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1.1 Physical and Chemical Properties

Property

Fluid

Hydrogen

H2

Methane

ch4

Propane

Cfs

Temperature of liquid* (°K ) 20.2? 111.7 250.8
Heat of vaporization* ( cal/g mol ) 215 1950 4490
Density of liquid* ( g/l. ) 70.9 425 595
Density ratio ( liq*/gas 300 K ) 865 650 340
Density of saturated gas* (g/l. ) 1.34 1.76 2.1
Diffusion coefficient (cm/sec ) 0.63 0.2 0.1
Limits of flammability (in air)** 4-75 5.5-15 2.2-9.5
Limits of detonability (in air)** 18-59 6.3-13.5
Ignition temperature ("c) 585 557 466
Ignition energy (mj) 0.02 0.45 0.25
Heat of combustion (kcal/mol) 68 213 550
Flame temperature (°C) 2045 1875 1925
Emissivity of flame 0.10 1.0
Quenching distance (1 kg/cm) (cm) 0.06 0.25 0.20
Flame velocity (cm/sec) 270 57 41

* Normal boiling point.
** Per cent by volume.
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3 1 4/H

Liquefaction rate (internal) 5 1

Pressure "before expansion 5 2 atm

(Pro—cooling temp.

6 3 mean )

Compressor output 1 2 5 M/H

Liquefaction efficiency

Corresponding to yield.

of 3 1 4/ H at 15 °C out—

side temperature 0.2 0 4

Liquefaction efficiency

calculated from enthalpy

data for 6 5 and 5 2 atm 0.2 1 4

Liquid nitrogen consumption 1.2 4/^ LH,
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^Okg/cmz compressor

6 6 kg/emz c ompre s s or

2.1 0 Plan view of layout
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Hydrogen inlet

Recycle hydrogenNitrogen vaconr 
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Hydro gen/n 11 r o gen 
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Final heat exchanger 
(jonle-Thomsor)

linnid normal hydrogen ....

T-iquir] t)ara h.ydroren
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# /i/ y « 7 atojgfbso'ttig

Cycle 1 Cycle 2

Throughput 8 4,1 8 4.3 5

Production rate 3 3.7 3 7. 2

Para—hydrogen concentration % 8 5-9 0 8 5-90

Fractional liquefaction, measured 0,1 5 9 0.1 7 0

Fractional liquefaction, theoretical 0.1 6 5 0.1 6 6

Pre—coolant temperature 6 4.5 6 4.5

Cycle operating pressure , measured

at the expansion valve K%/W 1 1 0 1 6 3

Final heat exchanger Warm end tem­

perature difference 4 4
Ortho—para—hydrogen converter data ;

orifice mean diameter , 0.1 4 5 0.1 3 5

Over—all pressure drop for converter

chain K%/W 2.0 7 2.0 7

Pressure differential "between the

Condensation coil and the liquid

hydrogen dewar K%/W 2.6 2 2.7 6

Liquid nitrogen consumption Z/ 2.9

Transfer losses , # of total produc­

tion
9. 0

Total power consumption KW^LH% 2.5

2 6 —
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12. 6 **oES&

# m ^ & is m®m mnv&wt.

:Z»M
Ex.
2NH, -3H, +N, ( 9 25-980 °C ^ 

OHOH-.0O+2H, ( 0^7 6 0 °0 >
(DT^ 3 x

Hz 0 —>% +^02
### t L"( 1 0-25 ^##(D NaOH##^

2 He 4-3% 0-^H820, 4-3%
3P84-4Hz0-tFe,04 4-4H,
( 2-3Kg/c^, 9 5 5-9 8 0°0 )

OnHnH-aiHzCM
n004-( 0.5m4-n ) %

(1-20K%/od, 7 05-925 °0 )

) *S#£ Lt. ililtl

2>S#S% *L t*ESi £©S:lSiC4: 5, *tt»*x (

com )*£j$3 *.. 3 btiC OOtt-S<fcK*e-ffcS 
(tii co,+ht£i£-*--So (oo+ao^oa+n )

OnHnH—g'nCk -»n004-^mHz 

(20-42K%/W, 1 100-1480 °0 )

^fkTo#

fk34N ( 004% ) 3rAl&f 6o ^fk*#

Ex.
0% ->04-2Hz (640-980 °0 ) 00z ##y3 4r%^(4^o

C4-Hz0 -»004-%
( 1 0 0 0-1 1 0 0 °0 /

zS&L* 3 - o x i*ti5KK**8iaL tgftS 
3**6 »*x ( cot-H, )> #» o

Ooke—oven gas 3 - >> ^ 7n
&i-6o C(DXf7.4KD*#^^M:# < ^ m^#fkt

Refinery Off gas ####^5#fk# 7o -t -((DMM# t L



2. 7 ■tKmtftm&mK. t&7jc***^<om.6f

^fkzK# ^ £8-ffc**0
s » m -ft

Refinery
Off Q-as

Coke oven
Gas

^ U9 A 0.0 0 2 - — — —

* # 9 5.0 9 5.5 9 9, 7 6 8 0.9 5 5 6,9

a * 0.5 0.4 0.1 4 0 — 0.0 6 4,5

—rntfitm 1.4 2.4 — 0—0.2 5,0

T > — 1.1 - — -

# m *— — 0,1 0 0—0.0 2 0.9

y ^ > 5. 3 0.6 5 0 ppm 4 —' 9 2 8,6

x ^f- \/ y — — - — 2,8

X ^ > — — — 2—7 1.3

y n y< > - — — 0—2 —

7' ^ > — — - 0 — 0. 3 —

— — - 0. 2—2.0 —

^ > 4: > — - — 5 0 Oppm
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Nz Vapor

From
LiquefierCompressor

REFRIGERATION
DRIER

ADSORPTION
PURIFIER

hi 2.1 2 Refrigeration purifier of the NBS hydrogen liquefier.The illustration
includes an associated adsorption purifier to show the source of refrigeration
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2.8 ®<**«*SE*^ 'S {>

Location Type Capacity (if ) Inner Wall Insulation Boil off 
(# /&ay)

Loo Alamo8 Scientific
Laboratory, Univ. of
California
Loe Alamo8
New Mexico

Double Wall
Sphere

❖

200

1,900

8U8 Evacuated
Perlite

❖

0.2

USA? LEg Plant
West Palm Beach
Florida

❖ 380 — — —

L'Air Liquids
LB Plant
Frai8 Marais, Nord

— 50 -
Evacuated

Perlite
—

Air Products
New Orleans
Louisiana

— 3,870 — ❖ 0.5

Union Carbide
Linde Division
Sacramento
California

— 3,000 —

Multilayer

Insulation
0.1
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GAS PRESSURIZATION

ANNULUS RUPTURE DISE^

ACCELEROMETER AN&j 
MICROPHONE -^7

TIE AND SWAY RO

LIQUID OUTLET

INSTRUMENTATION PASS THROUGH

«■—THERMOCOUPLES ON OUTSIDE
\ OF INNER SHELL

THERMOCOUPLE RAKE

f T^PERLITE FILL

#—DISPLACEMENT GAGE

/"REFLECTO METER LEVEL SENSOR

PLATINUM RESISTANCE PROBES 
I PLUS CARBON RESISTORS

PERLITE PRESSURE GAGES

t \|QUID FILL

INSTRUMENTATION PASS THROUGH

2. 1 4 Cutaway view of a 500,000-gal liquid hydrogen dewar showing instrumentation.
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GAS REC0VERY/4)ISP0SAL
REMOTE VENT TYPICAL

PRIMARY RELIEF

CASING
RELIEF

SECONDARY RELIEF

(LOCK & BLEED
STORAGE
TANK

FUEL TANK
PRESSURE BUILDING 

CIRCUIT

-- 4? ^REMOTE L j
COMMON GROUND CONTROL

EMERGENCY
FILL VALVE

2.1 5 Liquid • hydrogen transfer system
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# % ^

* 2 7 3 °K

5 4.4

6 3.1 5

X ^ > 9 0,6 8

— 6 8.1

T 71/ 3* > 8 4.0
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LIQUID
NITROGEN VAPOR PHASE 

CONVERTERS

J-T
VALVE

THIS^
VALVE
CLOSED

77 ZZ
ILICA GEL COIL

LIQUID PHASE 
CONVERTER

LIQUEFIER PURIFIER REFRIGERATION
DRIER

3.3 Schematic of liquetier. (1,2,3, and 4 are ports suitable for injection 
of hydrogen-hydrocarbon gas mix or withdrawing gas samplms 
tor analysis.)



^ 5. 2 Summary of Experimental Data

Run
Injection

point
Injected gas, 

mol %

Injection
flowrate,
cc/min

Calculated vpm 
hydrocarbon 
to J-T valve

Plugging
time, min Product analysis

1 1 100% CH* 500-1000 27-54 <15 Pieces settled out of liquid, N.A.

2 1 100% CH, <600 <32 <10 N.A., N O.
3 1 10% CH* in 1000-2000 5-11 <15* —

4 1 0.08 %CH* in H; 146,000 6 * Very slightly cloudy; N.A.
5 1 0.08 %CH* in H% 820,000 35 slight plugging at i-T valve Pieces settled out; N.A.

6 1 0.08% CH* in H, 520,000 23 # Pieces settled out; N.A.
7 3 0.08% CH* in H% 160,000 7 * Pieces settled out, 55.8 vpm

8 2 0.47% CH* in Hz 38,500 10 * Pieces only on walls, 47.7 vpm
9 1 0.47 %CH^ in H% 39,000 10 * Pieces settled out; N.A.

10 3 0.47% CH* in Hz 39,000 10 < 5, injection line plugged N.A.
11 - 1 0.17% Cz H^ in H% 17,000 1.5 t Product liquid clear; N.A.

12 1 0.17% Cz H* in Hz 35,000 3 t Product liquid clear; N.A.
13 I 0.17% Cz H<, in Hz 70,000 6 t Product liquid clear; N.A.

14 I 0.17% Cz ^ in Hz 140,000 13 t Product liquid clear; N.A.
15 1 0.17% Cz He in Hz (300,000) 27 t Product liquid clear; N.A.
16 1 0.17% Cz He in H% 940,000 85 12 1.7 vpm

17 3 0.17% Cz He in Hz 17,000 1.5 7 0.66 vpm
18 3 . 0.17% Cz He in H% 34,000 3 0.5 N.A.

* 15-20 min with no signs of plugging.
X Deposition occurring but no plugging evident in 10—15 min.

N.A. = Not analyzed. 
N O. = Not observed.
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20 _ 30
—-—^

^$0 50 60 7

O 50 kg/cm', oio kg/cm1 , X 35 Kg/cm\ + 20 kg/cnf,

025 Kg/crrf, V 5 kg/cm2, 0) 30 Kg/cm\ Ais kg/cm\
A2S kg/cm% ®1.3 kg/cnf ^ o'25 kg/Cfrf, Y 12. 5 kg/cm\

03.5 c, i-isobars of HrN2-mixture



3. 5

Temperature Mole Pressure
(°K) concentration ( % )

3 2.5 7. 0 X 1 0 -6 1 5.3
3 2.0 1. 6 X 1 0 -5 1 7 0
5 2.0 2.6 X 1 0 -5 1 4. 5
3 2.0 6. 8 X 1 0 -o 1 3. 0
3 1.5 8. 0 X 1 0 1 5. 5
3 0.3 9. 4 X 1 0 -6 1 2.2
3 0.3 % 4 X 1 0 -6 1 2.0
3 0.0 5. 5 X 1 0 -6 1 0. 0
2 9. 5 4. 0 X 1 0 -6 1 1. 0
2 9. 2 4.2 X 1 0 -6 1 2.0
2 9. 0 5 6. 6 X 1 0 -6 1 1. 0
2 9. 0 7. 4 X 1 0 -6 1 1. 0
2 9. 0 3. 8 X 1 0 -6 9. 5
2 8.5 3. 5 X 1 0 -6 1 1. 7
2 8.5 4.0 X 1 0 -o 1 0.0
2 8.5 4. 9 X 1 0 -6 -
2 8.0 5.4 X 1 0 -o 1 1. 0
2 7.5 1. 7 X 1 0 -6 1 3. 2
2 7.5 1. 1 X 1 0 -o 1 1. 0
2 7.0 1. 1 X 1 0 -o 8. 9
2 7. 0 1. 1 X 1 0 7. 5
2 7.0 2.5 X 1 0 ~6 7. 4
2 7.0 1. 8 X 1 0 -e 7. 0
2 7.0 2. 5 X 1 0 ~6 6. 8
2 7.0 2.7 X 1 0 -o 6. 0
2 6.5 1. 4 X 1 0 -6 1 3. 5
2 6.5 4.0 X 1 0 "7 1 0. 0
2 65 9. 5 X 1 0 -7 8. 2
2 63 4.4 X 1 0 -7 1 6. 5
2 6.3 5.4 X 1 0 -7 6. 0

4 9 —



^ 3. 4 H, -O2 ##

Oxygen-hydrogen isobar at 15|%f
Temperature Partial pressure Concentration

(%) (mmHg) (96)
5 3. 0 1.4 0. 0 1 3
5 2.0 0.9 1 0. 0 0 8 0
5 0.9 0.7 5 0. 0 0 6 5
4 9. 7 0.8 3 0. 0 0 7 3
4 & 9 0.4 7 0. 0 0 4 7
4 & 0 0.3 1 0.0 0 2 8
4 6.0 0. 1 6 0. 0 0 1 4
4 4.0 0.0 9 0 0. 0 0 0 7 9
4 0.0 0. 0 1 3 0. 0 0 0 1 1

Oxygen-hydrogen isobar at 10%f
Temperature Partial pressure 

(mmHg)
Concentration 

( 9^)
5 4.7 2.6 0. 0 3 5
5 2.0 0.8 5 0.0 1 1
4 % 1 0.2 9 0. 0 0 3 8
4 7. 1 0. 1 5 0. 0 0 2 0
4 5.8 0. 0 9 3 0. 0 0 1 2
4 4.0 0. 0 4 9 0. 0 0 0 6 3

Oxygen-hydrogen isobar at 5*
Temperature

(°E)
Partial pressure

(mmHg)
Concentration

(*)
5 4.7 1. 8 0. 0 4 8
5 2.2 0.6 5 0.0 1 6
4 9. 1 0. 0 2 1 0. 0 0 5 6
4 7. 1 0. 0 8 3 0. 0 0 2 2
4 5.8 0.0 6 6 0. 0 0 1 7
4 4. 0 0. 0 3 6 0.0 0 0 9 7
4 2.0 0. 0 0 8 6 0. 0 0 0 2 2
4 1.4 0. 0 0 7 6 0. 0 0 0 2 0
4 0. 0 0. 0 0 3 6 0. 0 0 0 1 2

-50-
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5. 7 Gauge failure attributed to hydrogen embrittlement.
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5.8 Glass-Window Failure Equipment.
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iiis.v End ot liquid-hydrogen tank otter the 1-inch plate 
glass window was shattered with 1-inch steel ball
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Target High-voltage- Thyratron Time interval
dc supply relay counter

Light sources Photocells

Battery

Pressure
gage

Compressed-gas_y
gun barrel
(ginch pipe)

Quick-opening 
solenoid val

Storage
cylinder

driving-gas 
supply cylinder

3.1 o Schematic Layout of the Compressed-Gas Gun and Velocity-Measuring Equipment.



ELAPSED TIME , seconds

^3.11 Pressure Produced by^:Vi%geof 10 
Liters of Liquid Hidrogen Into an Uin­
vented, Evacuated JUG, . ''i,amber.
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3.12 Blockhouse used in



0 3.13 Blockhouse interior and 75-liter dewar after ignition ot vapors from
40 liters of liquid hydrogen.(Ignition by electric-match about 30 seconds 
after rapid spillage of liquid hydrogen.)
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3.14 Lett wall of blockhouse
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% ^

3. 1 5 Bourdon Gage Damaged by Hydrogen- Air Explosion in Blockhouse. 
Undamaged gage photographed fpr comparison purposes.



# Ignition with detonator
# Ignition with electric

match

QUANTITY OF LIQUID HYDROGEN SPILLED , liters

$.16 Maximum Pressure Rise Obtained During Combustion of Vapors 
from 10 to 40 Liters of Liquid Hydrogen Spilled in a 21- by 
13.3- by 13.5- Foot Blockhouse. ( Time of ignition : 10 seconds 
after spillage except for 20- and 40- liter spills which were 
2 and about 30 seconds, respectively.)
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DETAIL OF HAMMERS FOR
IMPACT EXPERIMENTS

PISTON(2)

CHAMBER 9 LONGx5 WIDE 
x6*DEEP

DETAIL OF CHAMBER 
FOR CONFINED 
EXPERIMENTS

BREAKERS ARE COMMON 
TO ALL EXPERIMENTS 
EXCEPT IMPACT

PHOTOMULTIPLIER
TUBE FASTAX

CAMERA

VENT

\xlOLG.r LINE
TO" VAC 
SYSTEM

nor WIRE

INSTRUMENTATION —HELIUM 
BOTTIE SECTION

A- A
GROUND LEVEL

A

4.1 Schematic arrangement ot the apparatus.
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VACUUM TANK
-y^..p<j -.- '

FASTAX AND BOLEX CAMERAS

TO IGNITION SOURCETO TIMING 
CONTACTS TO BREAKER PISTONS

SEQUENCING
SWITCH

EEITHLY
ELECTROMETER

EEITHLY
ELECTROMETER

MINN. HON 
#1012(MODEL S?04 f OSCILLOSCOPE
visicoRDm

OSCILLATOR

Schematic diagram of the instrumentation
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4. 1 Experimental program, unconfined, propellants.

COMBINATION I LIQ,UID-LIQ,UID "X" (UNCONFINED)
5 5 m/TM, 6 5 nz-nL 7 5

0

8 PY LM AB T0 EL I

WIH
E

spARK

F
L
A
M
E

I
M
PACT

8
YMB0L

PL
A
TE

W 8I PR AE RE

F
L
A
ME

IM
P
AC
T

8Y
MB0
L

P
L
A
TE

WIRE

8
P
ARK

F
L
AME

IM-
p
AcT

.2 Ai I r:; JZZZ X Bi X Ci XU' ■A- *m

.5 A2 I !, • X X Bz X c2 X
1.0 As | ^"-i 5S3 X Bs X Os X
5.0 X X Bi X Ci am d

COMBINATION ]f 80LID^-LIQUID "X" (UNCONFINED)

4 5 ?%,?%, 3 0 1 0 #%.???, (
.2 Aj X EYE X Bi X a* y.,-: am Ci X I X X X X
5 Ag I CZZTZZT X Bz mm......... Cz X X X m X

1.0 As ## X Bs X mm X Cs X I X X m X
5.0 Ai X X Bi X Ci X I * X m X

COMBINATION E SOLID-SOLID "X" (UNCONFINED)
2 7M/7M, 1 0

. 2 Ai X X X — X Bi X - — - C, X — X X X

. 5 a2 X X X — X Bz X X — ~~ Cz X X X X X
1.0 A3 X X X — X Bs X ' - - — g Cs X — X X X
5.0 At X X X - X Bt X X — — - Cl X X X X X



PHOTOMULTIPLIER OUTPUT

PHOTOMULTIPLIER OUTPUT /

I RUN SIXaPHOTOMULTIPLIER 
-------------- OUTPUT

PHOTOMULTIPLIER
OUTPUT RUN SlIXag

'PHOTOMULTIPLIER:

PHOTOMULTIPLIER

TIME

4.2 Pressure-time profiles for various 
ignition sources
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vacuum-jacketed liquid-hydrogen
transfer line

^____-de tonator rod
liquid-Hz stainless _/^steel filling tube

"K liquid-air brass filling tube

liquid hydrogen 
transferred by ^ 
helium gas pressure 
here

6 piezo­
electric 
pressure 

gauges 
detonator-

highspeed cine-70 p.s.i. bursting
wal] discs

0 KV
liquid
hydrogen
solid—

glass
vessel

pressure-
recording
equipment

10 EVtime-
sequence box detonator leads

cine camera triggers
time-sequence box when 
"on speed"

04.3 Schematic arrangement for liquid-hydrogen test,



SS©S»(Ct>»7k#irif XV 1 0 KT @#XA" 7 X##

SrES LffiSf* ?1-B"X3 Z E ff# E IgiZ L X L4 © spark HKWi’fifi ©< 

b^t*3fe0 14. 2 fa Z CXH 4 . 4 Z ©IS** b fa *

JiaKv SEE** 2 0 0 0 0 XEEtt 32 0psi( 2 1.4 K?/ci ) 1#, *

E *® 9 8 0 co t 6 0 0 ~ 8 0 0 psi (42 — 56 U/cd ) if tfc 6 0 (

Tt/Z 0. 1 M5 X'4, 3o )

H±®«I?riat5ift0i5fc4«o —E'lB^iSS©**-

(1) E Z *3 s SftS© x - t #©i§^E

#4. b fa 3@#A E Z 3 ,6*75 Slid; #6* Lie < ©Q Lxa L%* L% ©fa 

if Xti % < A ^ H A E E 3 % © Z S fa fatt‘4 b 7s©0

(2) @%©#Sgkt—|$ffi#X©3*\

•^oi^taOs aii*Cl^t«lt 8 3 * Z'd * tt fa * b & © 0

(3) 5S*SfaS#E, RfSIfltt s ') #-#©#&ts, i>, -+EE$!l@oTfgx- 

4> 3 Z ® fa fa 3 o

(4) E*±#tts *©*©##, ■EfflL7c*SfaZCXE**KZ 9$-ffcE3

©X#E#m%X©E7]* Z©@&E%3*#^X8 %©« g bEx # 

E** E BESS faJxSE E Z i>mmir Z*S>fafct\ MEEA©# 

ES5SE©±#% SlJfa ^ X < 3X4,3 do L* LTefabs *S*ifcSi) L 

T©5@^CIff])iilf - 4 3r*E LX##E3 t Z Z” 5 *

Z © d H P5 % 4> 30

(5) am©czx&3dfa K«$»E^8fWMT$,)h.tfEA±#tt*t*i)N

iifettiZtSo



4. 2 Liquid Teste

Initial pressure

Estimated state at time of firing

- Peak pressure General pres-
Bound "before Volume Stoichio— level, sure level,

Na ignition of liquid metric pro- psia psia
hydrogen, portion of (average of (average of

cc air, # 6 gauges) 6 gauges)

i 8 Vacuum 2 0 0 1 5 No Beaction
00

1 9 Vacuum 200 1 5 0 3 2 1 1 5 7

1 0 Vacuum 2 0 0 1 5 0 32 9 269

1 1 Vacuum 9 8 0 1 5 6 1 9 54 3

1 2 Vacuum 9 8 0 15 8 1 5 5 5 2
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ROUND 10

10 ?5 20
TIME IN MILLISECONDS
DETONATOR FIRED AT t=0

ROUND 11

500 '

TIME IN MILLISECONDS 
DETONATOR FIRED AT t=0

ROUND 12

—PEAK(8!6)

40 15 20
TIME IN MILLISECONDS
DETONATOR FIRED AT t=0

4.4 Typical pressure vs.time curves for liquid explosion
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6o

3!%*# 0#%m t &T om < ftho

Normal Hydrogen 
75# o-H,

20.4 Equilibrium
Hydrogen 0,21# o-H,

P-H,

Molecular weight 2.0 1 6 2.0 1 6 2.0 16

Freezing point 1 5.9 5 °K 1 5. 8 1 °K 1 5.8

Heat of fusion 1 5.8 9 cal/i? - 1 3.9 cal/#

Boiling point 2 0.5 9 °K 2 0.2 7 °K 2 0.5 °K

Heat of vaporization 1 0 6.5 9 cal/# — 1 0 6.5 cal/#

Critical temperature 5 5.19 °K 5 2.9 °K 3 5.0

Critical pressure 1 2.9 8 K,/m' 1 2.7 Kg/W 1 28K/c«r

Critical density — - 5 1 #/^

Liquid density at 20.5 °K — — 7 1 9/1

Vapor density at 205 — — 1.3 #/&

Gas density at 500 °K — - 0.0 8 2 9/1

Molar volume( 8TP) — — 2 2.4 2 0 ^
Liquid—to—gas expansion
ratio

- — 865

Heat of combust ion( net ) — — 578kca]/iiole

Limits of flammability 
in air

— — 4^75vol#
Limits of flammability 
in oxyg en

— - 4^95vol#
Stoichiometric composi­
tion in air 2 9.5 5 vol % — —
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Temperature, ° E

1 1 Pressure-temperature-volume chart tor normal hydrogen gas
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:Boiling Points

Triple Point

TEMPERATURE /E

@1.2 Solid and liquid vapor pressures of the various 
hydrogens



^ 1. 1 VAPOR PRESSURE OF e-H2 (.2 1% ORTHO 

AND 9 9.7 9% PARA AT 2 0.4°K )

Temp,°K
Pressure

Temp-, ^mmHg atm psia
Solid. 1 0 1.9 3 .0 0 2 5 4 .0 3 7 3 1 8.0

1 1 5.6 2 .0 0 7 3 9 .10 9 1 9. 8
1 2 1 5.9 .0185 .2 6 9 2 1.6

1 3 3 0.2 .0 3 9 7 .5 8 4 2 3.4

Liquid 1 4 58.8 .0 7 7 4 1.1 3 7 2 5.2

1 5 1 0 0.3 .13 2 0 1.9 3 9 2 7 0
1 6 1 6 1.1 .2120 3. 1 15 2 8.8

1 7 2 4 6.0 .5 2 3 7 4.7 5 7 3 0.6
1 8 3 6 0.3 .4 7 4 1 6.9 6 7 5 2.4
1 9 5 0 9.5 .6 7 0 4 9. 8 5 2 3 4.2

2 0 6 9 9.2 .9 2 0 0 1 3. 5 2 0 3 6.0
2 1 9 3 5.5 1. 2 3 0 7 1 &0 8 6 3 7 8
2 2 1 2 2 5.7 1.6 1 0 1 2 3.6 6 3 3 9. 6
2 3 1 5 7 0.5 2.0 6 6 4 3 0.3 6 9 4 1.4
2 4 1 9 8 1.8 2.6 0 7 6 3 8.3 2 2 4 3.2

2 5 2 4 6 3.8 3.2 4 1 8 4 7. 6 4 2 4 5.0
2 6 5 0 2 2.9 5.9 7 7 5 5 8.4 5 4 6.8

2 7 3 6 6 5.1 4.8 2 2 5 7 0.8 7 4 8.6

2 8 4 3 9 6.8 5.7 8 5 8 5.0 2 5 0.4
2 9 5 2 2 7. 6.8 7 7 1 0 1. 0 7 5 2.2

3 0 6 16 2. 8.1 0 8 1 1 9. 1 6 5 4.0
3 1 7 2 10. 9. 4 8 6 1 3 9. 4 1 5 5.8
3 2 8 3 8 3. 1 1.0 3 1 1 6 2.1 0 5 7.6
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1.3 Vapor-pressure differences for liquid ortho-para 
It mixtures
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1.4 Vapor-pressure differences for solid ortho-para 
H2 mixtures
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40

1-5 The heat capacity (Cs) ot solid hydrogen
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1.6 Isobars of Cp for compressed solid para hydrogen
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1- 7 The heat capacities Cp,CV, and Cs for liquid parahydrogen
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1 . 2 THE HEAT 0? CONVERSION,

ORTHOHYDROGEN TO PARAHYDROOEN

Temp,

1 0 

2 0

2 0.3 9

3 0

3 3.1

4 0

5 0

6 0

7 0

8 0 

9 0

1 0 0 

1 2 0

1 5 0

2 0 0 

2 5 0

2 9 8.1 6

3 0 0

cal mole 

3 3 8.6 4 8 

3 38.6 4 9 

3 3 8.6 4 8 

3 3 8.6 4 8 

3 3 8.6 4 8 

3 3 8.6 3 4 

3 3 8.4 6 0 

3 3 7.6 1 6 

3 3 5.2 0 0 

3 50.1 64 

3 2 1.7 0 0 

3 0 9.4 4 0 

2 7 4.4 7 5 

2 0 7.1 7 5 

1 0 5.2 0 

4 5.3 1 

1 8.3 5 

1 7.7 1

10 0-
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TEMPERATURE

1- 9 ihermal conductivity of the hydrogens, saturated liquid and gas



^ 1 . 5 THERMAL CONDUCTIVITIES OF LIQUID

HYDROGEN AND DEUTERIUM

Thermal Conductivity
Watts cm_i i X 1 0^

Temp, °K Hy dr o g en D e u t erium

1 6 1 0.8 5

1 8 1 1.3 2

2 0 1 1.7 9 1 2.6 1

2 2 1 2.2 5 1 5.0 3

2 4 1 2.7 2 1 3.4 4

2 6 1 3.1 8 1 5.8 5

2 8 1 3.6 5 1 4.2 7

3 0 1 4.1 2 1 4.69

-10 2



1 0 3

1 order of magnitude

Ortho Deuterium

Normal Deuterium
D.C.B.—p-H,

5 2

11 o Thermal conductivity of the solid hydrogens



4 THE VISCOSITY OF LIQUID HYDROGEN 

AND DEUTERIUM

Temp, °K

Viscosity

Hydrogen
Micropoise

Deuterium
Micropoise

1 5 2 3 4

1 6 2 0 9

1 7 1 8 8

1 8 1 7 0

1 9 1 5 5 4 8 8

2 0 1 4 2 4 2 0

2 1 1 3 1 3 7 4^

2 2 3 4 0

2 3 3 1 0

2 4 2 8 4

10 4-
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1, 5 THE DIELECTRIC CONSTANT OF LIQUID

HYDROGEN AND DEUTERIUM

Temp., °K

Dielectric Constant

Hydrogen Deuterium

1 4 1.2 4 8

1 5 1.2 4 4

1 6 1.2 4 1

1 7 1.2 3 7

1 8 1.2 3 4

1 9 1.2 3 0 1.2 8 1

2 0 1.2 2 7 1.2 7 7

2 1 1.2 2 4 1.2 7 3

2 2 1.2 2 0 1.2 6 9

2 5 1.2 1 7 1.2 6 5

2 4 1.2 1 4 1.2 6 1

2 5 1.2 5 7

10 6 —
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SOLID and LIQUID

solid
COMPRESSED LIQUID

liquid

SOLID and VAPOR

LIQUID and VAPOR

TEMPERATURE ,*K

12 Parahydrogen, Dielectric constant for saturated sol id and liquid



Latent Heats for n— and p—H2

T, K Latent Heat of Vaporization, ca]/4nol

Manual Para Difference

1 4 2 1 9.9 2 1 7.1 2,8

1 5 2 2 0.7 2 1 8-3 2.4

1 6 2 2 1.1 2 1 8.5 2.6

1 7 2 2 1.1 2 1 8.4 2.7

1 8 2 2 0.6 2 1 7.9 2.7

1 9 2 1 9.6 2 1 6.8 2.8

2 0 2 1 8.0 2 1 5.2 2.8

2 1 2 1 5.7 2 1 2.5 3.2

2 2 2 1 2.7 2 0 9.5 3.2

2 3 2 0 8.9 2 0 5.6 3.3

2 4 2 0 4.2 2 0 0.8 3.4

2 5 19 8.5 1 9 5.0 3.5

2 6 1 9 1.5 1 8 7.8 3.7

2 7 1 8 3.1 1 7 9.2 3.9

2 8 1 7 3.0 1 6 8.7 4.3

2 9 1 6 0-6 1 5 5.8 4.8

3 0 1 4 5.2 1 4 0-1 5.1

5 1 1 2 5.4 1 1 9.8 5.6

3 2 9 0.8

10 8-
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1. 7 Fixed Point Values for the Hydrogens

Triple Point
Hydrogen
Modification Author T , K P, mrnRg

o-Hg Woolley , et al. 1948 (14.05) (55.1)
n-H% Woolley * et al. 1948 13.957 34.04
p-HZ or Roder , et al. 1965 13.803 52.82
o-D^ or Woolley et al. 1948 18.691 128.5

Kerr et al. 1951 18.63 127.56 Hoge and Arnold 1951 
Hoge and Lassiter 1951

18.691 128.5
n-Dp Woolley et al. 1948 18.72 128.5

Grilly 1951 18.73 128.6
Friedman et al. 1951 
Grenier and White 1964

18.72
18.698

128.5
Prydz 1967 18.71 .128,J

P-Dg Woolley et al. 1948 (18.78) (128.5)
75.1 Grenier and White 1964 

Grenier and White 1964
18.781
18.787

preferred values

Normal Boiling Critical Point
Point
(?60 mmHg )
T , K T , K P , mmHg
(20.454)
20.39 32.1% 286i
20.268 52.976 9696.8
23.52
23.59
.22,63.

38.262 12374.
23.57
23.57 38.35 12488.
23.66

(23.66]
JBa3L 12488.



1. 8 Fixed Point Properties of Normal Hydrogen

PROPERTIES 1 rnxmT'T'Tnxrc: Triple Point Normal Boiling Point Critical Standard Conditions
Solid Liquid Vapor Liquid Vapor Point ft STP((TC) NTP(20*C){

Temperature (E) 13.957 20.590 53.19 273.15 293.15
Pressure (mmHgj 54.04 760 9865 760 760
Density (mole/cn^ )x!0^ 43.01 38.30 0.0644 35.20 0.6604 14.94 0.04460 0.04155
Specific Volume (cn^/mole)x!0 0.02525 0.026108 19.919 0.028409 1.5143 0.066949 22.423 24.066

1.00049
FVCompressibility Factor , — 0.001621 0.9635 0.01698 0.9051 0.3191 1.00042

Heats of Fusion & Vaporization (j/mole) 117.1 911.3 899.1 0 —

Specific Heat 
(j/^nole-E)

Cs , @ saturation 5.73 13.85 -46.94 18.91 -33.28
Cp , @ constant pressure 13.23 21.22 19.70 24.60 28.59 28.89
Cv , @ constant volume — 9.53 12.52 11.60 13{2 (19.7) 20.50 20.40

Specific Heat Ratio , T=Gp/Cv —'—- 1.388 .1.695 1.698. 1.863 (laree) 1.408 LI.416
Enthalpy (J/^iole) 321.6 438.7 1350.0 548.3 1447.4 1164 7749.2 8324.1
Internal Energy (j/inole) 317.9 435.0 1234.8 545.7 1294.0 5477.1 5885.4
Entropy (j/nole-E) 20.3 28.7 93.6 34.92 78.94 54.57 159.59 141.62
Velocity of Sound (m/sec) 1282 307 1101 357 1246 1294
Viscosity (N-secyW^)x!0^ 0.0256 0.00074 0.0133 0.00111 (0.0035) 0.00834 0.00875

(centipoise)# — 0.0256 0.00074 0.0133 0.00111 ToTocmfl 0.00834 0.00875
Thermal Conductivity (mW/cm-E) , k 9.0 0.74 0.105 1.00 L 0.165 M 1.759 1.842
Prandtl Number , Npr=niCp/k 2.27 0.742 1.30 0.821 0.680 0.681
Dielectric Constant ,t 1.287 1.253 1.00039 1.231 1.0040 1.0957 1.000271 1.000253
Index of Refraction , n=V6 t 1.134 1.119 1.000196 1.1093 1.0020 1.0458 1.000136 1.000126
Surface Tension (N/4n)xl0^ — 3.00 1.94 0
Equiv. Vol./Vol. Liquid at NET 0.8184 0.9190 546.3 1 53.30 2.357 789.3 847.1

+ Long Wavelengths Gas Constant : R=62,362.7 cm-mmHg/nole-E Molecular Weight=2.01594
%Anomalonsly Large tf Values in parenthesis are estimates "mole"=gram mole

tf Units for pois are : g/cm-sec



1. 9 Fixed Point Properties of Parahydrogen

PROPERTIES j, \ CONDITIONS-^ Triple Point Normal Boiling Point Critical Standard Conditions
Solid | Liquid Vapor Liquid Vapor Pointt STP(O^C) NTP(20*C)

Temperature (K) 20.268 "32:976 ’ 273,15 295.15
Pressure (mmHg) 52.82 76O 9696.8 760 76O
Density (moley/cm3 )xl03 42.91 38.207 O.O623 #.11 0.6636 15,59 0.05459 0.04155
Specific Volume (cm3/mole)xlO-3 0.02330 O.O26173 "T6T057 0.028482 1.5069 0.064144 22.425 24.069

PVCompressibility Factor , Z =-^7 0.001606 0.9850 0.01712 0.9061 0.3025 1.0005 1.0006
Heats of Fusion & Vaporization (J/mole) 117.5 905.5 898.3 0

Specific Heat
(j/mole-E)

Cs , @ saturation 5.75 15.85 -46.94 18.91 -33.28 (very large) —

Cp , @ constant pressure — 13.13 21.20 19.53 24.50 (very 50.35 50.02
Cv , @ constant volume — 9.50 12.52 11.57 13.11 19.7 21.87 21.70

Specific Heat Ratio ,!T= Cp/Cv --— 1.382 1.693 1.688 1.869 liar gel 1.388 1,585 
Enthalpy (j/mole) -740.2 -622.7 282.8 -516.6 581.7 77.6 7656.6 8260.6
Internal Energy (j/mole) -740.4 -622.9 W^™1 -519.5 229.0 5,7  5584.5 5822.0
Entropy (j/mole-Kj 1.49 10.00 175.63 16.08 60.41 35.4 127.77 129.90
Velocity of Sound (m/sec) 1273 505 1093 555 __1.550 1 1246 1294
Viscosity ,yu. (N-sec/m^)xlO^ — 0.026 0.00075 0.0133 0.0011 0.0035 . 0.00834

(centipoise)ti — 0.026 0.00073 0.0133 0.0011 0.0035 0.00834 0.00875
Thermal Conductivity (mW/cm-E) , k 9.0 6.75 0.104 1.00 0.163..;'J 1^1 l.W 117897 '
Prandtl Number , Npr =; A*Cp/k 2.35 0.758 1.288 1 0.8202 0-6873 0.68:7
Dielectric Constant , c 1.286 1.252 1.00038 . 230 1.0040 1.098 1.00027 :.G002(
Index of Refraction n httwh |l.0o019 1.0020 |1."048 1.00013'[1:50012
Surface Tension (N/mjxlO' 2.99 1.95 0 1 — |
Equiv. Vel./Vol. Liquid at NET 0.8I8I 0.9190 563.8 1 52.91 2.252 787.4 e

# Leng Wavelengths 
(*) Anomalously Large 
ft Units for poise are g/cm-

Gas Constant : R = 62,362 
f Values in parenthesis are

7 cm nniHg/mole-K 
estimates

Molecular Weight = 2.01594 
"mole" = gram mole

sec



2

TkitiSffc 7- n -fe C&o t

C TmsSRl£3ifLbnz>{-fo<DM'ffc$l©trtt 4-^-to
17)

7fc*4»o^*o^Ettia 2. 1 K;Sih»i < t$>50 17kx s 2. 1 rents!

E Otlttfi *2F to

tn bo% *6#i t LT#@-t6 ii««nfzm&te&fS

34)

1 1 2



100

2.1
PPartial pressure of 0^ in 8% as a function of temperature at constant 

MSgSMSS

-1 1 3



2 . 1

A §& A # A (WS)

o2 # fe(%W)
mm(m)

1.42894/6(275 *5) 
1.14(90%:)
1.4 26(2 05 *5 )

*5 
542 3 9 0.2° 5

<D&(D
4.89w6(0*0)
3.16(25*0)
2.45(50*0)
2.30(100*0)

06, * m(m)
S 6(*) 
#6-6 ()

3.2144/6(273 *5) 
1.557( 259 *5)
2.13 (78*5)

172.2*5 239 *5
* D H, 2:

#H06 
oNs, Os

0 n y > <hd: c/x
»NH, a± 

NH*06fN06,
0 Hs 8

(H06 + 8 ) 
o00^#000&

«*100?K#L"(
3 10a*(l0*0) 
197od(30*C) 

-#4W:H06-+H060

» 0H,06K(d
2 5^/10 0m6 
(10*0)

N, 0 # A(m,#=)
# A(##)

1.977^/6
1.226 ( 184*5)

*5
18225 1 84.6 *K

*zKi00w6K#L 
"C 130.52W(0 *0) 
6 0.42^(24 *0 )

NO # A(W&)
# A(##)
# A(@#)

1.3402R/6
1.2 69 ( 122B *5)

*5
10945

*B
121.3 5

0* WK%L"C 
7.34a^(0 *0) 
2.37W(6 0 % )
«Hs 8 Cl K3.5o(

266 cd
°Fe80* , 08,
Kktm#

N: 0,
(w) 

W #.(»)

1.447( 27 5 *5 ) 171.2 °5 3.5*0

7^ V x

% 0*
(##) 

# fe(»)

1.491 (273 *5 ) 263.9*5 21.3 *0

08: \ OHO6, K

Ns Os # 6 1.642( 18 *0) 32.4°0
rm L-CHN0, ^716

0 OHO 6, K^#

3K# m.......M&wr 1. 1 4 ( 90 *5 ) a 9 0 *5K$MA-( 4 *0 <D:/K 2: "(#}## 1. 1 4 o

1. 4 2 8 9 g'/ 6 ( 0 *0 ) # 0 * 0 -C^,# 1 -6(0### 1. 4 2 8 9
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(D

Hydrogen ( p —H% ) Oxygen ( 0% )

Molecular weight 2.0 1 6 3 1.9 9 9

Freezing point 1 3.8 °K 5 4,4 °K

Boiling point 2 0.3 9 0.2 °K

Heat of fusion 1 3,9 cal/f 3.3 ca]//p

Heat of vaporization 1 0 6.5cal/? 5 0.9 ca]/%

Critical temperature 3 3.0 °K 1 5 4.8 °K

Critical pressure 1 2.8K,/ai 5 0.1 %/cW

Critical density 3 1 4 1 0

Liquid density 7 1 (at2Q3 °K) 14 10^(at9Cl2 °K)

Vapor density 1.3 9/1{ at2CL3 °K ) 4.3 at 902 °K)

.Gas density at 3 0 0 0. 0 8 2 1.3 i</£

Molar volume ( ST P) 2 2.4 2 0 ^ 2 2 .4 0 ^

Liquid-to-gas expansion ratio 8 6 5 8 7 5

Solid density 865 1 &/&{ at 13.8 °K ) 14 26#/z(at20.5°K)
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( Slush hydrogen )

i), 8fi*i®KSittt. mm, ###

©,&X$#:*S: Jt D @ftX© 50 ( ZSg 1 3.8 ° K , EXr 5 2.8 ™mHg X

&o )ift85o%#mEx%©tm##^#<

33)
0 3. 1 K 81 US ATS.® L/e Slush hydrogen © 0 ^0 #T" nB *5/ Sl­

ush hydrogen Tg> 5 HS)j5T4 L 7k @E )^S A 1 t> tfcE LX© Z> o C ft tt@

#si 5 o %#©a-#m^-#x&3o '®E*ffi±©iaE**tt^ *$51 §r
i <3 3 ft tz HE**6iE X* a, * o

Slush hydrogen ©#%{:# 5 . 1 o llfr b ti B !) 5 0 % Soft!

CD Slush hydrogen J 1%E©%#%k#K/%©(C# 0.5 6 cal/g ©# %- 

igf itJo %,##:*# K&# LX 0.5 6 cai/g WSSS: 6 © C

iESJo L7fe^*^XS«©^©ti^^/J'3 < *!) s ±/tx jt-<
X± i 4/ © T/*3i« njfg £ % * o

03. 2 KiWEtK# ic =t 5 Slush hydrogen 3rf£.5>7a-'>- ) JSf o 4

13. 3 ti Slush hydrogen 1 *" > K ( 4 5 4 f ) iffSOKf ©

HiSto
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3.1 Some Properties of Slush Hydrogen

Property
Triple

point solid
Hz

Slush Hz
5096 solid

Triple
point liquid

Hz

Triple 
point Hz

vapor

Atmospheric
saturated
liquid %

Atmospheric
saturated
Hz vapor

Temperature- % 1 5.8 1 3.8 1 3.8 1 5.8 2 0.3 2 0.3
Pressure-psia 1.0 2 1.0 2 1.0 2 1.0 2 1 4.7 1 4.7
Density-lb/ft? 5.4 1 5.0 9 4.8 1 0.007 e( 4.4 2 0.0 8 4
Specific volume-ft*/lb 0.1 8 5 0.1 96 0.2 0 8 128 0.2 2 6 1 1.9
Enthalpy-Btu/lb 4.5 5 1 7.0 6 2 9.58 223.2 52.61 2 4 4.4

Heat input above 5096 
eolid-Btu/lb 0 1 2.5 2 206.1 3 5.5 5 2 2 7.5

Heat input above at­
mospheric saturated, 
liquid.-Btu/ld 0 1 9 1.8

Heat input advantage
for 509& solid slush
Hg -96 — — 1 8.5

Specific volume below
atmospheric saturated 
liquid-ft*/lb 0.041 0.030 0.0 1 8 0

Volume advantage for 
slush Hg -96 18 1 3 8 — 0 —



VACUUM PUMPS

LIQUID HYDROGEN IN

( HEAT EXCHANGERS OPTIONAL )

J-T EXPANSION VALVES - J-T EXPANSION 
VALVESEPARATOR

^-INSULATED 
\ STORAGE TANK

SLUSH

53 torr
,,100torrSEPARATOR

3.2 Cascated vacuum pumping system
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3 3.5 
Liquid hydrogen required for slush production

ATMOSPHERIC PRESSURE LIQUID HYDROGEN REQUIRED FOR ONE POUND 
OF SLUSH HYDROGEN - POUNDS
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