  material melts at a temperature beyond the  back- 
pack coolant rar-ge, 126'12, (399 K ) ,  w e  would have t o  form mixtures with hydro- 
gen f luor ide  which a r e  known t o  form e u t e c t i c s  with lower melting temperatures. 
HQwever, as t h e  value i n  t h e  table shows, we could not  reproduce t h e  Russian 
work, and t h e  material was consequently dropped from further cocsideration. 
Lithium ace ta t e  showed a heat of fusion of 67 cal/gm (278 J/g) only on t h e  
first run through the  DSC, subsequently f a i l i n g  t o  f reeze  when t h e  temperature 
was brought down. Apparently meling 2s accompanied by decomposition. Lithium 
biace ta te  made by evaporation from a water so lu t ion  of t h e  acetate and acetic 
acid exhibited t h e  same behavior. A t t e m p t s  t o  run ammonium biacetate d id  not 
result i n  reproducible r e s u l t s ,  probably because of decomposition on melting. 

The compound ammonium carbamate is  reported (Ref. 39) t o  have a heat of 
fusion of 165 cal/gm (690 J/g)  w i t h  a melting point of lbS0C (418 K ) .  
hoped that eutec t ic  mixtures using t h i s  compound could be found t o  br ing  t h e  
melting temperature below 70°C (343 K ) .  
mine t h e  heat of fusion of ammonium carbamate on t h e  DSC. The problem may be 
that of eealing the sample pans so t h a t  higher pressures  can be a t ta ined .  It 
is probable t h a t  many of t h e  compounds f o r  which measurements were made would 
exhibit high heats of fusion only i n  sealed systems a t  higher than atnospheric 
pressure. 

It w a s  

However, it was not possiLle t o  deter- 

Heats of Fusion f o r  Eutec t ic  Sa l t  Mixtures 

Tab leXV l ists  t h e  r e su l t s  obtained on 8 molten salt eu tec t i c s  ranging i n  
melting points  from 3.5OC (276.5 K) t o  70°C (343 K ) .  
found t? have very low heats of fusion, w e l l  blow the  range of i n t e re s t .  

These mixtures were 
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I Meltin& Point 

52 
27 
19.4 
20 
25.5 

3.5 
23- 5 
70 
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Measurements of' Heats of Solution - 
Sone solids dissolve i n  v a t e r  with the absorption of large aclounts of  

The combination of any s o l i d  and liquid w i l l  absorb heat i f  a pre-  heat. 
ex i s t ing  ordered arrangemnt of p a r t i c l e s  givcs w a y  t o  a n@w f o m s t i o n  t h a t  
contains less order  than t h e  or iginal .  The s o l i d  duriog disso lu t ion ,  as i n  
t h e  melting process, undergoes an entropy increase because of t h e  des t ruc t ion  
o f t h e  ordered arrangement of rpolesules i n  t h e  solid state, and the formation 
of a r r q e m e n t s  having a g rea t e r  degree o f  randomess than the  o r ig ina l .  The 
energy necessary t o  disprse the s o l i d  throughout t h e  l i q u i d  is e s s e n t i a l l y  
the stme as the  energy necessary t o  Pelt the so l id ,  namely, t h e  l a t t i c e  
energy. I n  the d isso lu t ion  process, the energy t o  overcome t h e l a t t i c e  forces 
does not come from the& energy as i n  melting, but i n  solvent-solute in t e r -  
actions.  
cesses: 1) t h e  des t ruc t ion  of the l a t t i c e ;  2) the formation of solute-solvent 
structures; and 3) d is rupt ion  of t h e  solvent  s t ructure .  
results i n  an absorption of heat and a l a rge  increase i n  entropy from t h e  
dispersion of the p a r t i c l e s  making up t he  c r y s t a l  l a t t i c e .  
reduces entropy and releases heat s i n c e  s t ruc tu res  of more o r  less permanency 
are forned. 
hydrogen bonded solvent-solvent i n t e rac t ion  occurring anong the water mole- 
cules. This e f f e c t  is smaller than the  first tvo, and f o r  our l imi t ed  pur- 
poses here, can be icnored. Therefore, the t o t a l  heat of solut ion q ~ can 
be represented as ( R e f .  36, p.4121, 

"be d i s so lu t ion  process a c t u a l l y  cons i s t s  of th ree  separate pro- 

The first process 

The second process 

The t h i r d  process increases entropy s ince  t h e  s o l u t e  modifies the 

+ - 

where t h e  term V, is t h e  l a t t i c e  energy of t h e  s o l i d  mx and t h e  term i n  the 
parenthesis i s  t h e  hydration energy. 
heat of solut ion w i l l  be a maximum for salts t h a t  have l a rge  lattice energies 
and low hydration energies. However, i f  t h e  l a t t i c e  energy i s  too la rge ,  t h e  
compounts Wiil not d i sso lve  i n  t h e  solvent at all. Small hydration energy 
w i l l  be favored by ions wjth low charge dens i ty  ( l a r g e  s ize)  and a charge 
of unity.  Hydrated salts, compared t o  t h e i r  anhydrous counterparts always 
have a l a rge r  endothermic or smaller exothermic heat of solut ion due t o  the 
elimination of t h e  entropy decrease which accompanies solvent-solute s t r u c t u r e  
formati9n. 

Me can see from equation (7) that  t h e  

When a l a rge  amount of soiutc I's added t o  a solvent,  t h e  heat of solut ion 
per gram of salt added is  not t h e  same as when ci = a l l  amount of s o l u t e  is 
added. The reason for t h i s  is  that t h e  f i r s t  amount of solutead'kli  sees ~7 

e s s e n t i a l l y  pure solvent,  while t h e  last so lu t e  added sees a concentrated sol-  
ution. The d i f f e r e n t i a l  heat of solut ion i s  t h e  heat evolved o r  absorbed when 
no change of concentration t akes  place,  i n  other words, t h e  "instantaneous" 
heat of solution a t  a p a r t i c u l a r  concentration. The i n t e g r a l  heat of solut ion 

118 



which is the one of i n t e r e s t  i n  t he  present appl ica t ion  is the  t o t a l  heat ab- 
sorbed o r  evolved when an amount of salt is dissolved up t o  t he  sa tu ra t ion  
point. The heats  of so lu t ion  given here are t h e  i n t e g r a l  heats as measured 
i n  the  bomb calorimeter and represent the  heat  absorption t o  be expected i n  
p r a c t i c a l  application. 

Table X V I  shows the heat of  solutioli  of pousssium thiocyanate (KCNS). 

TABLE XVI 

INTECRAL HEAT OF SOLvPIOIi,  AH^, OF KCNS 
Concent rat ion AH I 6 KCESS/100g BpO caJ./gm KCEJS 

. 500 
2 -015 

9.266 
5.019 

11.39 
20.00 
25.08 
48.40 

111.2 
147.0 
213.9 

58.4 
68.5 
63.2 
58.6 
64.4 
65.4 
55.2 
53.1 
41.8 
38.5 
36.1 

(J/g KCmrS) 
NBS Circ. 

cal/w KCNE 

57.9 

56.7 

44.3 

32.6 

io0 
,J/g KCNS) 

(136) 

This s a l t  was or ig ina l ly  thought to  have a heat of  solut ion of 126 ca.l/gm 
(528 J/g) because of an errorsous listing i n  t h e  In te rna t iona l  C r i t i c a l  Tables, 
Vol. 5, Page 205. The NBS c i r c u l a r  500, page 505 lists the heat of so lu t ion  
as 57.9 cal/gm (242 J /g)  at i n f i n i t e  d i lu t ion ,  which would correspond t o  t h e  
f i r s t ‘ v a l u e  given i n  Table  XVI.  This determination served as a check on t h e  
experimental procedures involved s ince  the  last column i n  Table XVI illustrates 
the  close agreement between the  NBS data and t h e  data obtained i n  t h e  present 
work . 

Since KHF2, potassium b i f luo r ide  is known t o  have a high negative heat of  
so lu t ion  ( R e f .  40) 76.6 cal/gm (320 J/g) as high d i lu t ion ,  and a f a i r l y  la rge  
s o l u b i l i t y  (Ref. 41)  39 g/lOO g water, t he  he8t of so lu t ion  of ammonium b i -  
fluoride NY4HF2, unavailable i n  the  literature w a s  expected t o  have an even 
higher heat absorption s ince  the  NH; cat ion is l a r g e r  than the  K+ cation. 
Ammonium f luor ide ,  NHqF, also has a heat of so lu t ion  of 40.9 cal /gm (171 J/g) 
and the  HFG ?ion i s  larger t h a n  the F‘ anion. 
~r rxpectea to e i i i i .  a l a d e  ~ i < ~ ~ ~ ~ . : ~  hezt zf ao l l l t i nn  d3-p tc +bp k,? +,kzt 
solute-solvent in te rac t ions  should be a t  a minimum. Fortunately,  t he  salt  
dissolves  t o  the  extent  of about 60 g t o  100 g of water. 
results of measurements of the heat o f  solut ion L: ammo?im bi f luor ide .  

Thus the  compound NH HF would 

Table XVII shows t h e  
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TABLE X V I I  

INTEGRAL HEAT OF SOLUTION, AH,, OF NHqHF2 

The data  i n  Table XVII  ind ica te  tha t  not only i s  t h e  heat of  so lu t ion  at 
low concentrations l a rge  (25 percent g rea t e r  than t h e  hea t  of fusion of water- 
ice) but  t ha t  t he  high concentration of 58.9 g/100 g water s t i l l  exhibits a 
high heat of solution. Since t h i s  concentrated so lu t ion  contains about 60g 
of salt t h a t  can absorb 16 percent more heat than 811 equal amount of  water- 
i c e ,  the so lu t ion  should be about 10 percent more e f f e c t i v e  i n  absorbing 
heat than water-ice. 
i n  the following sec t ion  revealed that even better performance is a t t a inab le  
when s t a r t i n g  w i t h  the  hydrate r a t h e r  than t h e  dry salt. 

The regeneration experiments whose results are described 

The hehts of so lu t ion  of potassium b i f luo r ide  (KHF2) and sodium b i f luo r ide  
(NaHF2)  were a l so  measured and t h e  results are shown i n  Table XVIII. 

T U L E  WIII  

I N W R A L  HEATS OF SOLUTION,  AH^, FOR KHF2 AND N d F 2  

Concentrat ion 

Although the  s c a t t e r  i n  some of the da ta  i n  Table XVIII is l a rge ,  enough values 
for t h e  heat absorbed were obtained that were above the heat  of fusion of 
water i c e  (79.8 cal/gm) t o  warrant fur ther  study o f  t h e  hydrated salt. 
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Heat Absorption by Combined Heat of b i o n  and Heat of Solut ion 

Receneration experiments w e r e  rdn i n  t h e  r o t a t i n 8  bcmb calor imeter  t o  
simulate t h e  ac tua l  use of t he  salt end water m i x t u r @ s .  The salt was dis- 
solved i n  t h e  water and then t h e  so lu t ion  w a s  m z e n  at dry i c e  tearp@ratur@s, 
about -4OOC (233K)- 
t i o n  of ammonium bi f luor ide  (NH4HF2) and showed that melting and heat ab- 
sorption be8in at a temperature of  -14.5OC (258.5K). 
Figure 52. Because of t h i s ,  all runs were b e m  at abouc -1SOC (258K). 
results fo r  ammonium bi f luor ide  are shown i n  Table X I X .  

A coolinr: curve was d e t e , d n t d  for a concentrated solu- 

This curve is shown i n  
The 

TABLE X I X  

COMBINED HEAT OF FUSION PLUS HEAT OF SOLUTION FOR N H J , H F ~  SOLUTIOHS - 
.tun 
# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

- 

- 

Concentrat ion 
5 rm4HF2/iOOg H2C 

_ _ ~  

18.0 
18.8 
10.0 
18.8 
39.P 
39.9 
39.3 
39.3 
45 
45 
45 
50 
w 
53 

-~ ~~ 

Zlec t r icd  
2nergy In  
Joules 

184,800 
201,600 
277,200 
230,k :)o 
273,600 
273,600 
273,600 
277,200 

302,400 
326,400 

310,800 
331,800 

310,800 
3iw,&O 

- 
AT 
K - 

11.10 
12.30 
18.00 
15.00 
17.50 
17.02 

17.15 
22.73 
21. In2 
22.74 
24.12 
22.43 
22.44 

16.86 

- 

~~ ~ 

12,578 

12,578 
12,578 

12,578 

12,578 
12,578 
12,962 
12,959 
11,883 
11,159 
11,235 
il,lC!.7 
10,940 
10,981 - 

Energy 
out 
Joules - 

139,616 

188,670 

218,532 

239,028 

154,709 
226,404 

220,115 
214,077 

222,251 
270,102 

255,474 
267,912 
245,383 
246,84c - 

Heat 
lbsorbec 
Joules 

45,184 
46,891 
50,796 
41,699 
53,405 
59,522 
55,068 
54,949 
56,2?8 
63,372 
55,326 

65,417 
a, 378 
63,888 

- 
x 

niprove- 
Ment 
Over 
H 2 0  

1 4  
18 
28 

5.3 
15 
27 
18 
18 
16 
31 
14  
27 
31 
29 - 

The t h i r d  column of  Table X I X  gives t h e  heat input from the e l e c t r i c a l  
heater ,  60-80 watts for  45-70 minutes. This input was s u f f i c i e n t  t o  raise the 
calorimeter temperature t h e  amount indicated i n  t h e  next column of Table XIX 
Figure 5 3 i s  a p l o t  of both the  calorimeter temperature and t h e  jacket  tempera- 
t u r e  during the  course of run #4. ?his  plo t  shows how c lose  it was possible  
t o  maintain the jacket  temperature and calorimeter temperature, the length o f  
time and range of  temperatures used. The CWTU i n  column four  of  Table X I X  
f o r  .the f i r s t  6 runs was Prom the  values obtained from tests using pure water. 
I n  subsequent runs, t h e  j:ToO"AL used w a s  t he  i n i t i a l  s lope of  t he  curve of  
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Concent rat ion AH Absorbed U 

g IJH4HF2/lOOg I120 Cal/a;m (J/g) Cal/m (J/R) 

18.8 93.0 (389) 7.6 (32) 
39.9 95.4 (399) 4 . 3  (18 1 
45 96.1 (402) 7.4 ( 3 1 )  
50 103 (430) 1 . 4  6 )  

The so lu t ion  containing t h e  highest  amount of NHqHF2 i n  Table XX 
5Og/lOOg Ii20, exhibi ted an average of a 29 percent greater heat absorption 
than would have been possible  by using l50g of water-ice. A possible  explana- 
t i on  of t h e  f a c t  that  t h e  heat of so lu t ion  of t h e  dry salt  i n  water ind ica ted  
t h a t  only a 10  percent 
following paragraphs. 

improvement could be expected i s  discussed i n  t he  

Average 
9% Improvement 

16 
20 
20 
27 

Since equation (7)  ind ica tes  t h a t  t he  heat of hydration must be a nega- 
t i v e  influence on the t o t a l  heat of solut ion,  it i s  apparent t h a t  compounds with 
no heat of hydration would be expected t o  have l a r g e r  heat a b s a q t i o n  upon 
dissolut ion.  Cer ta in ly  a hydrate would be expected t o  have a zero heat of 
hydration as 1onR as the  hydration number remains the  same. 

The e f f ec t  of the  heat o f  hydration upon t h e  heat of  so lu t ion  can be 
seen i n  t h e  following table of  data taken from Ref. 42). 
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TABLE X X I  

- 
Ion 

Li+ 
N a+ 
K+ 
Rb+ 

- 

- 

HEAT OF HYDRATION OF ALKALI METAL TONS 
AND HEAT OF SOLUTION OF ALKALI METAL FLUORIDES 

The cations are l i s t ed  i n  order o f  t h e i r  ionic radius ,  and t h e  heat  o f  
hydration is  seen t o  decrease as t h e  s i z e  of t h e  cat ion increases.  I n  t h e  
last columns t h e  heat of so lu t ion  of t h e  corresponding f luo r ides  can be seen 
t o  go from releasing heat  i n  the  l i thium and sodium f luorides  t o  absorbing 
heat i n  t h e  potassiun and rubidium f luorides .  Thus, on a per mole b a s i s ,  t h e  
compounds with high heat  of hydration w i l l  exh ib i t  less heat a'lsorption upon 
dissolut ion,  and high heat  absorption upon d i s so lu t ion  i s  favorea by l a rge  
ionic s i z e .  
sa l t  are unavailable for absorbing heat  by melting. The magnitude of these 
two effects can be studied by looking at some examples of  t h i s  e f f e c t  from 
the  l i terature.  

However, one can argue t h a t  t h e  water molecLes t i e d  up with t h e  

It can e a s i i y  be es tab l i shed  t h a t  s a l t  hydrates have higher heat absorption 
values than t h e  dry salt. The following Table XXII shows the  heats  o f  so lu t ion  
of some anhydrous salt-hydrated s a l t  p a i r s  (Ref. 40) t h a t  w i l l  serve t o  i l l u s -  
t ra te  t h i s  point.  

I n  every case,  t h e  heat  absorbed is  l a r g e r  f o r  tlie hydrated salt than fo r  
t h e  anhydrous salt. For compounds with one water molecule associated with 
them, an average increase i n  heat  absorption of 69 percent is observed. 
i n  general ,  as t h e  nutuber of water molecules i n  t h e  hydrate increases ,  the  
heat absorption r a t i o  between hydrate w d  anhydrous forms increases.  A s  nn 
i l l u s t r a t i o n  of t h e  magnitude of t h e  hydrate e f f e c t ,  l e t  us  assume t h a t  each 
molecule o f  NHqHF2 has one molecule of water associated with it as the hydrate. 
Then t h e  39.9 g of dry NH4HF2 combines with 12.6 g of water on a mole t o  mole 
basis.  
amount of water w i l l  absorb 29,148 J upon melting, 
i n  Table X X I I  absorbs 117.5 J /g  more heat than i t s  anhydrous counterpart .  

Also 

This leaves 87.4 g o f  water t h a t  is not e f f ec t ed  by t h e  hydrate. This 

The 
'Ke average mono-hydrate 
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TABLE XXII 

HEAT ABSORPTION OF ANHYDROUS-HYDRATED SALT PAIRS 

cal/wn 

29.9 
49.3 

36.4 
45.8 
27.8 
22.0 
10.3 

33.0 

AHsoln 
csl/wn 

38.3 
73.7 
45.0 
81.1 
77.0 
48.3 
43.3 
42.1 

0 
(160 ) 
(308 
(188 
(339 
(322 
(202 ) 
(181 1 
(176 ) 

I 
3 i  Rher 

?8 
50 
36 

123 
68 
74 
97 

30? - 
heat of solut ion of a so lu t ion  of  39.37 of NH4HF2 i n  10Og o f  water can be 
interpolated fYom Table XXII t o  be 398 J/g. 
we have 398 + 117.5 = 515.5 J /g  f o r  5 2 . 5 ~  o r  27,064 J. The combined heat  
absorbed fo r  hydrate and uninvolved Later-ice i s  56,212 J. This amounts t o  402 
,T/g f o r  t h e  1 3 9 . 3 ~  o f  NH4HF2 so lu t ion  compared t o  399 J/R ac tua l ly  measured. 
In t h e  case of t h e  so lu t ion  containinc 50g of NHbHF2 we have 6 6 ~  o f  hydrate and 
8hg of  water-ice. 
for  t he  water-ice, 28,014 J, f o r  a t o t a l  of 62,037 o r  473 J/p: compared t o  430 
J / g  ac tua l ly  found. 
t i o n  for  t h e  50~/lOOp: H20 so lu t ion  i s  only 6.65 based on t h e  dry salt heat  of 
solut ion,  t he  ca lcu la ted  increase i s  24% based on t h e  hydrated salt. In view 
of t h e  fac t  t h a t  t he  ac tua l  increase i n  heat absorbed f o r  t h e  monohydrates 
l i s t e d  i n  Table XXII vary from 50 t o  187 J/g,  t h i s  simple a r i thmet ic  exercise  
cannot be considered de f in i t i ve ,  but it does reveal  how it i s  possible  f o r  t h e  
hydrate-water-ice system t o  absorb so much more h e a t  than t h e  anhydrous s a l t -  
.+:at er- i ce  system. 

Therefore, for  t h e  NH4IIF2'H20 

The heat absorbed fo r  t h e  hydrate would be 34,023 J and 

Thus, although the  calculated increase in  heat  absorp- 

The question now arises -- what is  the  e f f e c t  of  changinR t h e  cat ion on 
t h e  heat af so lu t ion  of t he  hydrate. The potassium and sodium b i f luo r ides  
have large heats  of solut ion and t h e i r  cat ions are both smaller than t h e  
ammonium cat ion.  As shown e a r l i e r ,  t h e  smaller t h e  ion, t h e  Rreater t h e  f i e l d  
in tens i ty  surrounding it fo r  a constant charge, and therefore ,  t h e  Rreater 
t h e  enerpy o f  hydration since t h e  solvent-solute in t e rac t ions  w i l l  be s t ronger .  
"'liercf'm-e, one would expect a g rea t e r  difference i n  the  heat absorption between 
the  dry salts KHF2 and NaHF2 and t h e i r  hydrated counterpar ts  than between 
dry NIij,HF2 and i ts  hydrate.  
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The hea ts  of  fusion p lus  heats  of so lu t ion  f o r  these compounds are given 
i n  Table XXIII, 
init ial  s lope  of the  curve of temperature v e r ~ u s  heat-energy input with t h e  
bomb ro ta t ing .  
differences i n  the  amount of f l u i d  i n  t h e  calor imeter  can. Runs 7 through 13 
were made with no bomb ro ta t ion .  The so lu t ion  w a s  frozen i n  t h e  bottom o f  t h e  
bomb, and it was melted i n  t h a t  pos i t ion  with no s t i r r i n g  o r  disturbance a t  a l l ,  
i n  order  t o  more cl.osely approach conditions as they would occur i n  ac tua l  
Use of t he  material i n  a backpack cooling system. The calor imeter  stirrer 
alone was unable t o  br ing t h e  tempsrature i n t o  equilibrium while the  hea ter  
was on i n  a shor t  enough t i m e  span, and t h e  i n i t i a l  slope was dis tor ted .  
Therefore, the  C ~ L  used i n  the  runs 7-13 was t h e  value obtai?ed from the  
ca l ib ra t ing  experiments noted i n  t h e  sec t ion  on Experimental Meihods. Since 
the  C m ~ a  w a s  s e n s i t i v e  t o  the  mount of f l u i d  present i n  the  calorimeter,  t he  
amount used was very ca re fu l ly  measured t o  a constant 2,122g f o r  these  runs. 
Both the  calculated C T O T ~  and t h e  value obtained from t h e  Cali-brating runs 
using water-ice i n  Table I1 were 11,500 J / K  within 

The C T W ~  used i n  the  first s i x  runs was ca lcu la ted  from t h e  

Variations i n  CTOTAL f o r  these  runs are due primarily t o  

200 J / Y .  

The runs # 5  and #6 were a lso  par t  o f  an experiment t o  determine i f  a 
slower cooling cycle would result i n  s ign i f i can t ly  d i f f e r e n t  performance due 
t o  a change i n  the  separat ion rate of  salt hydrate and water-ice. 
a slow cooling regime f o r  f reezing the bomb, shown i n  Fig. 54 along w i t h  t h e  
fast cooling schedule. Since no s ign i f i can t  difference was found, t he  f i r s t  
s i x  runs have been averaged together  t o  obtain a mean value f o r  the  heat 
absorption. A cooling curve, shown i n  Fig. 55, showed t h a t  t h e  30g KHF2 
so lu t ion  began t o  m e l t  a t  about -1OOC (26x1, and, therefore ,  i n  runs 1-10 the 
i n i t i a l  temperature was about -12'C (261K). Runs 11, 1 2  and 13 were begun a t  
h i g h e r  temperatures than t h e  preceding four  runs, i n  order  t o  tes t  the  l o s s  of 
heat absorption capabi l i ty  when the  salt-ice s lush  was not completely frozen. 
Table X I 1 1  contains a summary of t h e  data  presented i n  Table XXIII. 
so lu t ion ,  t he  average heat absorption i n  runs 1-6 i n  Table XXIIT: was 42% more 
than t h a t  of water-ice and fo r  t he  30% solu t jon ,  t he  average heat absorption 
i n  runs 7-10 i n  Table XXIII w a s  121 cal/gm (507 J/g) which is  52% more the  
value of 79.8 cal/gm (333.5 J /g)  f o r  w a  e r  ice .  
so lu t ion  bnss determined t o  be 1.18 g/cm , Thus, t h e  increase i n  heat  absor ed 
over t h a t  of water-ice on an equa l  volume basis i s  79%. 

Run # 5  used 

For t h e  20% 

fi 
The densi ty  of t he  30% KHF 3 

Table X X I V  a l s o  shows the  e f f ec t  on the  3056 concentration data when a 
higher value is used as the  i n i t i a l  temperature. A t  an  i n i t i a l  temperature of 
-6.9OC (266.1 K )  88 cal/gm (367 , / g )  w a s  absorbed, only a 10% improvement over 
water-ice. 

Another salt t h a t  nas a l a rge  heat of so lu t ion  (79.2 cal/gm'331 J / g ) ,  and 
a la rge  s o l u b i l i t y  (118 g/lOOg H20) i s  NHqN03, ammonium ni t ra te .  
t i o n  type experiments were run t o  determine i f  a l a r g e r  e f f e c t  would be possible  
when s t a r t i n g  w i t h  the wet s a l t ,  

Two regenera- 

The results of these  runs are i n  Table XXV. 
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TABLE XXV 

HEAT OF FUSION PLUS !UAT OF SOLUTION OF Nii4NO3 

Joules ji J/K 

288,000 20.80 11,282 
352,800 25.12 11, W 8  

Percent 
Energy Heat Improvement 
out Ahsorbed : H Over 

Joules  Joules 'Cal/m (.J/e). Water-ice 

234,\;53 53,342 85 (355) 6 

I 

301,392 51,408 82 (343) 3 

The average value o f  83 cal/gm (349 J/(F) is only 5 percent b e t t e r  than 
can be obtained throuKh t h e  use of 1 5 0 ~  of  water-ice. 
the ?ieat of  hydration does notp1a.r as l a r g e  a rcle, and t h e  heat of so lu t ion  
does not increase as much as with t h e  b i f luor ides .  

In t h i s  case apparently,  

In  space operation the  heat  absorbing m ? t e r i c s l  may not be under 
the  influence of  gravi ty ,so i t s  operation nliy be d i f f e ren t .  
fluence of :L zero gravi ty  f i e l d  on t h e  melting and s o l i d i f i c a t i o n  of salt 
so lu t ions  is not expected t o  be much d i f f e ren t  than its effect on wster-ice. 
Since se{:ration o f  p a r t i c l e s  due t o  dcnsi ty  difperences is not possible  i n  zero 
gravi ty ,  t h e  salt w i l l  be more uniformly dispersed throuqh t h e  Ice acter t h e  
regeneration procedure. 
ne l t ing .  

However, t h e  in- 

This can result i n  a hipher d isso lu t ion  rate upai 

Tlic eCfect  o f  t h e  wickinq material on t h e  dispers ion of t h e  salt i n  water 
upon freezinc may 5e Frea ter  than t h e  e f fec t  o f  zero Kravity, and while i t  w a s  
outs ide t h e  scope of t he  present work, t h i s  e f f e c t  should be measured. 
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Conclusions 

1. The heat  absorption ava i lab le  using a so lu t ion  of 30 g of potcpssim bi- 
fluoride (KIIF2) in 100 g of water (€I@) is 121 cal/gm (507 J /g )  which is 
approximately 52 percent greater than t h e  heat absorpt ion ava i l ab le  from 
an equaL weight of water-ice, and approximately 79 percent greater than  
t h e  hea t  absorption available fram eq\lal volume of water-ice. 

2. The hea t  absorption fo r  t h e  KHFz-H~ system begins at a temperature of 
-12OC (261 K)and continues through about 10°C (283 K). 

3. The regeneration of ths KHF2-H2O m i x t u r e  is extremely simple - a lowering 
of t h e  temperature a t  v i r t u a l l y  any rate with no stirring w i l l  produce 
t h e  required separat ion of  salt hydrate and water-ice. The maximum 
number of regmeration-melting cycles  performed i t 1  t h i s  work w a s  4. 
degradation as a function of repeated regeneration was noted. 

A literature search has f a i l e d  t c  uncover data  r e l a t ing  d i r e c t l y  t o  t h e  
cor ros iv i ty  o r  t o x i c i t y  of W 2 .  

No 

4. 
The following f a c t s  are known: 

. Repeated exposure of t h e  platinum l ined  s t a i n l e s s  steel ca lo r i -  
meter bomb t o  t h e  K H F p H 2 0  so lu t ion  produced no not iceable  
metal corrosion. 

. Overnight exposure of t h e  aluninun d i f f e r e n t i a l  scanning ca lo r i -  
meter sample holders t o  t h e  Y3IF2- €!$! so lu t ion  produced no 
not iceable  metal corrosion. 

. Exposure of laboratory personnel, including direct sk in  contac t ,  
t o  t h e  KHF2- H@ so lu t ion  produced no not iceable  e f f e c t s .  

. The Merck Index lists KHF2 as being s imi l a r  i n  t o x i c i t y  t o  
sodium f lour ide ,  which is tox ic  i n  amounts over 4 g r a m  ana 
causes severe symptoms when 0.5 gram is ingested. One ppm 
is commonly used t n  dr inking water and a 2% solu t ion  is applied 
t o  t h e  t e e t h  rout inely.  

5 .  Based on t h e  results of t h e  KHF2- H$I testinp, a n  i c e  chest  containing a 
so lu t ion  of K H F 2  i n  H20 could conceivably be designed t h a t  would weigh 
30 t o  b0 percent less than an equivalent i c e  ches t  containing pure H20.  

Measurements of t h e  heat of fusion of l i k e l y  candidate compounds and 
eu tec t i c s  has failed t o  reveal  arry with a higher heat  of fusion than 
water-ice i n  t he  temperature range of -10 t o  7OoC (263 t o  3b3 K). 

6. 
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FLIGHT EXPERIMENT PWN 

A Fl ight  Experiment Plan has been prepared which ou t l ines  tL.e s t eps  
necessary f o r  developing the  Ice Pack Heat Sink Subsystem i n t o  a candidate 
Shuttle/Spacelab f l i g h t  experiment. This plan breaks down t h e  e f f o r t  i n t o  
three phases: 

Phase I - Configuration Support and Engineering Developent,which includes 
concept generation and development. 

Phase I1 - Fl ight  Hardware Manufacture and Qualification,which includes 
manufacture, qua l i f ica t ion ,  refurbishment , and acceptance t e s t i n g  o f  a 
qua l i f i ca t ion / f l i gh t  backup un i t ;  manufacture and acceptance testing o f  
a flight uni t ;  and design, manufacture, and test of F l igh t  and F re f l igh t  
checkout e q u i p e n t  . 
Phase I11 - Field/Fl ight  T e s t  Support,includes e f f o r t  required i n  support 
o f  t h e  actual f l i g h t  experiment. 

This plan, Ice Pack Heat Sink Subsystem - Phase 11, Fl ight  Faperime*lt 
Plan, SVHSER 6526,is contained under separate  cover t o  allow i t s  c i r cu la t ion  
independent of t h i s  f i n a l  report  (Ref. 43) .  
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m 
lhis plan of test defines the develqmmt tests to be performed 

by Hamilton Standard on several slnall scale ( 6 9 ~ 6 9  ice chest/ 

heat exchanger interface units as part of the effort to  enhance 

thermal perfomme and life characteristics of this interface 

for the full size Ice Padc Heat Sink Subsystem. This testing 

w i l l  investigate different surface configurations. 

- 1.0 

2.0 

This test program w i l l  m i s t  of testing the following 6x6 inch 

surface configuration plates, inserted in  the instnrmented test 

fixture (figure l), a t  pressure loadings of 8, 16, and 30 psi. 

I. 

11. 

111. 

Iv. 

v. 

Plain aluninwn on plain alwninm - this configuration 

is to be used as a baseline. 

kad plated alminum on plain aluminwn - this canfig- 

uration represents the Phase I configuration. 

kad plated aluminum tm plain aluminum w i t h  the lead 

plated part grooved to  prodwe square pads approximately 

0.25 in. (0.635 an) x 0.25 in. (0.635 an). 

Same as (~11) but w i t h  every other pad removed to  pro- 

duce a checkerboard pattern. 

Same as (111) but with square pads approximately 1.5 in. 

(3.81 ~ m )  x 1.5 in. (3.81 d- 
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2.0 (Continued) 

VI .  Sam as (v) but w i t h  every other pad reamved to 

produce a checkerboard pattern. 

bad plated alminwn on plain aluminum, displaced 

0.062 in. 

VIII. Lead plated aluninum on chrome plated alminum. 

VII. 

(0.157 an) laterally after pressure mating. 

3.0 TEST MEDIA 

The test media for a l l  portions of this test will be: 

Ambient: Pressure = Vacuun (-0.1 micron) 

Temperature = fbm Conditions 

Coolant Liquid: Water (.y4OoF) 

4.0 TEST EQUI PMwr 

All portions of this test program will be performed in the 

Hamilton Standard Space System Department Space Laboratory 

(Reference Test Schematic Figure 2). 

5.0 DEFINITION OF TESTS 

5.1 TIST SETUP - The following steps will be taken for each 

sample plate test setup. 
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5.1 ( a n t  inued) 

A. With the test fixture installed within the vacuwn chamber, 

insert the surface configuration plate between the heater 

plate and the coolant plate and connect thennocouples. 

B. Allow N2 to  slowly pressurize the test fixture bladder. 

Check squareness of test interface. 

Adjust t o  obtain maximum surface contact. 

C. Vent bladder and evacuate it w i t h  external vacuum source. 

D. Close test chamber and evacuate. Slowly vent the tes t  

fixture bladder to  the chamber anbient. Evacuate chanber 

to 10-4. moI (0.1 micm). 

5.2 TEST RUN - The following test runs w i l l  be performed on each 

surface configuration plate. 

A. 

B. 

C. 

Load coolant reservoir w i t h  water and ice chips. 

Slowly pressurize bladder to  8 psia (check squareness). 

Close coolant by-pass valve and fu l ly  open heat exchanger 

valve. 

D. Adjust the coolant pump power supply to 25 volts. 'hm on 

pmp and readjust parer s w l y  to  25 volts. 

Close heat exchanger coolant valve to obtain 0.5 gpm flow. 

Turn on heater and adjust powerstat to obtain 3.0 amps (AC). 

Maintain this condition until the temperatures of the coolant 

water flowing into and out of the heat exchanger have stabil- 

ized. (Coolant water reservoir should always have sufficient 
ice present i n  it). 

E. 

F. 

G,  
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5.2 (Continued) 

H. 

I .  

J. 

K. 

L. 

M. 

N. 

0. 

P. 

Take ane complete set of data recordings. 

Sample fog S e e t  Figure 3). 

Rum off heater. 

Slowly decrease test fixture bladder pressure. 

Evacuate with external vacuum supply before venting to 

chamber. There should be a gap between the test plate 

and the test fixture after bladder depressurization. 

Slowly pressurize test fixture bladder to 16 psia 

(check squareness) . 
Repeat 'steps 5.2 (F) thru (J) b 

Slowly pressurize test fixture bladder to 30 psia 

(check squareness) . 
Repeat steps 5.2 (F) thru (J). 

'hm off pwp and pmp p e r  supply. 

Slowly increase pressure in chamber t o  room ambient and 

open chamber door. Disconnect test plate thermocwles 

and remove test plate f'ran test fixture. 

(Reference 

5.3 TEST REMENIS - rXrring each of the tests the coolant 

flow must be m for a sufficient length of time with the 

heater energized to allow the entire loop to cow to equilibtim. 

This condition is achieved when the heat exchanger inlet and 

outlet temperatures d n  unchanged for a period of at  least 

five minutes. 
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5.3 

5.4 

(Continued) 

For each test  n m  record the following steady state parameters: 

1. Surface configuration plate type 

2. Heat exchanger flow 

3. Bladder pressure 

4. Chamber pressure 

5. Chamber wall temperature 

6. Heater thermocouple readings (TI thru Tg) 

7. Heat exchanger thermocouple readings (T7 thru T13) 

8. Surface configuration plate themcouple readings 

(TI4 T21) 

9. Heat exchanger inlet thermocouple reading (T23) 

10. Heat exchanger outlet thermocouple reading (T22) 

INSTRUMENTATION 

Quantity Item Range Accuracy 
+ 1 Flowmeter 0-0.6 gpm -0.025 gpm 

1 AC Amneter 0-3.0 amp -0.1 amp 

1 AC Voltmeter 0-120 volt -2  volt 

1 b s s u r e  gauge 0-45 psia :0.1 psi 

1 L&N lhemcouple Readout 0-90°F -0. S O F  

+ 

+ 

+ 
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APPENDIX C 

I C E  CELL CONDUCTANCE VARIATIONS 

SINGU VERSUS MUL!CIPI;F: NODES 
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To co r re l a t e  the d i f fe rence  between ana ly t i ce l  and computer ca lcu la t ions  

of t h e  ice cell  conductance a s  a funct lon of t h e  amount of ice which hAs 

melted, t h e  following discussion is presented. 

t h e  discussion below does not represent  t h e  a c t u a l  model s i z e  of conductance 

values bu t  r a t h e r  demonstrates the expected t r ends  on t h e  i c e  conductance 

a s  t h e  number of nodes i n  t n e  modelvar ies .  

Bear i n  mind, however, t h a t  

Consider two generel ized ice c e l l  models, each of constant volume and 

cross-sect ional  area, pe r  f i g u r e  A-I. With the assumption of equal cross- 

sec t iona l  areas  f o r  the same mater ia l ,  each connector can be defined a s  

follows : 

where A x I s  t h e  dis tance from t h e  p l a t e  t o  
node. 

A t  the  s t a r t  of t h e  melt cycle,  t h e  conductance C t 3  t n e  s ing le  node model 

is 

= (*) = WL). 

However,the conductance a t  t h e  s t a r t  of t h e  melt cycle f o r  t h e  4 node model 

is 

C = (&) = (8/L). 

Thuc, a t  t h e  s t a r t  of t h e  melt cycle,  the conductance t o  t h e  4 node model 

is grea te r  tnan  t o  the single node model. 

Now, consider the case where the  i c e  hes almost completely melted. 

( 2 / L )  bu t  

I n  

t h i s  case, t he  conductance t o  the  s ing le  node model is s t i l l  

the conductance through t h e  four  node model i s  approximately 
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A) SINGLE NODE 

B) MULTIPLE 

FIGURE A- 1 
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Therefore, a t  the end of the melt cycle, the conductance t o  the single 

.iode model I s  larger than that of the 4 node model. 

The result of these nodal effects I s  a change In slope of the I ce  c e l l  

conductance curve, per figure 25 of the main t e x t .  
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run of the f u l l  s i z e  I c e  Pack Heat 

Sink Subsystem model w i t h  an ICG v t e r  flow rate of 240 lbm/hr a t  a n  E G  

water irJet temperature of 70°F. 

The t h e  heading of each series of numbers is the t i m e  i n  minutes 

s ince  t h e  

figures 4 

under any 

s t a r t  of t h e  m e l t  cycle. 

and 5, main t e x t )  a r e  p r in t ed  toge ther  on one l i ne .  

time heading should be read per Table B-I. 

A l l  nodes of a major segment (reference 

All numbers 

TUG 

(" F) 
Vater 

. . 

. . 

TABLE B-I  

PRflQT-our LFx;m 

. . 

Fract ion of 
ice melted 

i n  ce l l  



end 
WADY 
lo?.Rna icccst 
INPUT I!A Of LCC. "'ATER 
? 
326.35 
3NPUT %TER INLFT TEW. !WD ! 
? 
76. 09. 
INPL'T TIXE TTEP ( Y I N .  ) , PRINT 
? 
.001 4790 249. ** TT?C = 3.99872 

67.RQO 6q.252 34.178 

63.921 62.522 34.027 
62.139 60.828 33.916 

53.825 57.647 33.661 
57.313 56.201 33.562 
55.896 54.855 33.477 

63.855 66.278 30.025 
65.859 64.391 34.097 
63.973 62.587 35.308 
62.205 60.900 30.210 

58.910 57.738 33.877 
57.404 56.297 33.750 
55.393 50.955 33.651 

67.874 66.311 3 4 . 7 4 1  
65.905 64.457 30.970 

62.233 61.007 311.603 
60.606 5".36h 30.326 
59.022 53.858 39.154 
57.520 5G.023 311.900 
56.118 55.085 33.871 

67.090 66.356 35.165 
6 5 . 9 7 C  61.552 35.665 
64.139 62.793 35.375 
62.917 61.159 35.157 

59.178 58.023 30.523 
57.683 56.506 30.323 

65.820 69.341 3 4 . 1 ~ ~  

6 n . w  59.165, 33.761 

** TIFZ = 7.98984 

m . 5 0 9  so.258 39.005 

** TPIE = 11.98097 

~ 0 . 0 4 2  62.673 39.778 

** T F T  = 15.97210 

6 0 . 7 ~ 8  sa.522 3a.760 

56.290 55.262 30.157 
* *  TIME = 13.96321 

67.337 66.420 35.771 
66.069 6a.696 36.748 
60.234 62.072 36.353 
62.602 61.365 35.984 
60.?f? 59.751 35.37Q 
59.1196 58.21;U 35.c35 
57.P3P 56.845 34.760 
56.53? 55.517 30.597 

60.397 67.221: 43.52'. 
66.659 65.382 30.3n5 
69.984 6 3 . 6 1 0  fR.05Q 
63 .312  62.113 37.510 
61.GR3 6Q.QR7 36.377 
cn ? ? '  5c.333 3 5 . 9 3 6  

e +  TIYZ = 23.95435 

Loors, VCP OF LCG 

32.001 
32.001 
32.001 
32.661 
32.001 
32.001 
32.001 
32.001 

32.001 

'2.001 
32.001 
32.901 
32.001 
32.001 
32.001 

3t.nr)i 

32.001 
32.001 
32.001 
32.301 

32.001 
32.001 
32.001 

3 2 . m  

33. on1 
32.001 
32.001 
32.001 
32.001 
32.001 
32.001 
32.001 

32.001 
32.001 
12,001 
32,001 
32.001 
32.001 

12.001 
32. on1 

0.173 
0.161 
0.151 
0.102 
0.129 
0.122 
0.113 
0.107 

0.369 
0.339 
0.321 

0,270 
' 0.265 
1 0.209 

0.236 

0.3n5 

0.557 
0.512 
0.490 
0.966 
n.028 
0 .  408 
0.384 
0.365 

0.750 

0.656 
0.626 

0.599 
n.518 
0.994 

0.677 

0.573 

0.946 
9.830 
0.819 
0.783 

0.690 
q.652 
0.62.3 

n . m  
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Ea- 2124-L-079 

1.0 SCOPE 

This plan of test defines the performance tests t o  be per- 
formed by Hamilton Standard on the Phase I1 Ice Pack Heat 
Sink Subsystem, SVSK 87308. The acceptance test program 
is intended to verify the  functional operation of the Phase 
I1 Ice Pack Heat Sink Subsystem. 

2.0 

3.0 

4.0 

5.0 

5.1 

TEST SEQUENCE 

The pertorinance test program consists of the following tests 
performed in the sequence defined: 

1. Evaluation of ice chest freeze/thaw performance. e 

2. Evaluation of water boiler freeze/thaw performance. 

3. Evaluation of water boiler boiling performance. 

Deviation from the test sequencc or test procedure requires 
approval af the cognizant program engineer. 

TEST FNVIROS?IENT 

The test environment for all portiors of this test will be 
vacuum. 

TEST EQUIPMENT 

All portions of this test program will be performcd in the 
Hamilton Standard Space Systems Department Space Laboratory. 
Except for the Rig 25 vacuum facility, portable equipment 
compatible with the test unit and the test requirements as 
defined by this plan of test will be utilized. 

DEFINITION OF TESTS 

Evaluatjon of Ice Chest Preeze/Thaw Performance 
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\ ECS-2124-L-079 

5.1.1 Instrumentat ion and Equipment 

(& Item Rang? Accuracy 

5.1.2 

5.1.3 

1 

1 
1 
1 
1 
1 
1 '  
1 
4 
1 
1 
1 
1 

4 

DC Power Supply 

DC Voltmeter 
DC Ammeter 
AC Voltmeter 
AC Ammeter 
Flowmeter 
Flowmeter 
Flowme t e r 
Pressure  Gauge 
Pressure Gauge 
Coolant Pump 
Heat Load 
L6N Thermocouple 
. Readout 
Thermocouple 

Test  Se t-up 

0-30 V3C @ 3 
ampere 

0-30 VIX 
0-3 ampere 
0-120 VAC 
0-10 amp 
0-0.1 gpm 
0-0.425 gpm 
0-0.58 gpm 
0-30 psin 
0-20 milig A35 
@ e  48-0.53 gpn 
0-2000 Btu/hr 
0-1.0O0F 

0-100°F 

- + 0.1 v o l t  

- + 0.05 vo l t  

- + 1.0 v o l t  
- + 0.05 ampere 

- + 0.1 ampere - + 0.005 gprn 
- + 0.025 gpm 
+ 0.025 gpm 0 - - + 0.05 p s i  
+ 0.05 U U T I H ~  - - + 0.02 gpm - + 20 Btu/hr + 0.40F - 
- + O.l°F 

This tes t  is performed on Rig 25 i n  t h e  Space Systems Depart- 
ment Space Laboratory. Figure 1 schemaLically i l l u s t r a t e s  
the test set-up. 

Test  Procedure 

a. Ins ta l l  t h e  ice  pack hea t  exchanger assembly i n  t h e  vacuum 
chamber of Rig 25 and plumb t h e  hardware and wir ing  per 
Figure 1. 

b. Close t h e  vapor paissage valve. 

c. Set  t h e  power supply t o  27 vdc and s t a r t  the pump/motor. 
Close the  bypass flow valve.  Open t h e  flowmeter ;;'pass 
valve. Adjust t he  hea t  exchangcr flow valve t o  ob ta in  a 
system flow of 0.5 gpm. F i l l  s y s t e m  with water throuCh 
water f i l l  por t .  Bleed a i r  from system u t i l i z i n g  water 
f i l l  p o r t  valve and a i r  bleed vcnt valve and p res su r i ze  
pump i n l e t  t o  5 psig.  

d .  Check thermocouples Ti, T2, Tg, T4. 

a 



Y 
4 
I 
I 

* 
%-I 

i r 4  ,'g 



5.1.3 Test Procedure - Continued 

Ea-2124-1,-079 

e. Switch t h e  bladder c o n t r o l  va lve  t o  vacuum. 

f .  Chi11 tlia s y s t e m  to 45OF using an e x t e r n a l  cool ing  pack 
applied t o  hea t  exchanger. 

g. I n s t a l l  a R  i n su la t ed  frozen i c e  ches t  on t h e  hea t  exchanger 
assembly. 
mmHg (0.1 micron). 

Close t h e  vacuum chambcr and evacuate t o  10-4 

h. Adjust t h e  hea te r  c o n t r o l  t o  apply 2000 Btu/hr (587 v o l t  
amperes) t o  t h e  LCG simulator.  

i. When t h e  o u t l e t  temperature of t h e  LCG s imula tor  reames 
58Y pres su r i ze  the  bladder t o  20 psia.  

j. Adjust t he  hea t  exchanger flow. v.alve and bypass flaw 
va lve  to  maintail. t h e  LCG inlet temperature 
a t  50°F and t h e  system f l o v  a t  0 . 5  gpm. Khcn the  bypass 
flow reaches zero, continue running u n t i l  the heat  ex- 
changer o u t l e t  temperature reaches 65OF. Shut o f f  t he  
hea te r  and t h e  pump/mctor. 
remove the  ice chest .  Refreeze t h e  ice ches t .  

Repressurize the  chamber and 

k. Repeat c., d., e. ,. and g.. 

I. Adjust t h e  hea te r  con t ro l  t o  apply 1500 Btu/hr (440 vo l t -  
amperes) to  t h e  LCG simula.tor. 

m. When the  o u t l e t  temperature of t h e  LCC s imula t ion  reaches 
76OF pres su r i ze  t h e  bladder t o  20 psia. 

n. Adjust t h e  hea t  exchanger f!w valve and bypass flow 
va lve  t o  maintain t h e  LCG inlet temperature 
at 7OoF and the  system flow a t  0.5 Gpm. When t he  bypass 
flow reaches zero,  continue running u n t i l  tnc h r a t  ex- 
changer o u t l e t  temperature reaches 8OoF. Shut off t h e  
h2clter and t h e  pump/notor. 
and rrnove the  i c e  ches t .  Refreeze the i ce  chest.  

Repressurize the  chambcr 

0.  Repeat k., l., m., n., except ad jus t  hea t e r  cont ro l  t o  
7S0 Btu/hr (220 volt-anperc-j  and pressur ize  the bladdcr 
d tcn  the  o u t l e t  temperature of the LCG s i r**l ln tor  reaches 
88OF. Adjust valves t o  r a i n t s i n  t h e  LCG i n  - 
b L  tempcrn*rirc :.L 85°F ,-.ncl shut do-.m uhcn the heat cx- 
changer c.. L .CI. t eapern tur r  r e x i i - s  900F. 
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5.1.4 

5.2 

5.2.1 

Test I cqu i  remen t s - 

ECS- 2124- L-079 

Each of t h e  tests must be run u n t i l  t he  hea t  exchanger out- 
let  temperature cannot be m i n t a i n e d  a t  t h e  s p e c i f i e d  tem- 
perature.  
t €me : 

For each run record t h e  following condi t ion  v s  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

Heater vo l t age  
Heater amperage 
System flow 
Heat exchanger flow 
Pump i n l e t  p ressure  
Bladder pressure  
Heat exchanger i n l e t  p ressure  
Heat exchanger o u t l e t  p ressure  
Heat exchanger i n l e t  temperature 
Heat exchanger o u t l e t  temperature 
LCG i n l e t  temperature 
LCG o u t l e t  temperature 
Vacuum chamber pressure  

Evaluation of Water Boi le r  Freeze/Thaw Performance 

Instrumentation and Equipment 

! & Y -  I t e m  Range Accuracy 

1 

1 
1 
1 
1 
1 
1 
1 
4 
1 
1 
1 
1 

4 

DC Power Supply 

DC Voltmeter 
DC Ammeter 
AC Voltmeter 
AC Ammeter 
Flowmeter 
Flowmeter 
Flowmeter 
Pressure Gauge 
Pressure Gauge 
Coolant Pump 
Heat Load 
LBN Thxmocouple 

Readout 
Thermocouple 

0-30 VDC @ 3 
ampere 

0-30 VDC 
0-3 ampere 
0-120 VAC 
0.10 au.pere 
0-0.1 gpm 
0-0 .425 gpm 
0-0.58 gpm 
0-30 p s i a  

0.48-0.53 gpm 
0-2000 Btu/hr 
O-lOO°F 

0-20 mllg ABS 

0- 100dF 

- + 0.1 volt  

+ 0.05 v o l t  
+ 0.U5 ampere 

+ 0.1 aDpere 

- + 0.025 833 

+ - 0 . 0 5  p s i  
- + 0 . 0 5  mr3g 
- + 0.02 gpm 
- + 20 Btu/hr 
- + 0.4'F 

- 
- - + 1.0 vol t  

- + 0.005 g?a 

- + 0.025 gpz 

- 

- + 0.1OF 
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5.2.2 

5.2.3 

Test  Set-up 

EC5-2124 -L-079 

This test is performed on Rig 25 i n  t he  Space Systems Depart- 
ment Space Laboratory. 
t he  test set-up. 

Figure 1 schematically i l l u s t r a t e s  

Tesr Procedure 

a. 

b e  

C. 

d. 

e. 

f .  

h. 

A. 

9. 

I n s t a l l  t he  i c e  pack heat  exchanger assembly i n  t h e  vacuum 
chamber of Rig 25 and plumb the  hardware and wir ing per  
Figure 1. 

Close the  vapor passage valve. 

Se t  t he  power supply t o  27 vdc and s t a r t  the pump/moto)r. 
Close the  bypass flow valve. Open the  flowmeter bypass 
valve. Adjust t h e  heat exchanger f!,rw valve t o  obtain a 
system flow of 0 . 5  gpm. F i l l  system with h a t e r  through 
a i r  bleed vent valve.  Close water f i l l  port  valve and 
air bleeci vent valve and pressure  pump i n l e t  t o  5 psig.  

Check thermocouples T i ,  T2, T3, T4. 

Switch the  bladder  cont ro l  valve to  vacuum. 

C h i l l  t h e  system to  45'F using an extern21 cooling pack 
appl ied t o  heat exchanger. . 

I n s t a l l  an insu la ted  frozen water b o i l e r  w i t h  t he  two 
vapor passage vents  plugged onto the  heat  exchanger 
assembly. 
mmHg (0.1 micron). 

Adjust the  hea te r  cont ro l  t o  apply 2000 Btu/hr (587 v o l t  
amperes) t o  the  LCG simulator.  

Close the  vacuun chamber and evacuate t o  10-4 

When the  o u t l e t  temperature of the LCCI s imulator  reaches 
5B0F pressur ize  the  bladder t o  20 psia .  

Adjust the  heat  exchanger flow valve and bypass flow 
valve t o  maintain the  LCG i n l e t  temperature 
a t  503F and the  system flcw a t  0.5 gpm. M ~ c n  thc  bypass 
flow reaches zero, cont inuc runr , lng u n t i l  the heat cs- 
changer o u t l e t  temperature reaches 6S°F. Shut  o f f  the  
hea ter  and the  pump/motor. 
remove the  i;e chest. Refreeze thc  i c e  chk.st .  

Repressurize the- chaaber and 
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5.2.3 

3.2.4 

Test Procedure - Continued 

ECS-2124-L-079 

k. Repeat c . ,  d., e., and g.. 

1. Adjust t he  hea te r  con t ro l  t o  apply 1300 Btu/hr (440 vol t -  
amperes) t o  t h e  LCC simulator.  

m. When the  o u t l e t  temperature of the LCC sictulation reaches 
76OF pres su r i ze  t h e  bladder t o  20 ps ia .  

n. Adjust t h e  heat exchanger flow valve  and bypass flow 
va lve  t o  maintain the  LCG inlet  temperature 
at 70°F and t h e  system flow a t  0.5 gpm. 
flow reaches zero ,  continue running u n i t 1  t h e  hea t  ex- 
changer o u t l e t  temperature r :hes 80°F. Shut o f f  th'c 
h e a t e r  and t h e  punp/n.otor. b , r e s s u r i t e  t he  cnacbcr 
and remove t h e  i c e  chest .  Refreeze the  i c e  chest .  

When t h e  bypass 

0.  Re eat  k., l., m., n., except adjusc hea te r  con t ro l  t o  g 75 F Rtufhr (220 volt-amperes) and p res su r i ze  the  bladder 
when the  o u t l e t  temperature of t h e  LCC simulator reaches 
88'F. 
let  temperature a t  85OF and shut down when the  hea t  ex- 
changer o u t l e t  temperature reaches 900F. 

Adjust va lves  t o  maintain t h e  LCG i n  - 

Test Requirements 

Each of t he  tests must be run u n t i l  t h e  hea t  exchanger out- 
le t  temperature cannot be  maintained a t  t h e  spec i f i ed  t e m -  
pera ture .  
t i m e  : 

For each run record the  following condi t ion  v s  

1. 
2. 
3. 
4 .  
5 .  
6 .  
7. 
8. 
9 .  

10. 
11. 
12. 
13. 

Heater vo l t age  
Heater amperage 
System flow 
Neat exchanger flow 
Pump i n l e t  prcsaure 
Bladder pressure 
Heat exchanger i n l e t  pressure 
Heat exchanger o u t l e t  p ressure  
Heat exchnnCer i n l e t  temperature 
Heat exchanger o u t l e t  temperature 
LCG i n l e t  t enyera ture  
LCG o u t l e t  temperature 
Vacuum chamber pressure  
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5.3 

5.3.1 

5.3.2 

n3.3 

Evaluation of Water Boilcr Boil ing Performance 

Ins t runent a t  iEn and Equipment 

Item 

1 

1 
1 
1 
1 
1 
1 
1 
4 
1 
1 
1 
1 

4 

DC Power Supply 

DC Voltmeter 
DC I\mrr.eter 
AC Voltmeter 
AC Ammeter 
Flowme t e r 
Flotjme t e r 
Flowme t e r 
Pressure Gauge 
Pressure  Gauge 
Coolant Pump 
Heat Load 
L&N Thermocouple 
* Readout 
Thermocouple 

Test  Set-uE 

Ranne 

0-30 VDC @ 3 
ampere 

0-30 VDC 
0-3 ampere 
0-120 VAC 
0-10 atapere 
0-0.1 gpm 
0-0.425 gpm 
0-0.58 gpn 
0-30 p s i a  
0-20 mnHg ABS 
0.48-0.53 gpm 
0-2000 Rtu/hr 
0-1OO0F 

O-lOO°F 

m-2124-L-079 

Accuracy 

+ 0.1 wlt 

c- 

- 
+ 0.05 volt  
+ 0.05 ampere 

+ 0.1 ampere 
+ 0.005 gpm 
- + 0.025 gpm- 
+ 0.025 gpm 
- + 0.05 p s i  
- + 0.05 mmHg 
- + 0.02 gpm 
- + 20 Btu/hr 
- + 0.4OF 

- - f 1.0 v o l t  

- 
- 

+ O.l°F - 

This t e s t  is performed on Rig 25 i . 1  t h e  Space Systems DtQart- 
ment Space Laboratory. 
the test set-up. 

Figure 1 schematicall,? i l l u e i r a t e s  

Test Procedure 

a. I n s t a l l  the  ice  pack heat exchanger assembly in the  vacuum 
chamber of Rig 25 and plumb the  hardware arid wiring per 
Figure 1. 

b. 

e. 

Close the  vapor passage valve. 

Se t  the  power supply t o  27 vdc and s t a r t  the  pump/notor. 
Close the  bypass flow valve.  
valve.  Adjust the  heat exchanger flow valve t 3  ob ta in  
a system flow of  0 . 5  g p z .  
a i r  b l e e d  vent valvc. Close water f i l l  por t  valve and 
a i r  boeed vent valvc And pressure pump i n l e t  t o  5 psig .  

Open the  flowncter bypass 

F i l l  system w i t h  v;rter through 

d. Check thernocouples T i ,  T2, T3, T4. 
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Test 1'1-occ dur- - Continued --- - 5.3.3 

e. Switch the  bladder  cont ro l  va lve  t o  vacuum. 

f .  l u s t a l l  an insu la ted  unfrozen vater b o i l e r  on thc  hea t  
exchanger asser:!d y .  
hook up t o  the vacuum l i n e .  

Unplu;; t he  vapor passage veri t s and 

g. Close the  vapor pas age valve. Close t h e  vacuum chamber 4 and cv?crmtc t o  10 t.Air. (0.1 nicron) .  Pressur ize  the  blad- 
d e r  t o  20 psia .  
Adjust t he  hca ter  con t ro l  t o  apply 2000 B t u h  (587 v o l t  
amperes) t o  the LCG s imulator .  

h. 

i. Open t he  vapor passage va lve  and run u n t i l  t h e  hea t  eR-  
changer o u t 1  t temperature s t a b i l i z e s .  

j. Adjust the  hca tc r  con t ro l  to apply 1503 F;tu/hr (440 vol t -  
amperes) t o  t h e  LCC simulator.  

k. Run u n t i l  t he  !!cat exchanger o u t l e t  t enpcra ture  s t a b i l i z e s .  

1. Adjust t he  hcntar  con t ro l  t o  apply 7 5 0  P,tu/hr (220 vol t -  
amperes) t o  the  LCG s imulator .  

m. R m  u n t i l  t hc  heat exchmp.er o u t l e t  temperature s t a b i l i z e s  
or  reaches 32*F. 

n. Shut off the  hea te r  and r ep res su r i ze  t h e  chamber. 

0.  Switch the bladdcr con t ro l  valve t o  vacuum. 

p. Replug one of the vapor pa.;sage ven t s  

q. Close the  vapor pas valve. Close t h e  vacuum chanbcr 
and evacuate t o  JO-'azAiHg (0.1 n ic ron) .  
de r  to 20 ps ia .  

amperes) t o  t he  1 .G siciularsr .  

Pressur ize  the  blad-  

r. Adjust the hea tc r  coii trol  t o  A p p l y  750 Stu /hr  (220 vol t -  

s. Run u n t i l  the  k a t  exchange o u t l e t  tempcrJturc s t z h i l i z c s .  

t. Adjust the hcaLer con t ro l  t o  applv IS00 Btrr/hr (4160 vol t -  
ainpcrts) t o  the LCG siniulittor. 
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5.3.3 

593.4 

ECS- 2124 - L-079 

Test P r o c c d r E  - Continued 

v. Shut of f  the  hea te r  and pump/notor. Repressurize t h e  
chamber and remove the  water ba i l e r .  

Test  Requirements 

Each of the tests mast be run u n t i l  t he  heat exchanger o u t l e t  
temperature has  s t a b i l i z c d  o r  reached 32’F. 
record the  following condi t ions  v s  t i m e :  

For each run 

1. 
2. 
3. 
4. 
5.  
6. 
7. 
8. 
9.  
10. 
11. 
12. 
13. 
14.  

Heater vol tage  
Heater amperage 
System flow 
Heat exchanger flow 
Pump i n l e t  p ressure  
Bladder pressure  
Heat exchanger i n l e t  p ressure  
Heat exchanger o u t l e t  p ressure  
Heat exchanger i n l c t  tcmpcrature 
Heat esclranger o u t  Jet temperature 
LCG i n l e t  temp2rature 
LCG o u t l e t  temperature 
Vzcuun chamber pressure 
Vapor passage pressure 
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PERFORMANCE TEST LOG S?EETS 
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