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ABSTRACT

Standard operating procedure at the Kennedy Space Center (KSC) for the
Space Shuttle Program requires the storage and transfer of substantial quantities of
liquid hydrogen (LHg). Vaporized liquid, routinely lost during these transfer
operations, is vented to the atmosphere or burned in the burn pond, and represents a
significant fraction of the total hydrogen-fuel used for each launch. This report
describes a procedure which uses metal hydrides to capture some of this low
pressure (<1 psig) hydrogen for subsequent reliquefaction. Of the five normally
oceurring sources of boil-off vapor the stream associated with the off-loading of
liquid tankers during dewar refill was identified as the most cost effective and
readily recoverable. The design, fabrication and testing of a proof-of-concept
capture device, operating at a rate that is commensurate with the evolution of
vapor by the target stream, is described. Liberation of the captured hydrogen gas at
pressures >15 psig at normal temperatures (typical liquefier compressor suction
pressure) are also demonstrated. A payback time of less than three years is
projected.
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L. EXECUTIVE SUMMARY

A, Purpose

The volume of liquid hydrogen which will be used during the late 1980's
by the Space Shuttle program at the Kennedy Space Center is expected to exceed 10
million gallons per year. Of this 10 million gallons only about 7 million will actually
be used as propellant. The balance, over 3 million gallons per year, will be lost as
boiloff in various transfer and storage operations at launch pads 39A and B.

The highest valued use for hydrogen boiloff identified during the
preparation of the unsolicited proposal which led to this work was as feed stock for
reliquefiers. Unfortunately, the boiloff rates during the intermittent loss periods
are too high for economically sized equipment to reliquefy in "real time". The loss
rates are also too high for conventional gas compressors and storage equipment to
capture the boiloff vapor.

Metal hydride hydrogen absorbers are fast enough to capture the boiloff
hydrogen during many of the loss episodes at LC-39. Hydrides are fairly expensive
however, so the only losses which may be economically captured are those which are
large and occur frequently. This leads to many cycles of use for the hydride and a
large credit for hydrogen capture.

The most attractive use for hydrides identified in this program is for
capturing the losses which occur during the transfer of liquid hydrogen from truck
and rail cars. These "off-loading" operations will occur about 170 times per year(l).
Other opportunities to capture boiloff are apparent which bring the total annual
cycle number to about 200. Approximately 1.5 million gallons can be recovered
from this source which will result in an annual savings >$2 million (assuming
$1.50/gallon). At this rate of use, a metal hydride absorber will pay for itself in a
few years of use (2-3 years depending on reliquefaction costs).

B. Approach

In the course of this program a "proof-of-concept" unit utilizing the
unique characteristics of metal hydrides was designed, fabricated and tested. The
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device was used with low pressure (atmospherie) hydrogen gas to demonstrate the
technical feasibility of recovering hydrogen normally vented at the KSC.

C. Results
The test results indicate that a metal hydride capture/storage system:

Can absorb low pressure (<2.5 psig) hydrogen at a rate that is
commensurate with the rapid boiloff of hydrogen vapor
experienced during the LH9 tanker "off-loading" operation.

Will interface with existing equipment at LC-39 with minimum
impaet on present operating procedures and be compatible with
KSC safety practices.

Can release the stored hydrogen at normal temperatures and at
pressured >2 atma for reliquefaction at a rate that is synchronized
with the LH9 delivery schedule.

Provides sufficient economic incentive to warrant consideration
for further development of the concept at the KSC.

The tests confirmed the validity of the initial design configuration. A
full-scale storage system (to absorb one-hour boiloff) will require 290,000 lbs of
metal hydride. The hydride will be contained in 1-1/8 IN O.D. copper tubes with a
~flexible filter (gas distributor) on the axial center line for the full length of the coil.
The tubes are spirally coiled with a minimum diameter of 2 feet and a maximum
diameter of 10 feet. 73 coil layers are stacked in each of the five 10 ft. high
vessels. See Tables 1-3 for three of the size options considered. Table 4 is a listing
of the program that was used to generate the weight and size requirements of the
full-scale system, and Table 5 is a compilation of thirty-six computer runs that
represent the range of reasonable sizes.



o000 INPUT DATA cseces

TUBE DIAMETER < 1.125 IN WALL THICKNESS = .03 IN

COIL DIAMETER ~- MAXIMUM ® 10 FT —w— MINIMUM = 2 FT

SPACE BDETWEEN COILS = .35 IN BETWEEN LAYERS » .3 IN
HYDRIDE CAPACITY @ 1 %X PACKING DENSITY = 60 %
MAXIMUM STACK HEIGHT & 15 FT AXTAL FILTER QD .22% IN

seeses LAYER TOTALS Ladaddd

NUMBER OF COILS = 29,54 COIL LENGTH = 334.3 FT

MYDRIDE WEIGHT = 764.16 LSS HYDRIDE VOLUME = 1.824 FT3

secees SYSTEM TOTALS sevses

COIL LAYERS PER STACK = 110 NUMBER OF STACKS REQUIRED = 4.04

TUBING LENGTH « 247603 FT INTERNAL VOLUME = 1332.6 FT3

HYDRIDE VOLUME = 811.34 FT3 ~=== 22,99 nJ
HYDRIDE WEIGNT e 340000 LBS ~=--- 13543543.43 XGS
HYDROGEN STORED = 3400 LBS ---- 13435.435 k08
HYDROGEN STORED = 616818]1.82 SCF -~== 17312,23 SCm
! HYDRIDE COST = 83090909 BYSTEM COST = 94327272
PAYBACK @ $1.0M/YR = 2.4 YEARS

TABLE 1: Computer Run for 10 ft. diameter coil, 15 ft. stack height and 1%
hydride storage capacity.

snsese INMJT DATA sovace

TUBE Di ETER = 1.12%5 IN WALL THICKNESS = .05 IN

COIL DIAMETER == PAKIMUM = 10 FT -== MINIMUN =« 2 FT

SPACE DETWEEN COILS = .3 IN SETWEEN LAVERS = .3 In
HYDRIDE CAPACITY = 1.2 PACKING DENSITY = 40 %
MAXIMUN STACK HEIGHT = 10 FT AXIAL FILTER OD .223 IN

soases LAYER TOTALS secsse

NUMBER OF COILS = 29,354 COIL LENGTM = 3534.35 FT
HYDRIDE WEIGHT = 764.16 LFS MYDRIDE VOLUME = 1.024 FTT

soncee SYSTEM TOTALS sesses

COIL LAYERS PER STACK = 73 NUMBER OF STACKS REQUIRED = 3,08

TUBING LENGTH = 206337 FY INTERNAL VOLUME = 1127.16 FT3

HYDRIDE VOLUME = 676.3 FT3 ==== 19,16 N3

MYDRIDE WEIGHT = 268333I3.333 LB ---- 120787.08 KBS

HYDROGEN STORED -VSlOO LBS -~---- 13435.43 KG8S

HYDROGEN STORED = 618101.82 SCF -——- 17312.23 3CM

HYDRIDE COST = 82373737 SYSTEM COST = 33606000

PAYBACK @ 91.BMM/YR = 2 YEARS

TABLE 2: Computer Run for 10 ft. diameter coil, 10 ft. stack height and 1.2%
hydride storage capacity.




TABLE 3:

1)

2)

3)

4)

sasssn INPUT DATA ssssen

TUBE DIAMETER =« 1.123 IN WALL THICKNESS = .0S IN
COIL DIAMETER =~ MAXIMUN & 12 FT «we MINIMUM = 2 FT

SPACE BETMEEN COILS = .3 IN BETWEEN LAYERS = .3 [N
“YDRIDE CAPACITY = 1.4 % PACKING DENSITY = 40 7
MAXIMUM STACK HEIGHT e 1S FT AXl1AaL FILTER OD .223 IN

serses LAYER TOTALS  essess

NUMBER OF COILS = 346.92 COIL LENGTH = 811.57 FT
H/DRIDE WEIGHMT = 1114.4 LPS HYDRIDE VOLUME = 2,438 FT3

seasse SYSTEM TOTALS snecer

COIL LAYERS PER STACK =~ 110 NUMBER OF STACKS REQUIRED = (.98
TUBING LENGTH = 1768462 FT INTERNAL VOLUME = 9463.41 FTI
HYDRIDE VOLUME « 579,28 FT3 ---- js.41 M3

MYDRIDE WEIGHT = 242857.143 LBS ----~ 110389.41 KGS

HYDROGEN STORED = 3400 LIS -~-- 15435.43 xGS
HYDROGEN STORED = 610181.82 SCF --==- 173912.23 sSCn
HYDRIDE COST = 82207792 SYSTEM COST = 33090909

PAYBACK @ ¢1.8M/YR = 1.72 YEARS

Computer Run for 12 ft. diameter coil, 15 ft. stack height and
1.4% hydride storage capacity.

Recommendations

The next phase should include the following tasks:

The device fabricated in the performanc¢e of this contract should be
tested using hydrogen from LH9 boiloff.

An engineering analysis should be made of the various options available
for hydrogen capture and storage for the purpose of identifying the most
cost effective approach.

A single, full-scale component should be fabricated to operate in-situ at
LC-39 to field test LHy boiloff capture capability.

Based on the results of all previous work, a full-scale system should be
designed.

An RF Q should be issued to solicit bids for construction of the full-scale
capture system.



1 HOME
10 D$ = CHRS (4):1¢ = CHRS (9

15 REM
20 REM w#e#a« THIS IS COIL STACK ###s
25 REM ‘

30 REM THIS PROGRAM CALCULATES THE COIL LENGTH, VOLUME AND HYDROGEN CAFPACITY F
DR A SPIRALLY WRAPPED LAYERED STACK

40 REM INPUTS REQUIRED ARE---- YD-HYDRIDE DENSITY, YC-HYDRIDE CAPACITY, PD-PA
CKING DENSITY, H-HYDROGEN TO BE ABSORBED

S0 REM INPUTS REQUIRED ARE~-- CD(1)-MAX COIL DIA, CD(2)-MINCOIL DIA, SH-MAX S
TACK HEIGHT, OD~-TUBE OD, WT-TUBE WALLTHKNS, SP-SPACE BETWN COILS,FD-AXIAL FILTER
DIA, SL-SPACE BETWEEN LAYERS

&0 REM OUTPUTS ARE-—- TL (3)-TOTAL COIL LENGTH FER LAYER, TT-TOTAL COIL LENGTH
PER STACK, YW-HYDRIDE WEIGHT, SN-NUMEER OF STACKS REQD, NL-LAYERS PER STACK

70 INPUT "INPUT DIAMETER OF LARGEST COIL "“3CD(1): INPUT "

INPUT DIARMETEFR OF SMA

LLEST COIL "iCD(2)

80 INPUT

INPUT MAXIMUM STACK HEIGHT, FT "3SH: INPUT

INPUT SPACE BETWEEN COI

LS, IN “3iSP

90 INPUT *

INPUT SPACE BETWEEN LAYERS "jSL

100  INPUT *

INPUT TUBE OUTSIDE DIAMETER, IN "3;0D: INPUT -

INPUT TUBE WALL THICK

NESS, IN "“;WT

110 INPUT ™
INPUT AXIAL FILTER 0D, IN “iFD
120 INPUT *

INPUT HYDROGEN TO BE STORED, LBS "i1H(3)

130 ID = 0D - 2 @ WT:Y = |

140 P = 0D + SPINC(1) = (CD(1) 7/ 2) / (P / 12):NC(2) = (CD(2) 7 2> 7/ (P / 12)
130 TH(1) = NC(1) @ 2 @ 3,14:TH(2) = NC(2) ® 2 e 3,14

160 A = CD(1) /7 (2 ® TH(1)IITL(L) = A # TH(1) ~ 2 / 2:TL(2) = 4 ® TH(2) ~ 2 / 2
TL(3) = TL(1) - TL(D)

170  INPUT °

INPUT HYDRIDE DENSITY, LB/FT3 "iYD: INPUT "

INPUT HYDRIDE CAPACITY,

% "3YC: INPUT

INPUT PACKING DENSITY, % ":PD

180 NC(3) = NC(1) = NC(2):Y = NC(3): GOSUB 78B0:NC(3) = X: PRINT "

TOTAL NUMBER

OF COILS PER LAYER = ";NC(3)

190 PRINT D$i"PR®1": PRINT Is;"U": PRINT I%3"BON"

200 ID = 0D - 2 + wf

210 V = ((ID ~ 2 - FD ~ 2) ® .7854 » TL(3)) / 144:YC = YC / 100:PD = PD / 100
220 YW(3) = H(I) / YC:YW(1) = Vv @ PD ® YD:H(1) = YW(1l) # YC

230 X = TL(3): GOSUB 780

240 TL(3) = X:X = V: GOSUB 780
2%0 V = XiX = HY: GOSUE 780
260 HY = X:X = M: GOSUB 780

270 PRINT * *

280 PRINT TAB( 25) i "#eesss INPUT DATA P

290 PRINT

00 PRINT TaB( %) 3 “TURE DIAMETER = ";0D:“ IN": TAB( 15);i“"WALL THICKNESS = "iwT
3" IN®

310 PRINT * '
320 PRINT TAB( %);“COIL DIAMETER -- MAXIMUM = “;CD(1)3" FT ——= MINIMUM = *3CD
(23" FT"

330 PRINT " *

330 PRINT TAB( 5)3"SPACE BETWEEN COILS = “";SP3" IN"; TAB( 12)3"BETWEEN LAYERS

= “gSL3" IN"

350 PRINT "

360 PRINT TAB( S);“HYDRIDE CAPACITY = “j;YC # 1003" %"; TAB( 15);"PACKING DENSI
TY = “3PD # 1003" %"

370 PRINT " "

380 PRINT TAB( 5); "MAXIMUM STACK HEIGHT = “jSH3" FT"3 TAB( 11)j“AXIAL FILTER O
D "3FD3" IN"

TABLE 4: Computer listing of program to calculate Ho parameters of a spirally
wrapped layered stack. (Continued on page 6.)



390 PRINT " ": PRINT *
400 PRINT TAB( 25);"sewses LAYER TOTALS  ewesws"

410 PRINT “ i PRINT * ©
420 PRINT TAB( 5)i"NUMBER OF COILS = "iNC(3)i TAB( 19)i"COIL LENGTH = ";TL(3);
o E

430 X = YW(1): GOSUB 780

440 YW(1l) = X

430 PRINT = «

460 PRINT TAB( %):"HYDRIDE WEIGHT = “YW(1)3" LBS"3 TAB( 11)3"HYDRIDE VOLUME =
“5v % PD}“ FT3"

470 NL = INT (SH # 12 / (QD + 5L))

480 PRINT " ": PRINT " "“! PRINT " "
490 PRINT TAB( 25); "#esaws SYSTEM TOTALS e
S00 PRINT * "! PRINT "

S10 SN = (YW(3) / YW(l1)) 7/ NL

520 X = SN: GOSUB 780

T30 SNtL) = X

S40 PRINT TAB( 5):i"COIL LAYERS PER STACK = "jNL; TAB( 12)j"NUMBER OF STACKS RE
QUIRED = "3SN(1)

S50 PRINT " ©

560 TT = TL(3) @ NL. @ SN:X = TT: GOSUB 780

=70 T7T = X

580 TV = v @ NL @ SN:X = TV: GOSUB 780

SS90 TV = XiTV(Y) = TV e PDix = TV(Y)! GOSUB 780

400 TV(Y) = XITV(K) = TV(Y) / 35.3:1X = TYCKK): GOSUB 780:TV(K) = X

610 PRINT TAB( 3);"TUBING LENGTH = “3 INT (TT)i" FT"i TAB( 14):i"INTERNAL VOLUM
€ = "3TVg" FT3I"

620 PRINT " »

630 PRINT "

640 PRINT TAB( 5); "HYDRIDE VOLUME = “3TV(Y)§" FTI —=== ";TVK)i" MI"
6Z0 TK = YW(3) 7/ 2.2:X = TK: GOSUE 780:Tk = X

660 PRINT =

&70 PRINT TAB( %) ; "HYDRIDE WEIGHT = “:1YW(3) 3" LBS —-~== "3TH;" KGS"
&80 HW » YW(l) = NL © SN e YC:X = HW: GOSUB 780

690 HW = X

700 HK = HW / 2.2:X = HK: GOSUB 780:HK = X
710 CF = HW / ,0055:X = CF: GOSUB 780
720 CF = X:CM = CF / 35.3:X = CM: GOSUB 780:CM = X

730 PRINT »
740 PRINT TAB( 5)1“HYDROGEN STORED = “jHWj" LBS ===~ “jHK:i" KGS"
750 PRINT * ©
760 PRINT TAB( )3 “HYDROGEN STORED = "jCF;" SCF ---- “iCM;" SCM"

770 GOATO 800

780 X = ( INT (X ®» 100 + .5)) / 100

790 RETURN

800 CY = 14 @ TKiX = CY: GOSUB 780:Cy = X

810 CS = 1.4 e CY:X = CS: GOSUB, 780:CS = X: PRINT " "

820 PRINT TAB( 3)3"HYDRIDE COST = s$"; INT (CY)$ TAB( 17);"SYSTEM COST = $"; IN

T (9
830 PB = CS / 1.8€6:X = PB: GOSUB 780:PB = X
840 PRINT " ": PRINT TAB( Z);"FPAYBACK @ $1.8MM/YR = "iPBj"” YEARS"

00 PRINT CHR$ (12): PRINT De;"FPR#0": END

TABLE 4: Continued

HYDRIDE CAPACITY, % 1.0 1.2 1.4
TUBING REQ'D, 10° 1t 3.40 2.83 2.43
HYDRIDE REQ'D, 10> ibe 2.48 2.08 1.77
SYSTEM COST, 10% § 4.33 3.81 3.09
STACK HEIGHT, 1t 10 15 20 10 15 20 10 15 20

T T T
COIL DIAMETER, ft 5mmsswmsswmﬁsmmwamsswmuSmmsswmushww
1 1 !

:

-
H

-

VESSELS REQUIRED ;A;.La; '5H312 14312 13023 514120151312 hslra 3}2'\ zo}dslz :313{2!/.3 0 Z}I.SLI
| ! I | i i

2.40 2.00 1.72

PAYBACK TIME, years

TABLE 5: Computer projections for typical capture systems.
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1§ INTRODUCTION

Several million gallons of liquid hydrogen boiloff losses are anticipated
annually when the Space Shuttle program reaches full stride during the late 1980's
unless means are found to prevent or reclaim this boiloff. The subject work tested
the concept of using metal hydride hydrogen absorption systems to rapidly capture
low pressure (<2 psig) gaseous hydrogen for subsequent reliquefaction at a greatly
reduced rate.

A. Background

In 1978, Mr. Ed Snape of Ergenies and Dr. Gerry Golub of PRC Systems
Service began discussing the possibilities for using metal hydrides to reduce
hydrogen loss at the Kennedy Space Center (KSC). After a period of inactivity, the
discussion was resumed between Greg Egan of Ergenics and Dr. Golub in April 1981.

In October 1981, Frank Lynch of Hydrogen Consultants, Ine., a subsidiary
of Ergenics and Greg Egan traveled to KSC to meet with Jim Spears of NASA and
others to explain hydride technology and begin a detailed discussion of possibilities
for using the hydrogen normally lost during KSC operations.

The first possibility, which was considered in earlier discussions between
Snape and Golub, was to fuel the buses which carry visitors on tours of the KSC.
This presented a number of operational problems since NASA has developed
hydrogen handling procedures and regulations which would need many modifications
to permit the use of hydrogen in buses. The bus conversion would also involve a
contractor (TWA) who operates the bus fleet for NASA.

In January of 1982, Egan and Vatt Rosso of Ergenics met with Spears
and others at KSC to present other possibilities for LHg boiloff utilization and

reliquefaction. The possibilities considered were to:

Use steady-state boiloff to fuel a 50 KW Motor Cenerator (M-G) set.

ot
.

2. Alter LHg delivery schedules so that transfer losses would be more
uniform thus permitting the use of larger M-G sets producing 200-400
KW of electrical power.
-7~




3. Combine M-G sets with hydride technology (storage and compression) to
augment the performance of a reliquefaction device.

These suggestions were well-received by NASA personnel.. After
additional preparation, Egan, Mark Golben and Rosso of Ergenies with Lynch of HCI
returned to present a more detailed discussion of these concepts in April 1982.
During this meeting it became clear that one of the most attractive possibilities for
hydride use at KSC was the capture of large boiloff losses during transfer operations
since this would complement the reliquefaction processes currently under
consideration by NASA.

As the team of hydride experts became more familiar with the KSC
Standard Operating Procedure (SOP) it became increasingly apparent that viable
technical projects would require a sizeable effort to become familiar with the
details of the hydrogen systems and with the people, procedures and regulations
which control their use.

An unsolicited proposal was submitted in June, 1982 seeking a contract
to demonstrate the technical feasibility of the most critical part of the hydrogen
boiloff capture/reliquefaction concept - - rapid capure of the low pressure hydrogen
vapor. In April, 1983 the subject contract (NAS10-10625) was awarded to Ergenics
to perform the ten month program.

B. Hvydride Applications at KSC

Most of the hydrogen vented at LC-39 is released in rapid bursts of short
duration while cooling transfer plumbing or relieving pressure. It is uneconomical to
install liquefiers large enough, or to use conventional gas compression and storage
devices, to counter these losses. Metal hydrides, however, are capable of rapidly
absorbing hydrogen gas at low presssures and normal temperatures and storing the

captured gas until an economically sized liquefier can return it to the storage tank
as liquid.

Figure 1 shows the cumulative loss estimate during one year of
operation. At the bottom of the graph the relatively small stable boiloff is shown.

-8~




All of the reliquefaction schemes under consideration at NASA have the capability
of capturing the stable boiloff so no hydrides are necessary for that purpose.
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LAUNCH AND SCRUB EVENTS DURING ONE YEAR

Figure 1: Cumulative boiloff losses during one year. Capturable losses are shown
as cross-hatched area. - '

The region just above the stady-state boiloff line in Figure 1 represents
the cumulative loss from truck and railear deliveries of liquid hydrogen. Over one
million gallons will be lost each year during these short (1.0 hour) LHq delivery

periods.

The contribution of the pre-launch, post-launch and serub losses
represents more than 50% of the total boiloff; but hydrogen from these sources is
not readily recoverable since they are too intimately associated with shuttle launch
operations. Hydrogen vapor generated during the "pre-launch" operation is the
largest single source of vented vapor. This hydrogen is vented at the Space Shuttle
during the cooldown and filling of its external tanks (ET's), where as much as
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250,000 gallons are lost during the refueling operation. The "post-launch" losses
result from blow-down of the fill line which transports liquid hydrogen from the LH9
storage dewar to the launch pad. The pressurized contents of this line is typically
drained back to the dewar until pressures are equalized. The residual, low-pressure,
hydrogen is then sent to the burn pond where it is ignited. 8000 gallons are flared
for each launch episode which may be recoverable in the future when confidence in
the capture system has been established. Capture of losses resulting from scrubbed
missions, although large (100,000 gallons), are not cost effective since they are
infrequent, unpredictable and too intimately associated with shuttle launch
operations.

The present feeling at the KSC is that it is preferable to vent the
hydrogen from the above three sources rather than risk over-pressurizing the
external liquid hydrogen tank by preventing the free flow of hydrogen boiloff. In
this study, we, therefore, addressed only the capture of hydrogen from the two
remaining sources; the daily, stable boiloff and the LHq tanker off-loading losses.

During the transfer of hydrogen from the liquid hydrogen delivery trucks
to the pad storage tank, approximately 10% of the fuel is lost. Five trucks arrive at
the site, each with 13,000 gallons of LH9. The hydrogen boiloff available for
capture was estimated by NASA personnel to be about 6,500 gallons. "First-hand"
observation of the off-loading procedure by Ergenics personnel and a fundamental
modeling analysis conducted during the course of this program indicate that only
6,000 gallons are lost during this operation.

It was assumed, as shown in Figure 2, that the largest fraction of this
hydrogen was boiloff produced during cooling of the transfer piping. In reality, the
results of the study portion of this program show that the greatest contribution to
boiloff is made by flashing of the liquid as the pressure decreases from the tanker
transfer pressure (20-25 psig) to the dewar storage pressure (2.5 psig). See Appendix
A(2), The time scale of Figure 2 is based on the NASA estimate of 1.5 hour total
delivery period, with 1/2 hour of actual LHq transfer to the pad storage tank. Two
"of{-loadings” witnessed by Ergenics personnel required only one hour with LH9
being transferred to the dewar for the entire period. The boiloff rate was more
controlled than was originally anticipated with vapor being vented to the
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atmosphere at a fairly uniform rate. The expected initial rapid discharge of vapor,
as the transfer line is cooled to LHg temperatures, was not evident; and based upon
the modeling study is not a significant contributor to the total boiloff. The dotted
line on Figure 2 is more representative of the actual boiloff rate.
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FIGURE 2: Estimated boiloff profile during a tank fill event.

C. Capture Demonstration

Capture of this vapor is not readily accomplished by normal means
because of the extremely high mass flow-rate (>10,000 SCFM) and low presure (<2.5
psig). Certain low pressure metal hydrides operating near ambient temperatures can
absorb hydrogen very rapidly and well below atmospheric pressure. In the course of
this work a proof-of-concept and a field test device were fabricated to demonstrate
the rapid absorption of low pressure hydrogen. The body of this report contains a
description of the device, the test results and recommendations for additional work

culminating in the implementation of a full-scale capture/reliquefaction system at
the KSC.




M. APPROACH

The approach is described in Section 4.0 TECHNICAL REQUIREMENTS
section of the original Statement of Work, which follows:

4.0 TECHNICAL REQUIREMENTS

4.1 The effort will include the following tasks:

4.1.1 Task 1 - System Performance Requirement

The project team will meet with KSC personnel in order to study
and specify the following boiloff capture design criteria:

4.1.1.1 Pad Storage Tank Fill Operation Boiloff:

Pressure

Temperature

Flow

Time Allotment

4.1.1.2 Hydride Capture Unit to Liquefier Transfer:

Pressure

Flow

Time Allotment
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4.1.2 Task 2 - Hydride Alloy Selection

Based on the results of Task 1, one or more hydride alloys will be
specified. Preliminary estimates of thermal ballast fraction, heat

capacity, thermal conductivity, and heats of formation will be
made.

4.1.3 Task 3 - Hydride Container Design

The hydride alloy selected in Task 2 and the performance
requirements of Task 1 will be used as inputs to the design of a
suitable container which must provide for ample gas flow means
for heating and/or cooling and for control of powder expansion.

4.1.4 Task 4 - Alloy/Container Design Verification

A small batch of one or more alloys selected in Task 2 will be
formed and inserted in a small-scale container representative of
the design created in Task 3. The assembled unit will be tested on
a Sieverts apparatus to verify performance.

4.1.5 Task 5 - Hydride Alloy Manufacture

The selected hydride alloy, verified in Task 4, will be formed in a
quantity sufficient for the construction of a proof-of-concept
boiloff eapture unit.

4.1.6 Task 6 - Container Construction and System Assembly

The basiec container design verified in Task 4, will be followed in
constructing the proof-of-concept boiloff capture unit. The
hydride alloy will be inserted, and readied for performance testing.
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4.1.7 Task 7 - System Test

The completed boiloff capture unit will undergo a series of tests
representative of the KSC pad storage tank transfer operations,
specified in Task 1.

4.1.8 Task 8 - Report Preparation

A final project report will be prepared, detailing the design and
perforinance of the boiloff capture unit. The report will also
include the proposed future work statement and discussion of a
full-scale system design for LC-39.

4.1.9 Task 9 - Proof-of-Concept Demonstration and Project Review

The complete boiloff capture unit will be shipped to KSC and
demonstrated to key personnel. While the demonstration is being
performed, it will be reviewed by the NASA project team who will
notify interested parties at KSC who want to witness the
demonstration.

The task sequence will be used as a format for the technical discussion.

A. Task 1 -System Performance Requirements

It became apparent during discussions with NASA and EG&G personnel
that very little "hard" data existed concerning hydrogen vapor mass-flow-rates. It
was also recognized that to attempt to make definitive measurements would be a
major undertaking. We, therefore, agreed to base the engineering design of the test
unit on whatever subjective information could be compiled as well as projections
generated by computer modeling from first principles. Two liquid off-loadings were
viewed by Ergenics personnel and some subjective measurements made. The
estimated vapor flow-rates, based on these data, agreed very well with projections
made by independent consultants working from engineering drawings of the LC39A
LHg9 Storage Area (See Appendix A). The drawings and whatever other data were
available were supplied by the NASA Technical Representative. The peak and
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average hydrogen flow-rates were taken to be 10,650 and 10,300 SCFM (58.6 and
56.6 Lb/Min) respectively. It was also determined by thermodynamic analysis that
the temperature of the gas entering the recovery unit will be from 35 to 85°K for
capture line lengths up to 500 feet long. The relatively small temperature increase
is attributed to the high linear velocity of the gas and, consequently, short residence
time. The sensible heat capacity of the cold vapor will assist in the removal of the
exothermic heat of reaction which is generated as the hydrogen is absorbed by the
hydride.

In practice, the delivery trueks undergo a pressure building step in order
to force the liquid through the transfer plumbing. The pressure within the truck's
dewar is increased to 20-25 psig by vaporizing some of the liquid in an external heat
exchanger. The pressure is maintained on the liquid until the truck's tank has
discharged all of its LHg. The first liquid to enter the transfer line plumbing boils
away until cryogenic temperatures are reached.

After the transfer line has been chilled to allow liquid flow, the second
opportunity for hydrogen capture occurs. As the pad storage tank is filled, the cold,
gaseous hydrogen in the tank's ullage is displaced and vented. This gas is available
for capture during the entire 1 hour fill period. After transfer, the high pressure
gaseous hydrogen which remains in the trailers is vented before the trucks depart
and is, therefore, available for capture during the latter stage of the delivery cycle.

The shape of the LH9 boiloff profile, shown in Figure 2, is quite similar
to the shape of a hydride charging profile, as shown in Figure 3. Both curves are
shown together in order to illustrate their similar characteristies of initially high
flowrates followed by a period of lower flowrates. The hydride charging profile is
taken from laboratory data for a hydridé with an absorption pressure of 0.5
atmospheres absolute at 25°C and an applied hydrogen pressure of 1 atmosphere
absolute. The dotted line represents the more representative hydrogen boiloff rate
as measured during this work. The actual capture mission is less demanding than
originally anticipated, as the slope of the dotted curve indicates.
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FIGURE 3: Comparison between the estimated boiloff loss profile and a hydride
charging profile shows the feasibility of boiloff capture.

The parameters used for the design of the full-scale recovery system

follow:
Hydrogen flow-rate (PEAK) 10,600 SCFM
Hydrogen storage capacity 3400 1bs. (620,000 SCF)
Cold water temperature/
flow-rate 20° C(68° F)/400 GPM for a 10°C (18°F) Rise

Hot water temperature/
flow-rate 80°C(176°F)/40 GMP for a 10°C (18°F) Rise

Maximum vessel diameter/height 15 ft/20 ft
Tubing diameter/wall thickness 1.125 in/0.050 in
Axial filter OD 0.225 in

hydride packing density 60%
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Task 2 - Hydride Alloy Selection

The critical criteria that impact alloy selection will be discussed for

each alloy considered. They include:

Hydrogen absorption capacity

Chemical kinetices

Dynamiec hysteresis

Isotherm slope

Dynamic absorption plateau pressure <0.4 atma at 25°C
Alloy components availability

Dynamic desporption plateau pressure >2 atma at 75°C

DEFINITIONS

Hydrogen Absorption Capacity is the amount of hydrogen that can be
reversibly stored in a metal hydride and is usually given as weight per
cent of the metal, (Wy,/WHydride) X 100.

Chemical Kineties is a measure of the time required for a hydrogen
molecule to attach to the metal surface, dissociate into two H+ ions and
be absorbed into the crystal lattice of the metal. Ideally the chemical
kinetic rate is measured independently from heat transfer effects; but
can have a measurable influence on the effective hydrogen absorption
rate. Figure 4 depicts the absorption rate to 50% of full capacity for
three different alloys. Differences greater than an order of magnitude
are attributed to the inherent chemical kinetics for each alloy. These
curves were generated at Ergenics under contract to Sandia National
Laboratories in Albuquerque, New Mexico(3), Figures 5-9, also taken
from the Sandia final report, present the measured wide range of
absorption rates for some of the alloys considered. Figures 5 and 6
depict the typical variation in kinetic rates as a function of temperature.
Even small additions of aluminum seem to siow the chemical kinetic rate
and increase its sensitivity to temperature change. This result makes it
imperative that we know the temperature of the hydrogen vapor entering

-17-



the boiloff capture vessel. The effect of alloying elements, other than
aluminum, is evident when Figures 7-9 are compared. Data are not

available for LaNig gAlp, 4; but reliable extrapolations can be made from
the information presented here.
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FIGURE 4: Absorption rate to 50% of full hydrogen capacity for three ABj alloys.
Ref. 3
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. Dynamic Hysteresis - is the difference between the absorption and the
desorption plateau pressure for a particular alloy while in the transient
mode. The plateau pressures are significantly different for different
hydrogen mass flow-rates. The desorption and absorption plateaus are
depressed and raised respectively when compared with its equilibrium

isotherm, as can be seen in Figure 10. For applications, such as the one

L2910 B S L4 e aaWwIV ala S S

being considered here, where hydrogen flow-rates are extremely rapid,
the system design must be based upon dynamic values. Because the
magnitude of this loss is an inherent characteristic of each hydride
formulation, it is important to consider it when evaluating alloys for any
application.

. Isotherm Slope - some hydrides, such as LaNig gFej 9 (Figure 11) and
LaNig, 7Sng. 3 (Figure 12), exhibit a sloping plateau which has a profound
effect on a hydride's applicability. For example, the tin substituted
hydride (Figure 12) has a plateau that slopes from 0.15 to 1.5 atma at
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25°C which makes it totally unsuitable even though its other
characteristics (capacity and hysteresis) are acceptable.
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FIGURE 10: Static and dynamic 25°C isotherms for LaNig gAlg. 4.
Heat #T-88860-2.
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. Dynamie Absorption Plateau Pressure - is a primary aspect to be
considered since the greater the pressure difference between the
charging hydrogen stream and the hydride's absorption plateau, the
greater will be the absorption rate. We, therefore, want this value to be
as low as possible at normal temperatures (<0.4 atma at 25°C).

. Availability of Alloy Components - while not a major concern, should be
addressed when making a hydride selection. The use of rare, expensive
or sensitive materials must be avoided particularly where large
quantities of hydride are to be used. Of the five candidates considered
only the cobalt containing alloy might fit in this category.

. Dynamic Desporption Plateau Pressure - must be high enough to
generate pressures above atmospheric pressure at moderate
temperatures. Liberating the captured hydrogen with the use of low-
grade waste heat from some other process is extremely attractive from
the economic point-of-view. Hydrogen release can be considered an
extreme bottoming cycle for any co or poly generation system (target Pd
>2 atma at 80°C).

Initially five alloy compositions were considered for this application.
Four of the candidate alloys were lanthanum-nickel with small addition of various
other metals (Al, Co, Fe, Sn). The fifth alloy considered contained Ca, Ni and AL
See Figures 11-15.

>
)
S
w
=
o
3
Q.
H

the iron and tin substitutions, LaNij gFej s
LaNi4 7Sng,3 respectively, were eliminated because of their sloping plateau and
greatly reduced capacity, See Figures 11 and 12. Even though the plateaus were
approximately at the correct presssure, demonstrated poor kinetics was also a

contributing factor in this decision.
Alloy I (CaNig gAlp. 1), although it had a flat plateau at the right

pressure, its excessive hysteresis and low capacity caused it to be rejected., The
undesirable hysteresis characteristic would require water temperature to be greater
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than 80°C to raise the desorption plateau above the desired discharge pressure of 2

atmospheres absolute, see Figure 13.

60 1 J T y T T T T 1000
| { 800
sof CaNi g Al,, { s00
Y-87666
~0.02 WM/ain i 400
20}
{ 200
10
8
s . < 100
1] <
8 80 o
-] [’
£ s { 60
b W
w g
% 4 40 :2
a &
w 2 9 a
@
o
1 20
1.0
o8
-4 10
0.6 1 .
04 6
! i ] 4
0.8 1.0

HYDROGEN / METAL ATOM RATIO, H/M

FIGURE 13: Dynamic pressure-composition isotherms for CaNigq gAlg.;. Ref, 4.

Candidate alloy IV, (LaNi3Co9), or a slightly modified version of it, will
probably work very well; but because it contained ecobalt which might be a problem
to obtain in large quantities, it too was eliminated. Figure 14 depiects its acceptable
properties and Figures 4 and 8 show its moderately poor kineties.
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Alloy V (LaNig,7Alg,3-HYSTOR 207) closely approximated all the desired
qualities except that the absorption plateau pressure was too high. By comparing
Figures 15, 16, 17 the negative effect on the hydrogen storage capacity of aluminum
substitutions for nickel is apparent. Greater additions of aluminum would have two
major effects on the alloy developed; one desirable and one undesirable. The
absorption plateau would be further depressed to the desired pressure but further
reduction in hydrogen capacity would undoubtedly result. Because past work in this
area had shown that the capacity loss would be small; and because the kinetics of
this family of alloys is known to be extremely fast, we chose to melt a sixth alloy

with an even higher aluminum content.
Alloy VI (LaNig gAlg.4 Heat T-88855-2) was melted and annealed

(1125°C for 17 hours) and although the exact composition was not attained, the

plateau depression can be seen by comparing Figures 15 and 18.

-26-



oisd *3IY¥NSSIYd

Joj suiaayjost uonisodwod-amssaad o1wmsuA(q 91 FUNDIA

'y *Joy "1'0py6° FiNe

W/H ‘O1LYY WOLY TVLIW / NIOOHOAH

o'l 80 90 +0 20 0
v T Y T T | . S T T )
@ e
) L
o)
2.5
o2
X | W
09 — 2.5
(o]
001 -
\1\\\\ .58

002 } \\\‘

s J
oov | wiu/N/K 20°0

L 8ilTe-1
009 } -.°—<0.Q- z uﬂ o
008 ]
000l 1 Y 1 1 | 1 [l ] [ 1

vo

190
180
0l

02

ov

09

sasaydsouid ‘3YNSSIYd

o1sd ‘3YNSS3ud

J0J swaaylost uotyisodurod-amssaad o1uBUAQg

02

o
<

o
o

o
@

001

002

oob

009

008
000!

‘b 3oU £ 0pylhinen

W/H ‘O1LVY WOLY TVLIWN/ NIDOHAAH
1 40

80 90

20

P p——

I v ) v

uim/M/H 20°0 ~
T-Sovve-1

oy tiINDT

i

| 1

A

+o

190

80
o't

02

ob

09

61 HANDIA

$3Jaydsowyp * 3IYNSSIHd

A=~



b "J9Y °(Soull paysep) O ,57 18 papnjouj 218

*D 052 18 *(¢€°01y89°VyNeT uonyisoduwiod suigaylos! dneis ay) uostavdwod Jog *SiNe
[en1os) jjow BlUswWIIadxa 3si1j jo suriayyos] g1 FANDIA J0J swaaylost ucnpisodwioo-amssaad o1mvuAq LT HENDIA
aIiey W-oH

W/H ‘OlLvd WOLY TVLIN/ NIDOHAAH
o 80 90 o 20 0

v T L | y T Y T T

LA

2.0

¥
—
Wi ' Z2H4
9 [}
"
\N
\
i
\ \
\ |
\ A
"
(L]

oz }
: T T T
] 2| [
AT Qov }
L
| w n [
G2 | 3
"HOI1d¥0530 | Sos \\ g .55
b BI¥I RINDT whl /.
2-55288-1 £82-23833 a0
002 \‘I"\I‘-\|‘ 2.8

IR

oov }
| \v\\ 2.511

009 ““\\‘! * UIw//H 20°0 ~ {ob
5 s goite-1

00s } ! SINDT
- * {o9

000! 1 A | 1 | 2 | 1 ! 1

_2Q_

s3Joydsowid ‘ JYNSSIHd



When the natural log of pressure is plotted vs. reciprocal absolute
temperature, for a fixed hydrogen concentration (usually mid-plateau), the result is
linear and is referred to as a Van't Hoff plot. Figure 19 is a composite plot of a few
of the alloys considered.. LaNis is also presented for reference purposes. It can be
seen that Alloy VI can absorb Hp at sub-atmospheric pressures at 25°C and can
liberate the gas at pressures >1 atmosphere at 80°C. See Table 6 for the properties
of the candidate alloys.
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FIGURE 19: Van't Hoff diagrams for candidate alloys with LaNig_for reference.
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C. Task 3 - Hvdride Container Design

The absorption of hydrogen by metal hydride is a highly exothermie
reaction and conversely is endothermic upon desorption. The rate at which the
hydrogen must be absorbed or desorbed determines the method of heat management
used. Two approaches generally used in the design of hydride vessels is an
isothermal design, where the heat of reaction is either removed or added by means of
a heat exchanger with a thermal transport fluid and an adiabatic design where the
heats of reaction are stored within the bed by the incorporation of large quantities of
high heat capacity-inert materials. Since the heat transport paths are shorter in the
adiabatic system, that approach is wused for the higher hydrogen
absorption/desorption rates. Where hydrogen flow-rates are low enough the
isothermal process is used since smaller and fewer vessels are required with a greatly
reduced hydride inventory leading to a desirable effect on the economies of the
system.

Because of the encouraging results obtained during the performance of
Task 1, a decision was made to use an isothermal design for the management of the
generated heat. The rapid hydrogen flow-rate made it mandatory to keep the
hydride "bed" thin thus reducing the length of the heat transfer path. During
absorption, cooling water is made to flow around small diameter (.375 in. OD) tubes
in which the hydride is contained. A flexible filter, of cylindrical cross section, is
placed in the tube with the hydride occupying the annular space between the filter
and the cylinder wall. Since the filter runs the full longitudinal length of the tube it
provides a low pressure-drop path for the low pressure hydrogen vapor to enter the
system.

The gas is very rapidly absorbed by the metal to which it is exposed and
the heat of reaction dissipates through the outer wall into the cooling water. For
details of construction see Figure 20. As shown on the same figure, four of the 25
ft. long 0.375 in. OD tubes are placed into a 1.125 in. OD water jacket, and spirally
wound to a 27 in. diameter flat coil. Three coil assemblies were fashioned in this
way, placed inside an enclosure and the water jackets connected in series. The
hydrogen lines, each equipped with a filter, pressure relief valve and a manual shut-
off valve were connected in parallel to a central manifold through which the
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hydrogen enters and exits the system. The enclosure also housed two electrically
operated solenoid valves to control the hot (for desorption) and cold (for absorption)
water flow through the jacket. Two motor-operated rotary-valves provide a low-
pressure path for the hydrogen to flow from the source to the "bed". A differential
pressure transducer, located between the two rotary valves, enabled monitoring of
the pressure in the coil, at the source or both. The transducer range, -10 psi to +10
psi, accurately transmitted the low pressures and small changes witnessed during the
operation of the device. A thermocouple in the hydride, another in the water jacket
and a third in the air enabled recording of hydride, water and ambient temperatures
during a test run. A pressure transducer (0-600 psig) was installed on the high-
pressure side of a regulator to track pressure changes in the hydrogen cylinder
source as the hydrogen was absorbed by the hydride.
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All temperatures and pressures as well as all eleectrical valve switches
were monitored and operated remotely, from 50 feet away, for safety
considerations.

D. Task 4 - Alloy/Container Design Verification Test

The design deseribed in section C, i.e. 0.375 in. diameter copper tube
with axial flexible filter and hydride filling the annular space between the two, had
to be verified by flow tests. A single coil 10 ft. long was fabricated using 380 grams
(38g/ft) of the specially melted alloy (LaNigq gAlg.4 heat T-88860-2) after grinding
to ~35 mesh. The hydride was vibrated into the tube/filter assembly's hydride space
where the resulting void fraction is typically 40%. The tube was equipped with a
pressure relief valve and a manual shut-off valve. The coil was not fitted with a
water jacket; but was immersed in an agitated temperature-controlled bath instead.
This provided better temperature control and nearly isothermal test conditions.

The verification test program emphasized the absorption half of the
eycle since the rapid absorption of the low pressure hydrogen vapor was recognized
as the constraining factor in this application. Hydrogen gas at various pressures
slightly above and below atmospheric pressure was used to charge this coil while it
was held at 25°C by the water bath. The time to reach 90% of full charge was
recorded and the results are presented in Figure 21 and Table 7. At the system
design pressure point (2 psig) the coil exhibited the capability to absorb 44 liters of
hydrogen, 90% of the hydride's full capacity (1.16 wt%) within 2 minutes. This rate
is 30 times faster than required for the subject application. The results of the tests
verified the present heat exchanger design and suggested newer and less expensive
approaches to hydride encapsulation.
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Hydrogen Time :
Pressure To Abs. Rate Abs. Rate
psia 90%, Min Max, SLPM Avr, SLPM

7 >7.35 15.0 6.0

20 4.35 18.4 10.1
‘ 15 2.58 32.2 17.1
| 20 1.25 56.0 35.2
| 25 1.15 80.0 38.3
i *17 2.0 40.0 22.0
|

* Interpolated values for dewar design pressure.

TABLE 7. Hydride Test Coil absorption rates at various charging pressures
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FIGURE 21: 25°C absorption rate performance of NASA test coil as a function of
charging pressure.
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E. Task 5 - Hydride Alloy Manufacture

Based upon the system design constraints and known hydride
characteristies, a custom'a]loy of Lanthanum Nickel Aluminum was identified as the
"hydride~of-choice". As described in Section B, Task 2, the hydride contained a
higher aluminum content than Ergenics standard H YSTOR-207 (LaNig4,7Alg,3) alloy.
A 30 1b melt was made in a vacuum induction furnace at the International Nickel
Research and Development Center (IRDC) in Sterling Forest, NY. The melt was
supervised by Dr. G. D. Sandrock of the Ergenics staff and the Chemical Analysis is
presented in Table 8. The billet was normalized by heat treating at 1125°C for 17
hours and crushed in a Gyro Mill grinder to -35 mesh. A small representative sample
(8.0 grams) was enclosed in a hydriding reactor and both absorption and desorption
equilibrium isotherms were generated at three different temperatures. Figures 22-
23 depict the measured Pressure-Composition-Temperature (PCT) characteristics of
heat T-88860-2 melted for the application.

Analysis Heat Constituents, Weight Percent
Number Date Number LA Ni Al O9 No C

35631 8/12 T-88855
Target 33 65 2 .05 .01 .02
Actual 33.2 65.1 1.7 .02 .01
Atomic Formula - Laj g2Nig,73A10.2

35713 8/16 T-88860
Target 33.1 64.3 2.6 .02 .01 .02
Actual 32.9 65.0 2.1 .01 .002
Atomic Formula - Laj, ggNi4.67A10.33

Table 8 Chemical Analysis Report
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An earlier melt, heat T-88855-2, did not meet composition or
performance specifications. See Table 8 and Figure 18. Figure 22 shows the
Pressure-Temperature relationship with the hydrogen concentration held constant at
the isotherm plateau mid-point (H/M = 0.5). The dynamic absorption and desorption
lines indicate that 25°C, 1.0 atma absorption and 75°C, 3.0 atma desorption is
possible with this hydride.

F. Task 6 - Container Construction and System Assembly

The system design, as described in section C, is based on coiled hydride
tubes in a water jacket, See Figure 20. Twelve 25 ft. long, 3/8 inch diameter copper
tubes were each fitted with a 0.225 inch diameter hollow flexible filter. The tubes
with full length filters, were attached to a vibrator and positioned to stand on end.
The annular space between the filter and the inner tube wall was filled with -35
mesh hydride powder to a packing density of 60%. Four tubes were inserted into
each of three 1-1/8 inch diameter copper water jackets and soldered in place. The
water jackets, with internal hydride tubes, were coiled into a flat spiral layer of
approximately three wraps.

The hydride tube ends were fitted with individual 2 um filters and
connected in parallel to a central manifold through which the hydrogen both enters
and exits the hydride beds. Each coil layer was equipped with a 150 psi pressure
relief vaive and a manual shui-oif vaive. The tnhree iayered coiis were siacked and
bound together with their hydrogen manifolds connected in parallel, thus insuring
free access by the entering gas to all the hydride beds simultaneously. This
configuration provides the lowest possible pressure drop loss. The coil stack was
placed into a steel-box-housing (30"x36"x16™ and the water jackets connected in
series. Series connection of the water lines results in greater sensible heat recovery
and higher efficiencies. This method of cooling and heating was chosen even though
more rapid absorption can be obtained by connecting the water jackets in parallel.
Two thermocouples were placed in the coils; one in the hydride bed and one in the
water jacket. The thermocouples would be used during the test program to monitor
temperature transients as hydrogen is admitted or discharged from the coil and as
water temperatures are changed. A third thermocouple was placed in the housing to

monitor ambient temperature. Two motorized rotary valves were used to direct the
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hydrogen flow from the low pressure source to the coil during absorption and from
the coil to the low pressure gas accumulator during the discharge phase of the test
(V-1 and V-2 in Figure 24). The hydrogen line was also fitted with an oxygen purifier
and a molecular sieve dryer to protect the hydride surface from poisoning by the
inadvertant admission of air during the performance of the test.

A low pressure differential pressure transducer (-10 psi to +10 psi) is
located at a "tee" junction between V-1 and V-2, thus enabling very accurate
pressure measurements of the hydride coil, the hydrogen source and during
absorption, both. A pressure transducer was also installed on the high pressure side
of the regulated hydrogen supply to monitor changes in the cylinder pressure as the
hydrogen is absorbed by the hydride. From these measurements of gas volume
absorbed as a function of time, absorption rates can be calculated. Two solenoid
valves (SV-1 and SV-2 in Figure 24) control the hot and cold water to the coil water
jackets. External to the housing, manual shut-off valves are provided for evacuating
and purging the system during set-up as well as for choosing the preferred hydrogen
supply for each test. The motorized and solenoid valves are operated remotely (50
feet) by toggle switches mounted on the face of the control panel. Temperatures
and pressures are monitored from digital readout instruments which are also
mounted on the panel face. See Figures 25 and 26 for photographs of capture device
and remote control panel.
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FIGURE 25: Hydrogen boiloff capture system.

FIGURE 26: Remote control panel for KSC demonstration.
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G. Task 7 -System Test

The test of the demonstration device was conducted in two parts. The
first, Task 7, involved testing under controlled conditions at the Ergenics, Inc.
laboratory in Wyckoff, NJ and the second, Task 9, was conducted "in-the-field",
under less controlled conditions, at the Kennedy Space Center.

To simulate the low-pressure high-flow-rate hydrogen boiloff stream it
was decided to use large balloons as the hydrogen source. This seemed, at first, to
be a very simple and more-than-adequate solution since a balloon's internal pressure
is extremely low (measured to be 0.01 to 0.05 psig) and essentially constant for the
entire deflation period. Hydrogen absorption rate by the hydride is graphic and can
be recorded as the balloon's diameter, hence its volume, is measured periodically
during the run. A problem arose as this scheme was attempted with the small test
coil as a result of a) residual air in the baloon due to insufficient purging, b) oxygen
and/or water vapor permeation through the skin of the balloon or ¢) leached from
the balloon material by the hydrogen. Whatever the reason, the effect was to poison
the hydride's surface and reduce its storage capacity and chemical kineties. The
hydride was readily restored to its full capacity by evacuation to 1 mm Hg at 80°C
and exposure to UHP hydrogen. Three different balloon materials were tried with
various levels of success. See Figure 27. In the as-received" condition none of the
materials were acceptable. Washing with freon and acetone seemed to improve
their performance; but the best results were obtained by coating the inside of
natural-rubber advertising balloons with silicone vacuum grease. Using this
procedure an eight foot diameter natural-rubber balloon was prepared for the

A mam b bl man adh bl TFOM LAl Al e Ve el mcamd e
UCHIVIDLLIALILVLIL 8L LI DO Wit Llie tal ge CuUll dydiel te
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FIGURE 27 Effect of hydrogen stored in various elastomers on cyclic absorption
capacity of hydride.

The laboratory absorption tests were conducted using a compressed gas
cylinder as the hydrogen source and low-pressure regulation to reduce the pressure
to atmospheriec. The cooling water temperature was unregulated at an average
temperature of 12°C and was circulated through the water jacket at a flow-rate of
6 GPM. With valve V-] closed and V-2 open, the coil (hydride plateau) was measured
at the pressure transducer as 3 psia (0.2 atma). The hydrogen absorption rate was
measured by recording the cylinder pressure as a function of time. Ideally, as
shortly as possible after opening V-1 the system pressure should have risen to near
atmospheric pressure, which would most closely simulate the anticipated conditions
during boiloff recovery at the KSC. This did not happen since the hydride's ability
to absorb hydrogen, even at the sub-atmospheric charging pressures (10 psia, 0.7
atma) was much greater than the regulator's ability to dispense hydrogen. The
result of this test is depicted as the solid dots (Small Cy Regulator on Figure 28. A
second run with the same test conditions, but using a regulator with.a larger Cy,
resulted in the curve described by the open dots (Large C, Regulator) also in Figure
28. Even in this run, although much improvement is evident, the coil was still
"starved" by the regulator's inability to output hydrogen at a rate rapid enough to
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satisfy the coil. Desorption of the coil after each run under controlled conditions
confirmed that the maximum storage capacity, 68 SCF, of hydrogen had been
absorbed in less than 10 minutes and that 90%, 60 SCF, had been absorbed in less
than 3 minutes. A third test was run after returning from the KSC demonstration to
confirm that the storage capacity and kinetics are unaffected after poisoning and
subsequent reclamation. Using a bank of gas eylinders as a low-pressure (14.7 psia, 1
atma) surge and "feeding" the surge through a very large Cy regulator it was
possible to run the test under conditions that more closely simulated the boiloff
capture conditions during off-loading. The results are presented in Figure 28 as the
open square points. The rapid initial rise, 50% absorbed in less than 1.5 minutes, is
somewhat balanced by a slowing down above 80%. We attribute this to heat transfer
limitations; but it should be recognized that the hydride need only reach 90% in less
than 60 minutes to capture the off-loading boiloff.
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FIGURE 28: NASA hydrogen capture demonstration system performance.
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H. Task 8 - Report Preparation

The preparation of the final report was an on-going effort with sections,
figures and tables being prepared as required for monthly Progress Letter reporting.
At the conclusion of the test program approximately 15% of the final report had
been completed.

I. Task 9 - Proof of Concept Demonstration and Project Review

The device was operated at the KSC for evaluation by the Project
Manager and other interested NASA and EG&G personnel.

Because of the uncertainties that still existed concerning the balloon
poisoning effect, the field test procedure was planned to first demonstrate the
absorption of pure hydrogen from a compressed gas cylinder, the second was to
inflate the balloon with the hydrogen liberated by the hydride as hot water was
circulated through the water jacket, and finally an attempt would be made to re-
absorb the hydrogen from the balloon into the hydride.

The two regulators used at Ergenics for the first two absorption tests
were ‘piped in parallel so that the contribution of each might be enough to
adequately "feed" the coil. Because of a water main break, cooling water had to be

optimum and once again the hydrogen flow-rate through the regulators was
insufficient to supply the hydrogen at the hydride's absorption rate. The system
pressure stayed below 0.5 atma for 2.5 minutes and rose to 0.8 atma when the
regulator setting was increased to >40 psig. The total time to 90% capacity when
the system pressure finally reached 1.0 atma was 8.0 minutes; much longer than the
laboratory results but still very acceptable.

The liberation of the hydrogen from the hydride bed into the balloon was
attempted. With V-1 closed and V-2 opened SV-2 was closed and SV-1 opened. This
permitted hot water (73°C) to flow through the water jackets, raising the hydride
temperature and thus increasing the system pressure. In about 1.0 minute, when the
system pressure was above 2.0 atma, V-2 was opened to permit the hydrogen to
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inflate the balloon. The balloon inflated rapidly, accepting approximately 70% of the
hydrogen stored in the hydride within 5 minutes. Due to windy conditions, it was
decided to abort and begin the third test quickly. The positions of SV-1 and SV-2
were reversed causing cold water to flow through the water jackets. With both V-1
and V-2 open, the balloon's diameter began to decrease as the hydrogen was
reabsorbed into the bed. Due to a number of problems only half the balloon's volume
was absorbed into the bed. The hydride had been damaged as a result of poisoning
by oxygen, water vapor or some other substance emitted by the balloon's material.
The apparatus was returned to the Ergenics Laboratory where the hydride was
regenerated and additional tests run. The tests confirmed that hydrides can absorb
low-pressure hydrogen at a rate that is adequate to capture LH9 boiloff during the
off-loading operation and liberate the hydrogen at pressures greater than
atmospheric using hot water at reasonable temperatures.

A presentation, including slides of the figures and tables in this report,
was made describing the fabrication and test program. Copies of all presentation
materials and computer programs used during the performance of this program will
be delivered to NASA/KSC with this report.

IV  FULL SCALE SYSTEM

During the off-loading operation, hydrogen vapor is liberated at an
average rate of 10,300 SCFM. A liquefier capable of producing 40 tons/day of liquid
would be required to handle this off-gas in "real-time". Obviously, this is not a cost-
effective approach. Even though a full-scale metal hydride boiloff capture system

1 ........ ... ac ~AF ki nad m matrm Ao o8 A 4+ 1
equire miles of tubing and many pounds of hydride, this work indicates
n

._.a
"l

is a feasibie and economicaily justifiable approach to reducing launch costs at the
KSC. See Tables 1-3, 5.

The system must be capable of capturing and storage, albeit short-term,
3,400 1lbs. (620,000 SCF) of hydrogen for subsequent liberation to a small,
approximately 2 tons/day, liquefier. Some combination of a smaller hydride capture
system operating in parallel with the 12 ton/day liquefier presently being considered
by NASA might be an even more cost-effective approach.
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Generally, the system outline in Table 2 is representative of what a
reasonable system would look like. For all computer runs we assumed 1-1/8 inch OD
copper tubing with 0.05 inch wall. The space between each spirally wrapped coil was
held at 0.5 inches as was the vertical space between the stacked coil layers. The
axial filter was held to be 0.225 inches with a hydride packing density of 60% in the
annular space between the filter and the copper tube wall. The hydride's bulk density
was assumed to be 420 1b/ft3 which is a good approximation for the alloy to be used.
The minimum diameter for the smallest coil wrap was held constant at 2 feet. Only
the coil layer's large diameter, the allowable stack height and the hydride's storage
capacity were allowed to vary. The computer program allows changing any of the
physical dimensions or constraints, and a program disc is included with this report
which allows NASA personnel to investigate the system's sensitivity to parameter
changes.

A typical system of this design would require 290,000 lbs. of hydride
housed in 200,000 feet of tubing. With coil diameters and stack heights limited to
10 feet, we need 5 stacks of coils, each in its own cooling water vessel. The rough
approximation of the hydride and the system cost was based solely upon the assumed
storage capacity (e.g. 1%, 1.2% or 1.4%) and the total hydrogen stored, 3,400 lbs.
The system cost was assumed to be 1.4 times the hydride cost ($20/kg, $9/1b). For
the computer run presented in Table 2, the hydride's storage capacity was assumed
to be 1.2%; and the resulting costs of $2.6M for hydride, $3.6M for the total system
and a payback time of 2 years are projected. The payback time is based on 20
launches/year and is computed as follows. It does not include the liquefier initial
cost, operating costs or interest on capital outlay.

20 launches x 9‘off-loadings/launchx6000 gal/off- loading = 1.08 x 106 gal/year
400 gal/day normal boiloffx360 days = 144,000 gal/year
Total boiloff reclaimed 1.22x106 gal/year or $1.84M/year at $1.50/gal

The capture system can be integrated into the existing facility at LC-39

as pictured in Figure 29. The reliquefier, being small, can be located at the storage

dewar top where its discharge can be added directly to the existing liquid. Multiple
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capture vessel modules with appropriate valving will permit discharging of some

while others may still be absorbing boiloff. Additional modules may be added as
needed.

avavaw, S

FIGURE 289: Artists concept of hydrogen boiloff recovery system at LC-39. Ref. 5.
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Figure 30 shows schematically how the capture vessel, pictured in the
upper right-hand corner, can be incorporated into the present system with a
minimum of interruption and no change in present operating procedure. During
installation the existing 10 inch - 150 lb. manual valve in the vent line would be
temporarily closed, and the flanges broken, see Figures 31 and 32. The spool piece
between the manual valve and the 10 inch - 150 1b. 2.5 psi check valve will be
replaced by a flanged tee with the branch leading to another 10 inch - 150 1b.
manual valve. At this point the existing manual valve can be reopened since all
additional construction can take place downstream of the new 10 inch manual valve.
The location of the check valve insures that the dewar cannot be subjected to
excessive back pressure. Should the capture vessels not be able to absorb the boiloff
vapor for some reason, the back pressure will unseat the check valve, venting the
vapor as is presently done.

/
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FIGURE 30: Schematic of hydrogen vapor recovery system addition to existing LH9
fill and drain lines. Ref. 1.
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V. FINAL COMMENTS AND RECOMMENDATIONS

The program accomplished its stated mission; to demonstrate the
technical feasibility of capturing low pressure hydrogen vapor as a reversible metal
hydride at very rapid rates for subsequent reliquefaction. Based upon the results
presented in this report, Ergenics believes the hydrogen capture system can be
scaled directly for full scale operation. The extremely rapid absorption capability
of metal hydrides suggests the alternative possibility of using a much smaller system
operating on a short (3 to 5 minute) absorption/desorption cycle and acting as a
staged compressor; the boiloff being stored as a compressed gas. Potential savings
may be realized since at pressures as low as 1000 psi only fifteen tube trailers would
be required to store all the gas for the slower reliquefaction process. Future work
by Ergenics teamed with a suitable engineering construction firm should include:

1. An engineering analysis and cost study be done for each of the
capture/reliquefaction scenarios identified.

2.  Fabrication of a single full-scale component be completed for testing at
the KSC on an actual LHg boiloff stream.

3. Based upon the single component test results, design improvements
should be added and a complete system fabricated at one launch

complex.

4. Similar systems to be constructed at other launch sites.
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HYDROGEN RECOVERY, SIZING OF QUANTITY OF HYDROGEN VAPORIZED IN FILLING

The boiloff or vaporization of LH9 as it is "off-loaded" from the tankers

to the main storage Dewar at KSC is a product of the following four contributions.

1.

Cooldown of the vacuum jacketed lines.

Boiloff from flashing of a high pressure liquid into a low presssure
volume.

Boiloff from cooling down of dewar as liquid fills the dewar.

Ullage displacement.

Several steps are necessary in order to find the boiloff from each of the

above contributions.

w
.

Find the equivalent length of piping of the fill lines to the dewar.
Determine the LHo flow rate from the known transfer line pressure.

Calculate the heat capacity, cool down time and boiloff based on the
fill-line length determined in Step 1.

Determine the gas displaced from the dewar's ullage space as the liquid

level rises in the dewar.

Estimate the liquid evaporated during the cool-down of the dewar walls.
The temperature differential between the top and bottom of the dewar
was assumed to be 5°K.

Calculate flashing into the dewar wusing the First Law of
Thermodynamics and known states to determine the final quality of the
liquid in the dewar.
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The contributions are added and the total flow-rate as a funetion of
liquid initially in the dewar may be determined.

The actual length of the vacuum fill line is approximately 178 feet. Also
in the line are 1 flexible hose, 1 elbow, 2 relief valves, and 3 globe valves. These

fittings are equal to about 66 equivalent elbows. The equivalent length of piping is,

therefore, approximately 700 feet. (1). Using the equivalent length of piping and a
known pressure drop between the line pressure and the dewar, the approximate mass
flow rate of liquid can be determined.

The pressure drop (Ib/€t2) in terms of viscosity, Reynold's number and
mean fluid density is:

P= fLu2NRe2/epgeD3 (2) Eql
where:

f is the coefficient of friction, dimensionless
L is the equivalent length, ft.

D is the inside diameter, 4 inch sed 5, ft.

u is the viscosity, lbm/ft-sec.

NRe is the Reynold's number, dimensionless
p is the mean density of the liquid, Ibm/ft.3
ge is the gravity conversion constant, ft/sec?

The same equation can be reduced to the following when known terms are
substituted:
P =2.2x10"8 Nge2/p Eq 2

here the viscosity is 9.54x10-61bm/ft-sec. at 20°K.

Table I is a compilation of the results of the pressure drop calculations.
The results were obtained by assuming a pressure drop, then guessing at a Reynold's
number and getting the corresponding coefficient of friction. Using these numbers



in the pressure drop equation, the calculated results were checked to see if both
sides of the equation were equal. If not, then a new Reynolds number was guessed
at and the results checked. The iteration was continued until the correct Reynold's
number was obtained for the pressure drop assumed. The mass flow rate of liquid
hydrogen could then be determined from the following equation:

m = NReuA/D Eq 3

where:

m is the mass flow rate, lbm/sec.

NRe is the Reynold's number, dimensionless

u is the viscosity, lbm/ft-sec.

A is the internal cross-sectional area of the pipe, ft.2
D is the internal diameter, ft.

Which is actually a rearrangement of the equation for computing the Reynold's
number

NRe =mD/mA and as A =7D2/4
NRe = 4m/ruD

The results of the pressure drop and mass flow rate calculation are given
in Table I. The equivalent volume flow rate of the liquid if all liquid were converted
to gas at standard conditions is given in column 4. Columns 5, 6 and 7 present the
mean density of the liquid, the velocity of the liquid in the pipe and corresponding
Mach number, respectively.

p m Q m V'
PSIG NRpe 1lbm/sec SCFM 1lbm/cu.ft. ft/sec M

30 6.8E6 18.36 2.11E5 4.17 86.6 077
25 ©6.2E6 16.74 1.93ES5 4.21 78.2 .070
20 5.S5E6 14.85 1.71E5 4.23 89.0 .062
15 4.7E6 12.69 1.46E5 4.25 98.7 .052
10 3.8E6 10.26 1.18E5 4.27 47.3 .042
1 3.2E6 8.64 9.95E4 4.27 39.8 .035
3 2.6E6 7.02 8.09E4 4.29 32.2 .028

TABLEI: Mass flow rate of liquid in the fill line as a function of differential
pressure between the fill line and dewar.
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The next thing to calculate is the cooldown of the vacuum jacketed
piping. There are two contributions to the liquid boiloff as it first flows down the
piping. One term is the steady state heat transfer through the insulation. Since the
temperature varies from approximately ambient down to the liquid temperature,
one-half of the steady state heat gain is used. The allowable heat gain by NASA
specifications is 1000 BTU/hr for the dewar and 1800 BTU/hr for fill lines. (2) The
external heat transfer gain is then about 1400 BTU/hr. Assuming that the cooldown
time is about 3 minutes, the amount of heat transferred in that time is 1.2x109
Joules. This term will be shown to be negligible as compared to the sensible heat of
the lines, which is the other contributing term to liquid boiloff during the cooldown
of the transfer lines. The vacuum jacketed inner line is constructed of Schedule 5, 4
inch Invar pipe. The heat capacity for nickel as a function of temperature was
obtained from the Handbook of Chemistry and Physics, 41st Ed. page 2273 (5). The
heat capacity for iron is roughly the same as that for nickel. The data were fitted
to a curve and over the range of 20-300K, the equation is:

Cp(T) = .0145+8.557x10-4T - 1.979x10-6T2+1.536x1079T3 cal/g-K

The average sensible heat capacity over the temperature range of 20-300 K is
0.070 cal/g-K.

The length of tubing is about 178 feet and the mass of metal per foot is
3.915 lbm/ft for Schedule 5, 4 inch pipe. Allowing 25% extra for supports, valve
bodies and getter material, the mass used to determine the heat capacity was 870
lbm. The amount of energy needed to cool down this mass is 3.27x107 Joules. This
amount is more than a faector of one hundred greater than the heat leak from
ambient. Using the ¢

leulated heat capacity and the external heat gain, it would

[=2 LR P LY ~- dafa LeeT T ASTL AL LTSS

take about 2.8 days for the transfer lines to warm up to ambient temperature.

A calculation must be done to find the mass of liquid required to cool
down the fill line and also find the time required to cool the line down. To find the
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time to cool down the line, it is assumed that the boiloff is so fast that choked flow

is reached in the line, which is normally the case. The calculation is based on a 4

inch line with a discharge coefficient of 0.60 and a cross-sectional area of 0.020 sq.

ft. at the exit of the fill line. The equation for the velocity of the choked flow is:
V=Cq (ygeRTg)/2

where:

V is the velocity, m/sec.

Cgq is the discharge coefficient, dimensionless

y is the ratio of Cp/Cy, dimensionless

g is the gravity conversion coefficient, m/sec.2

R is the Gas Constant for hydrogen, m-Kg/Kg-°K

Tg is the average gas temperature, °K

At 1.17 atmospheres pressure and 160 K the density of hydrogen is 16.77x10° g/ce.

The mass flow rate of hydrogen gas is therefore .197 lbm/sec or 5.83x103 gm/min at

choked flow conditions. This is equivalent to 2.27x103 SCFM. The time that this
flow is taking place is only for the amount of time that it takes to cool down the fill

lines. Time to cool down the line is given by the following equation:
tss = (zrﬁ(Ti‘Tss)Cp‘V(pss(Uss‘Hf) = Di(Lli"Hf)/(mg(Hg-Hf)‘O.sts)

where:

tss is the time to reach steady state, sec.



Zrﬁ(Ti—Tss)Cp is the energy to cool down the fill line due to heat capacity, Joules
V is the volume of the line, ce

Pss and pj are the steady state and initial densities in the line, g/cc

ugg and uj are the steady state and initial internal energies of the hydrogen, J/g
Hf is the enthalpy of the hydrogen liquid at steady state, J/g

mg is the mass flow rate of hydrogen gas calculated at choked flow, g/sec

Hg is the enthalpy calculated for the hydrogen gas at the average temperature in
the line, J/g

Qss is the steady state heat gain, cal/sec.

It was assumed that the quality did not change very much for the liquid
and was considered to be zero. Doing this, the states necessary to complete the
above equation are:

Pss = .0663 g/ce at 2.5 atm. sat. liquid

df ==219.6 J/g at 2.5 atm, sat. liquid
Ugs = -223.4 J/g at 2.5 atm., sat. liquid

pi =8.18x1075 g/ecat 1 atm. and 300 K
ui  =2.989x103 J/g at 2.5 atm. and 160 K

Hg =2.012x103 J/g at 2.5 atm. and 160 K

Substituting these into the equation for time to reach steady state, the result is
1.47 minutes.



One more equation is needed and that is the mass of liquid hydrogen
needed to cool down the fill piping. It is as follows:

Mf/Myw = Cw (Ti‘Tss)/(Hg—-Hf)+V (0ss=Pi)/ Mw+Qsstss/ (2 My (Hg-Hf)

where:

M¢/My is the 1bm of liquid hydrogen needed per 1bm of metal

The rest of the terms are as above. Substituting the necessary values the mass of
hydrogen needed per 1bm of metal is .209 lbm Ho/ lbm metal.

The pressurization of the dewar can be calculated from the saturation
rule given on page 475 of Barron. Thus rule, especially for hydrogen is in error on
the liberal side, but for lack of information, this rule will serve well enough since

the time to pressurize is on the order of only a few minutes. The saturation rule is
the difference in the volume times density at the initial and final states.

Mg=Vg2 0g2 - Vgl Agl
where mg is the change in mass of the gas from state 1 to 2
ng and Vg1 are the volumes the gas occupies at states 1 and 2 respectively
Pg2 and pg)] are the densities of the gas at states 1 and 2 respectively

In terms of the number of gallons of the system, the volumes can be written as

Vg2 = 1.13x105 _ 0.134V
Vg1 = 1.13x105 - (V + 55,000) 0.134

where V is the initial volume of liquid in the dewar
The saturation rule can then be written as

Mg = (1.13x105 - 0.134V)og-(1.13%105-0.134(V+55,000))pg]
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The time to pressurize can be determined by the maximum flow rate of
liquid into the dewar as a function of the pressure drop. This is where much of the
error comes in. The liquid must be able to flash entirely into vapor or be boiled off
by heat transfer. The time to pressurize is given by

t= 191.8mg/ Q&
where:

Qt is the volume flow rate based on the pressure drop, SCFM

Table II gives the results of the saturation rule for a pressure drop of 20

psig and pressurizing from 1 atm to 1.17 atm,

Volume Mass, M Q Tim=
Gallon bm 9 scr Min
100,000 664 1.27€5 0.745
200 5000 815 1.18E5 0.490
3001000 567 1,09E5 0.636
4004000 519 9.95E4 0,582
5001000 71 9.03E4 0.528
5001000 422 8.10E4 0.473
700,000 74 7.18E4 0.419
7505000 350 6.71E4 0.392

TABLE 0 Pressurization of the dewar from 1 atm at a pressure flow rate of 20
psig.



Another contribution to the boiloff is the heat capacity of the dewar
walls. On page 450 of Barron, an equation is given to determine the minimum
thickness necessary for the walls of an elliptical shape. For a shpere, the minor
diameter is the same as the major diameter. The equation for the thickness is: |

th = PDK/ (2SgEy - O.2P)
where:
P is the maximum operating pressure
D is the diameter, ft.
K = 0.167 (2+ (D/D1)1/2) and D/D1'is | for a sphere
Sgq is the allowable stress, psi
Ew is the weld efficiency, per cent
P is assumed to be 75 psia, D is 60.5 ft.. Sq is 18,750, and Ey is 100. Substituting
these values into the equation, one obtains for the minimum thickness of 0.71 in.
Using the density of steel of 7.84 g/cc and finding the net volume of the dewar wall,

the mass of the inner wall is 9.3x108 gm.

An equation for the internal volume of a sphere as a function of the
f

hare and the radius of a sphere is:
ne radius of a sphere 1s:

sp
V = 0.33mh2 (3R-h)

This equation can be written as a cubic equation in h with the radius as 30.25 ft. and
V in gallons, the equation is

h3 - 90.75 h2 + 0.12766V =0

The surface area of the sphere at this height can-also be written as a function of the
radius and the height. It is




S = 2nRh

Table Il shows the amount of hydrogen boiled off as a function of the
volume of liquid initially in the sphere. The calculations iterate to find the height
necessary to solve the cubic equation and then the surface area is calculated. The
net difference in going from one liquid level to another in increments of 50,000
gallons is given and the net surface area covered by liquid as it is filled to the next
higher level is determined. The mass of steel knowing the wall thickness can then
be calculated and the energy to cool it down 5 K is then arrived at. The mass of
hydrogen boiled off can then be determined and the rate in SCFM is taken over 60

minutes.

Ve g3l

50000

100+000
1501000
200,200
2501000
3004000
350,000
4001000
4254000
450,000
5004000
5305000
500800
6501000
700,000
7301000
800,000
850000

h L.
8.82

12.80
16.01
18.84
.46
23.94
26.34
28.68
29.85
J1.02
33.36
15,74

M A
<00 Y

40.84
43,49
46,90
50.88

40.25

Ay TL2
1676
2433
3043
3531
4079
455
5006
5433
5673
5893
8340
8796
7266
7745
8303
8913
9670
11344

Ar fL2
1876
757
410
538
498

n steely am
2.32E.
1.05€7
8.46E6
7. 44E6
6.91E6
6.33k4
4,33E6
6.21E8
3.05E4
J.05ES
«21E6
6,33E6
6.53E8
6.91E4
7.46E8
8.44E4
1,05E7
2.3287

0+ Joules

2.9€7

1.3387
1.08E7
9.33E8
B.04ES
B.14E4
7.91E6
7.75E6
3.81E4
J.81E6
7.78ES
7.91E6

xs  H2
J.20E4
1.47€4
1.13E4
1.04€4
9.47€3
9.14£3
8.84E3
8.40E3
4.27€3
4.,27€3
8.40E3
8.84E3
F.14E3
9.47€3
1.04E4
1.18E4
1.47E4

3.2584

SCFN
22
193
83
73
68
b4

41
30
30
61

o4
48
73
83
103

228

TABLE II. Boiloff from cooling down the heat capacity of the dewar.
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The largest contribution to boiloff is from flashing of the higher pressure
liquid to partial vapor into the low pressure dewar. An example of how to determine
this is given in Van Wylen and Sonntag on page 122. (6) The First Law of
Thermodynamics is used to find the state of the hydrogen in the dewar. The
calculations were done twice; once using MKS units and once using English units.
The results would be identical except that for the English calculation, I used the
viscosity value of 9.54 x 10-6 lbm/ft-sec obtained from Scott. (4) In the MKS
calculation, I used a value of 1.07 x 10~5 Pa-sec taken from a graph reprinted from
Chapter II of Technology and Uses of Liquid Hydrogen. (7) The value 1.07 x 10~5 Pa-
sec equals only 7.19 x 1076 lbm/ft-sec, and, therefore, the results do not agree
exactly with each other. They are, however, in exact agreement when the friction

factor is limited to a minimum value at high Reynold's numbers
The mass flow is given by: (8)
m’ = (2p APD5/8fL)1/2

Friction factors were needed in order to calculate the flow. Barron gives friction
factor equations on page 135 for smooth pipes, but the equations he gives are only
for Reynold's numbers less than 3 x 106. (4) The reason for limiting the range for
the validity of the equations can be seen from an examination of charts of friction
factor versus Reynold's number as in "Flow of Fluids through Valves, Fittings, and
Pipe, Technical Paper No. 410," (Crane Company), pp. A-24 and A-25. (9)

For all pipes, the friction factor levels off a constant value at high

to
T Aacren at - B Mbla camncbhacnd woelamdioecsemn vosmlocm Ao om dda - blam maladlivea wmmms oo ~n-
T YHIULU S [IUIVED. Ly CudbLalil iiidiiiwiil vaiuce ut:ycuua 1 LI LCiauve LVURLHICOD

Q

of the pipe. For very smooth pipes such as drawn tubing, the minimum wili be
0.0085 to 0.0095 for 4 inch tubing at Reynold's numbers of 3 x 108 and greater. But
for commercial steel pipe, the minimum will be about 0.016 for Reynolds number
greater than 2 x 106, If the pipe in question has the roughness of commercial steel
rather than drawn tubing, the Reynold's numbers of the mass flow are in this
"minimum value" range and Barron's friction factor equations are not valid.

The mass flows were calculated using several assumptions:

A-12




1)  The friction factor equations are valid for all Reynold's numbers,

2) the friction factor reaches a minimum value of 0.0098 at Reynold's numbers >3
x 106,

3)  The limiting minimum value is 0.016 instead of 0.0098.

The analysis assumes that the hydrogen state point moves along the
saturated-liquid curve as it is transferred, that is, the hydrogen is at the boiling
point appropriate for the pressure at that location. We will assume that the tanker
pressure is 22.5 psig and that the hydrogen enters the transfer line as a liquid (the
quality or ratio of mass of vapor to the total mass flow is zero at the tanker end of
the pipe). As the liquid flows along, the pressure falls, finally reaching 2.5 psig at
the storage tank. Since the pressure falls, the boiling point decreases so some of the
fluid becomes liquid at this new lower boiling point and lower enthalpy while part of
it is vaporized to a gas, also at this new lower temperature but with an enthalpy
greater by the heat of vaporization. There would be no net enthalpy change if there
were not heat leak in the transfer line, no change in the potential energy of the gas,
and no change in the velocity of fluid along its path.

If there are elevations, some of the pressure drop goes into raising the
potential energy of the fluid. We will show later that the heat leak of about 300W
causes little additional vaporization of the hydrogen as compared to the pressure
drop itself. Finally, since part of the fluid does change to vapor in the pipe, the
mean density of the exiting hydrogen is less than that of the entering hydrogen.

Mlesn 4o Amcmamara R, - 3 ierh i i
Thus, to conserve mass flow, the hydrogen must exit at a higher veloeity than it

and leads to less liquid going to vapor.

From Barron,
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NOTE: I decided to use "V" for velocity and "v" for specific volume

where:

X9 = quality of hydrogen at exit,

%% sat = change in enthalpy of the liquid for a change in pressure along the
saturated-liquid curve,
Vo = velocity of exiting vapor and liquid, ft/sec.
Vi = velocity of entering liquid, ft/sec.

(Z9-Z1) = net change in elevation, ft.

heat leak into transfer line, BTU/hr.

Q =
m = mass flow rate, 1b/hr.
hfgz = latent heat of vaporization for conditions at exit, BTU/Ib

In Figure 1, I have plotted (dh/dp) versus P for liquid hydrogen over the range of
interest. The data are from NBS Monograph 94.(9). For this example, the transfer -
conditions will be assumed to be P} = 22.5 psig = 2.53 atm, Pg = 2.5 psig = 1.17 atm.
Therefore AP = 20 psi = 1.361 atm. The first term in the numerator is just the area
under the dh/dp curve over the region 1.17<P<2.53. This area was approximated by

taking AP times the value of dh/dp at the midpoint, ~25.5 J/g atm, giving 34.7 J/g.

We will assume net elevation changes to be zero. The velocity change
can not yet be calcuated - we must iterate to get a final answer. Q= 1000 BTU/hr =
293 Watts, so the last term in the numerator is 293 W/m. If me 8 kg/s, then Q =
0.04 J/s and is completely negligible for this high mass flow rate.

Then, as a first approximation,



- 34.7Jd/g _ 0.0783
443 J/g

If, however, 7.83% of the transferred mass flashes to vapor, the mean density of the
exiting liquid and vapor will be much less than the density of the liquid entering the
transfer line. In order to conserve mass flow, the velocity of the exiting fluid must
be greater than that of the entering liquid.

1 _ 1
92 = =
vm2  (1-X2) vig - Xgvgo

where:
Vm2 = the mean specific volume at exit,
20 = liquid specific volume at P = 2.5 psig, T = Tgqt, I/kg
Vg2 = vapor specific volume at exit conditions, 1/kg
Thus

02 1 L g/em3

T (0.9217) (14.254) + (0.0783) (652.9)  64.26

pg = 0.01556 g/em3 = 15.56 g/1 = 15.56 kg/m3
Since the initial density was 66.21 kg/m3, the velocity change is larger.

A), vi = 12.69 m/s for a mass flow rate of 8 kg/s

n/{p1/ low rate kg/s.

Thus Vg = Plv)=4.255V; = 54 m/s
P2

2
V2= V1= 1377 J/kg = 1.377 J/g.

The energy of 1.4 J/g is required to increase the momentum of the fluid
and is supplied by part of the pressure drop. There is then less energy available to
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provide the heat of vaporization of the liquid hydrogen.

Our second approximation is kthen,

%, o 3473/g - 1.43/g

0.0752
443 J/g

We proceed in this manner and obtain the results shown in Table IV. We see the
result converges to 0.0754 in three iterations.

[teration Kinetic Energy Change 3 X
(/9) (kfm) %2

0 0.00 66.21 0.0783

1 1.38 15.56 0.0752

2 1.29 16.06 0.0754

3 1.29 16.02 0.0754

TABLE IV: Results of iterative calculation for quality of hydrogen at exit.

Discussion of flashing results

The results show that the density of the exiting hydrogen is only 24% of
the density of the entering fluid. The kinetic energy change required uses 4.85 psi
of the 20 psi pressure drop. This implies that the mass flow calculations done in the
first part of ther report could be greatly in error since, for a pressure drop of 20 psi,
only 15 psi are available to overcome the friction losses. But more importantly,
the assumption that the flow could be calculated using only the properties of the
fluid (density and viscosity) is invalid. In fact, whereas every gram of entering
hydrogen consisted of 15.1 ec of liquid, every gram of exiting hydrogen consists of
only 13.2 cc of liquid plus 49.2 cc of vapor. Moreover, the flashing results depend on
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the validity of the homogeneous model which requires bubble flow. In the example
in Barron the vapor was only about 20% of the exiting volume. In our case, it is
nearly 80% of the exiting volume. The problem is really one of two-phase flow
because of the large amount of flashing produced by the 20 psi pressure drop.

Since the mass flow and flashing results are mutually interdependent, the
results obtained above are not completely valid. The effect of flashing is to reduce
the mass flow rate. The effect of the mass flow rate on the amount of flashing is to
increase the amount due to the heat leak into the transfer line. Also, the kinetic
energy term will be smaller, but as seen in Table IV, this is a small effect. Since the
amount of flashing depends mostly on the total pressure drop (frictional pressure
drop plus momentum pressure drop) , this value will probably not change much as
long as the 20 psi drop is maintained during the transfer and as long as the flow
remains mixed, i.e., the liquid and vapor don't stratify.

If we use the average density, 41.12 kg/m2, and assume the flow is still

fully turbulent so that the friction factor has bottomed out at a value of 0.015, then
after a few iterations we find

pg = 15.75 kg/m3, Pavg = 40.98 kg/m3
AP (frictional) = 17.7 psi, AP (momentum) = 2.3 psi
m = 5.40 kg/s, and X9 = 0.0771
Therefore 418 g/s would be produced by flashing, corresponding to

(416 g/sX60 s/m)

R 10,570 SCFM

where a standard cubic foot is taken to be at 1 atm and 70°F

If the flow stratifies, the vapor and liquid may exit at different
velocities. To handle that situation one might attempt to write down a set of
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equations describing the flow at different segments along the length of the pipe and
match the end points of each segment. In any case, the flowing hydrogen is going to
undergo a pressure drop, so, for a 20 psig drop, v7% - 8% of the mass of hydrogen
leaving the tankers will arrive at the storage vessel as vapor. Knowing this, it is
probably easier just to empirically determine the mass flow rate by measuring the
time it takes to fill up the storage vessel. Then the rate at which gas will be vented
during the transfer (as a result of flashing) can be calculated.

Note that these results are a worst case since the tankers arrive with a
pressure of only 5-10 psig and are then pressurized into 22.5 psig. The hydrogen is,
therefore, not on the saturation curve when the transfer begins but is instead at
some temperature below the boiling point at P =22.5 psig. To compute the flashing
losses one needs to plot dh/dP versus P for the liquid in going from its bulk
temperature in the tanker to its boiling point at 2.5 psig in the vessel.

As the transfer proceeds, the liquid hydrogen in the tanker will warm
through heat inleak, and the flashing losses will increase. If the heat transfer
through the tanker insulation is known, the time required for the hydrogen to reach
the boiling point can be calculated. (The heat capacity of the liquid hydrogen is
about 11 J/ (g—k) for the conditions in the tanker.)

The amount of liquid needed to cool down the transfer line depends upon
what happens to the "hot" gas that exits the transfer line during this process.
Perhaps there are valves which allow the gas to be vented directly until the transfer
line is cold, and then the valves are reconfigured to allow the fluid to enter the
storage vessel.

If this is not the case, then one must compute how much liquid hydrogen
will be boiled off when the storage vessel is not empty. If it is empty, then the
amount of hydrogen required to cool the storage vessel down must be computed. In
the former case, the amount of hydrogen that will be evaporated by the hot gas
arriving at the beginning of the transfer will depend on the details of the
construction. If there is a phase separator or vapor diffuser, the warm gas will be
directed away from the surface of the cold liquid so that it vents before transferring
much of its heat to the liquid hydrogen already in the vessel.

A-18




One of the last things needed to know in designing a hydride storage vessel is the
temperature of the hydrogen entering the storage vessel. If the hydrogen is cold,
this will provide some cooling to the storage beds. To find the temperature, the
external heat gain from the ambient air must be calculated and equated to the
heating of an equivalent mass of hydrogen.

Three resistances are needed to find the external heat transfer rate.
They are the external heat transfer coefficient, the internal heat transfer
coefficient, and the resistance due to the conductivity of the pipe. The external
heat transfer coefficient is assumed to be 20 BTU/hr-sq.ft-F for lack of better
information. This is about midrange for a natural convection coefficient. The
internal coefficient is more difficult to estimate. Since it depends on the
temperature at which the properties of the hydrogen gas exist. If the bulk
temperature of the hydrogen gas is used, then curves, iterations, or tables of values
must be made to find where the external heat transfer from ambient temperature
equals the sensible heating of the hydrogen. This varies directly with the mass flow
rate of the hydrogen.

The external heat transfer coefficient can be found from the following
equation of the Nusselt Number: I

Npu = 0.021 Npr0*8 N 08

where:

Npy is the Nusselt number
Npp is the Prandtl number

and Npe is the Reynold's number

The Nusselt number is equal to the heat transfer coefficient times the internal
diameter of the pipe divided by the conductivity of the hydrogen gas. The Prandtl
number for hydrogen is about 0.7 over a wide temperature range. Using this number
and solving for the heat transfer coefficient:
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h(t) = [0.01695 k(t)/D] [VD/v(t)/u(t)] 0.8
where:

h(t) is the external heat transfer coefficient

D is the diameter, ft.

k(t) is the conductivity of the hydrogen gas as a function of temperature

V is the velocity of the hydrogen gas, ft/sec.

v(t) is the specific volume of the hydrogen gas as a function of temperature, ft3/1bm
u(t) is the viscosity of the hydrogen gas as a function of temperature, lbm/ft-sec.

The external heat transfer is then equal to the following equation:

Q = 1.8(300~t)/1/(2n0.434h(t)L)+1/(2n0.441(20L)+1In(1.016)/(2nk(t)L)

Equations for the variabies that are a function of temperature have been fitted to
data using a least squares method. Since units for data varied, equations were fitted

to the data as it was and then conversion factors were used in the final equation to
get the correct result.

Ptanker Pdrop Mass Mass Density Friction Reynolds Velocity
3 Flow Flow Factor Number -

(psi@) <(psig) C(ibmssd (kgs/sd (1bm/ft3) (fL/8)
15,380 13.09 17.%7 7.9? 4,212 9.0089 6490678 40.710
16.50 14,00 18.25 8.28 4.201 9.00889 6742245 42.396
17.350 15.00 18,90 8.57 4,190 @.0088 698441 44,032
18, %8 16 @29 19.%2 8. 8¢ 4 179 =11} 7218048 4% _£22
19.5@ 17.00 20.15% 9.14 4.169 2.0e88 7443896 47.17¢
22.%e 18,20 22,74 9, 4! ¢, 188 2.2e87? 7662592 48,682
21.38 19.00 21.31 9.67 4.1¢7 0.0087 7874680 30.159
22.30 20,00 21.87 9.92 4.136 Q.0@887 88806453 S51.608
23.50 21.00 22,41 10.17 4,126 ¢.0087 8280907 33.021
24,586 22.08 22.94 18.40 4.11S 8.8086 8473838 S4,411
23.590 23.00 23,45 10.64 4.104 9.0886 8663770 $5.776
26.589 24,00 23,98 19.87 4,093 0.0086 8851000 S7.118
27.359 25.00 24,44 11.09 4,083 9.08886 9031794 58,438
28.350 26.00 24.92 11.30 4,072 9.00886 9208394 $9.738
29.35@ 27.00 25,39 11.9%2 4.061 0.00883 9381018 §1.219
308.50 28.09 29.84 11.72 4,830 9.0883 9549863 62.282

TABLE V. Result of calculation using English units. Friction factor fit assumed
valid for all Reynold's numbers
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Ptanker Pdrop Mass Mass Dlensity Friction Reynolds Velocity

Flow Flow Factor Number

(ps1g) (psig) (kgssd> (lbmssd (kgsrm3) (m/3)

14,50 12.09 7.781 17.18 67.637 8.0886 8409846 12.886
15.50 13.00 8.1e7 17.87 67.465% 9.2086 8762248 12.628
16.358@ 14,00 8.420 18.35¢€ 67.293 0.0086 91088562 13.146
17.58 15.00 8,721 19.23 §7.121 9.00883 9426193 13.651
18.358@ 16,00 9.0811 19.87 66.948 8.088% 9748321 14,142
19.3¢ 17.08 9.292 20.49 66.776 @.0083 100439453 14,621
20.5e 18.080 9.3564 21.089 €6.604 0.0084 18337924 15.088
21.50 19.00 9.828 21.67 66.432 8.0984 18622998 15.544
22.59 2e.2@ 10.084 22.23 6€.2%59 9.0884 18899817 15.999
23.5@ 21.80 10.333 22.78 66.087 2.0084 11168948 16.428
24,59 22.28 18.376 23.31 65.915 0.08084 11430899 16.857
25.58 23.00 19.812 23.84 65.743 0.0083 11686107 17.279
26.59 24.80 11.842 24,34 65.570 0.,0083 11934983 17.693
27.50 25.808 11.267 24.84 65.398 8.0083 12177884 18.181
28.5@ 26.89 11.486 25.32 635.226 9.0083 1241313« 18.582
29.590 27.088 111,701 25.80 65.054 2.0083 12647030 18.897
30. 3@ 28,00 11.910 26.26 64,881 8.9083 12873838 19.287
31.85@ 29.8@ 12.116 26.71 64.709 2.0082 1309398803 19.672
32.350 30.20 12.317 27.18 64,537 8.0082 13313133 20.0352

TABLE VL. Result when the friction factor is not limited even though fit may not be

P P | NETFLY . ta_
Vaida, vno umnts.
Pranker Pdrop Mass Mass Density Friction Reynolds Velecity
Flow Flow Factor Number

(psig) (psig) (lomss) (kgrs) (lbmsfoe3) (fyvrs)
15.50 13.00 16.72 7.38 4.212 0.0098 §177996€ ‘38,746
16.39 14,00 17.33 7.86 4,201 0.0898 6403020 49.260
17.3e 15.00 17.91 8.12 4.190 8.0098 6619267 41.727
18.50 16.090 18.48 8.38 4.179 9.02098 68273572 43,131
19.50 17.090 19.02 8.63 4.169 9.0098 7828641 44,336
20. 358 18.00 19.S58 8.87 4.158 8.0098 7223078 45.886
21.50 19.00 20.06 5.1@ 4.147 9.08098 7411408 47.20S
22.59 29.00 29,535 9.32 4.136 2.0098 7594877 48,494
23.58@ 21.09 21.83 9.354 4,126 9.0098 7771493 49.736
24.50 22.09 21.58 9.73 4.115 0.0098 7944004 58.994
25.589 23.00 21.95 9.9¢€ 4,104 8.0098 8111923 S2.208
26.39 24,00 22.39% 18.16 4,093 8.8098 3273331 S53.401
27.%9 25.09 22.83 10.35 4.083 8.00898 8435077 34,574
28.5¢ 26.098 23.23 19.54 4,972 9.08098 859e789 55.728
29.5@ 27.0e 23.66 10.73 4.861 2.0098 8742871 56.863

30.50 28.00 24.06 19.91 4,950 2.0098 88913510 S7.98S

Table VII: Friction factor limited to values of 0.0098 or larger. In English units.
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Ptanker Pdrop Mass Mass Denmsity Friction Reynolds Velocity

Flow Flow Factor Number

(psig) (psig) (kgss) C1bmss) (kQ/m3) (m78)

14,50 12.00 7.29%5 16.88 67.637 8.0898 7883622 11.332°
15.50 13.00 7.583 16.72 67.465 8.0098 81971358 ii1.818
16.50 14.00 7.868 17.33 67.293 9.0098 8495727 12.271
17.38 135.00 8.125 17.91 67.121 9.0098 . 87826351 12.718
18.50 16.09 8.38!¢ 18.48 66.948 0.0098 9959837 13.1352
19.50 17.20 8.627 19.82 66.776 8.0098 9323821 13.573
20.59 18,00 8.866 19.53 66.604 2.0098 3583806 13.986
21.50 19.00 9.097 28,086 £€6.432 8.2098 9833683 14,388
22.350 28.29 9.322 20,39 £§6.259 8.0098 10976059 14,781
23.50 21.00 9.339 21.03 66.087 8.0098 18311468 15.166
24.380 22.00 9.7351 21.5@ 65.91S5 9.00898 18540333 15.3543
2%.50 23.¢29 9.957 21.9S 65.743 2.0098 187631354 15.913
26.3580 24,80 10,158 22.39 €3.570 9.0098 18988233 16.277
_27.3%59 25.00 18,354 22.83 63.398 2.0098 11191928 16.634
28. 5@ 26.20 10.54S 23.25 65.226 9.08098 113983528 16.986
29.38 27.8@6 19,732 23.66 65.054 2.0098 11600315 17.332
30.858 28.090 19.914 24.86 64.881 8.09998 11797333 17.674
31.3e 29.88 11,093 24,43 64.709 8.0e98 11990408 18.011
32. 358 30.90 11,267 24.84 64,8537 9.90098 l§179345 18,343

TABLE VIII: Result when the friction factor is limited to values of 0.0098 or
greater, in MKS units.

Pranker Pdrop Mass Mass Density Friction Reynolds Velocity
Flow Flow Factor Number

(psig) (psig) C(lbmss) <(kgss) (1bm/ft ) (fess)
15.358@ 13.00 13.10 S.94 4,212 8.016@ 4842323 38.369
16.350 14,00 13.38 6.16 4,201 8.01682 S018697 31.3586
17.30 1S.08 14,04 6.37 4.190 e.8168 S188193 32.706
18.3Q . 16.@0 14,48 6.37 4,179 8.21680 53851463 33.822
19.358@ 17.00 14,91 6.76 4,169 2.9160 5309061t 34.907

20.5@ 18.0e 13.32 6.95 4.158 8.0169 S661461 3S.966
21.5@ 19.00 18.72 7.13 4,147 8.0160 3809072 36.999

22.358 290.09 16.11 7.31 4.136 0.2160 S9%52231 38.210
23.5@ 21.00 16.48 7.48 4,126 9.01690 6891389 38.999
<4.3% 22.8¢ i8.83 7.64 4,113 9.0i68 6226523 39.969
25.350 23.00 17.21 7.80 4.10¢ 0.01680 63358139 49,921
28.38 24.99 i7.33 7.96 4.0893 8.0169 6486375 41.836
27.50 25.00 17.89 8.12 4.9083 8.0160 6611428 42,7735
28.50 26.08 18.22 8.27 4.0872 8.02160 6733473 43.689
29.350 27.980 18.5¢ g.41 4,061 8.01690 6832677 44,378
11 28.90 18.86 8.53 4.059 9.0160 6969180 45.449

TABLE IX: Friction factor limited to values of 0.016 or larger in English Units.
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PrLanker Pdrop Mass Mass Density Friction Reynmolds Velocity

Flow Flow Factor Number

(psig> (psig) (kgrss> (ibmr/s) <(kg/m3) (m/s)

14,3508 12.00 S.718 12.61 67.637 2.2160 6180764 8.882
15.%8 13.0¢ S.944 13.1¢ €7.4€35 d.01692 6424946 9.2%7
16.58 14,00 6.16@ 13.58 67.293 0.0160 6638963 9.618
17.58 15.00 6.368 14,04 67.121 2.0160 6883856 9.969
18.50 16.80 §.369 14,48 66,948 2.9160 7100488 19.309
19.508 17,00 6.762 14,91 66.776 0.0160 7389594 10.640
20,30 18.00 6.949 15.32 66.604 0.9160 7511804 18.962
21.30 19.00 7.130 15.72 66.432 8.091680 7787639 11.277
22.50 20.00 7.306 16.11 66.2359 3.816¢ 7897632 11.3583%
23.58 21.0€ 7.477 16.48 66.087 9.0160 8882139 11.887
24.50 22.900 7.643 16.835 635.915 8.8160 82613546 12.183
25,58 23,00 7.804 17.21 65.743 0.0160 8436178 12.472
26.358 24.00 ?7.962 17.5% 635.378 9.8160 868632S 12.738
27.50 2S.00 8.113 17.89 635.398 0.91692 B772249 13.038
28.58@ 26.00 8.2683 18,22 65.226 8.01680 8934185 13.314

29.358 27.00 8.411 18. 54 €5.0834 8.0160 99832346 13.383
3e.50 28,00 8.354 18.86 64.881 8.08168@ 9246926 13.8853
31.3%0 29.00 8.694 19.17 64.709 8.01680 9398102 14,117
32.3e 308.00 8.831 19, 47 64.537 8.0160 9546234 14,3727

TABLE X: Result when the friction factor is limited to values of 0.016 or greater.
MKS units.
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.0 ! Calculate Mass Flow

20 ' 12 September 1983

30 OPTION BASE |

49 INPUT “Which printer?" Prt
1] PRINTER IS Prt

60 D=4 ,334+,082%54

78 L=7009.%,30848

8@ Visce,1%#1,087E~-4¢ .

S0 Rho2=].E+3#42.021594/29.82

§-1:] Rho3=1 E+3#2.01594,/30.98
118 ARaPlsDaDra,

120 PRINT USING "X";“"Ftanker Pdrop Mass Mass Density Friction Reynol
ds Velocity”
130 PRINT USING "K";™ Flow Flow Factor Nusbe
e
140 PRINT USING “K"i* (psig) (psig) (kgs/s) (loms/sd> (kgs/m3)

(m/78)"

15@ PRINT
16@ IMAGE DDD.DD,2X,D0D.DD,2X,0D.DDD, 3%X,DD.DD,2X,DDD.DDD, 3X,2.DDDD, 3X,8D,3X,DD

D.DDD

178 FOR Pcars=14.5 7O 33

188 PdropesPcar=-2.5

198 Pdrop=6894,737+Pdrope

200 RhoeRho2+(Rho3~Rho2)#(((Pcar+14,.695949)/14,6935949>-2)
210 Rem],E+S

2208 GOSUB Fric

238 Mf1usSQR(PI#PI#Rho#D*D#D*D*D*Pdrop/(B.#F*L))

2480 REPERT

2350 Mflu@sMflw

269 Resd sMflus(PleVigceD)

270 GOSUP Fric

280 MfIwsSQR(PI#PI#Rho*¢DeD+D4D+DePdrop-/ (8, #FeL))

298 UNTIL RABSC(MfIw-Mf1uwld)/MFlud<i . E~4¢

3880 VelocityaNMflus(Rho#R)

310 PRINT USING 16@;Pcar;Pdrope;Mflu;Mflues1000./453,5924;RhojFjRejVelocity
328 NEXT Pcar

338 PAUSE

340 Fric: !

358 SELECT Re
368 CRSE <(23@9.

37¢ GOSUB Flam

380 FaFr_lam

390 CARSE 2309. TO 3000.
489 COSUB Flam

410 GOSUB Fturd

4289 Fa . S&(Fr_Yam+Fr_turbd)
430 CASE 3800. TO 3.E+6
449 - GOSUB-Frurd

430 F=Fr_turbd

460 CASE ELSE

470 BEEP

483 GOSUB Fiurd

499 FaFr turd

500 END SELECT

S18  RETURN

528 Flam: |

33 Fr_lam=é4. /Re

540  RETURN

$%8 Fiurbr !

6@  Fr_turbs.8056+,5#((Re~(~-.32)))
$78  RETURN

$88  END

TABLE XI: Computer listing of program to calculate data presented in Tables V
through X (MKS Units Version),
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FIGURE 1: Rate of change of enthalpy as a function of pressure differential.
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Finally, the external heat transfer must be equal to the sensible heating
of the hydrogen. The equation for the sensible Heat Qg of the hydrogen is:

MgCp(t) (t-30)
where .Vlg is the mass flow rate of hydrogen
Cp(t) is the heat capacity of the hydrogen gas as a function of temperature
The following table summarizes the results. Most flows will be in the

range of 1 to 1.5 lbm/sec. The temperature increase of the hydrogen for various

lengths are given in Table XII.

Mass Distance from Temperature
Flow Dewar Rise
Lbm/sec Ft. °K
1.0 100 15.2
1.0 200 33.5
1.0 300 51.2
1.0 400 67.0
1.0 500 79.5
1.5 100 11.8
1.5 200 24.5
1.5 300 38.3
1.5 400 52.0
1.5 500 63.5

TABLE XII: Temperature increase of vented hydrogen due to external heat
transfer from the ambient air.
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The total flow rate of hydrogen vented comes from the boiloff from
heating up the sphere, ullage displacement, and flashing. Ullage displacement has
not been caleculated yet. It may be determined by the mass flow rate of liquid into
the dewar and using the dénsity of the liquid, determining the volume displacement
rate. Using the density of the vapor leaving the dewar and the volume displacement
rate, the mass flow rate of vapor leaving the dewar due to displacement can be

calculated and an equivalent SCFM found.

Sphere
Sensible Heat 3 3 )

Dewar LH, Level . SCFMx10 SCFMX10 Total Bo13-off
5allons Boil-off Ullage Flashing SCFMx10
50,000 228 1.903 5.886 7.783
100,000 103 2.002 6.196 8.192
150,000 83 2.056 6.406 8.456
200,000 73 ©2.0%0 6.706 8.790
250,000 68 2.115 6.856 8.965
300,000 64 2.13 7.136 §.261
350,000 62 2.145 7.336 9.475
400,000 51 2.153 7.456 9.603
450,000 60 2.163 7.496 9.653
500,000 61 2.169 7.636 9.799
550,000 62 2.185 7.686 9.855
600,000 64 2.189 7.716 9.889
550,000 68 2.183 7.886 10.063
700,000 73 2.187 7.896 10.077
750,000 83 2.191 7.756 9.941
800,000 103 2.193 7.606 3.793

TABLE XIII: Shows the contribution of each of the terms to the boiloff for a dewar
at 2.5 psig and line pressure of 22.5 psig.
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