—

A
&

»-—-—'. — l .
o - by
; > .
183 f ¢ MASTER
23 g % i F. BEdeskuty, D. Licbenberg, J. Novak . MAS
@ 3 o = I o .
] & ® =~ o 3 . ]
i §§ T 3 %’ Los Alamos Scientific labaratory,. University of California
L = 3 g o . .
°o85F Los Alamos, New Mexico
192 ¢ A0 R
i .8 2 T , .
f [} [\
; S 2 " ABSTRACT
| RN b
}

The Los Alsmos Scientific laboratory has operated two ‘liquid hydrogen’
test facilities for fouri;een months at the Nuclesr Rocket Development

Station. These cells have the capebility for transfer of liquid
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hydrogen at flow rates up to 100 l'bs'/sec and have a total storage

M 9§ pasn oy

capacity for liqixid hydrogen of 156,000 gallons. A mumber of design

and operat;_.&na.l problems have been met, viz., stresses in 8-inch
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dlameter ﬁ'a.nsfer lines, times a.nd.quantities of liquid hydrogen
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required for cooldown of transfer lines, dewar instrumentation, gas
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requirements for pressurization of liquid hydrogen filled dewars,
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ard ‘techniques for varmup of large cryogenic dewers. Solutions to
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many of these problems are described and outstanding problems discussed

on the basis of current observations. In additionm, some techniqués

are described that are employed for safe operstion of the liquid
hydrogen faciiity. including helium block systems for leaky valves,
room inerting to prevent fire or ?éxpiosion in the event of & hydrogen
leak, and the purity comtrol of dewar pressurizing gases and the
purity control of'mées of gas and liquid hydrogen transfer linea.

’ A brief summery 1s inclufed of major modifications that are planned

or underwvay for these test facilities.

* Vork done under the auspices of the United Stetes Atomic Energy Conmission
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Problems in the Operation of large Cryogenic Systems#

by
I'. Edeskuty, D. Licbenberg, J. Novak
Los Alamos Scientific laboratory, University of California

Los Alamos, New Mexico
INTRODUCTION

For the development of nuclear reactorsl suiteble for use
es a propulsion energy source, the United States Atomic Energy
Cormission has operating at the Nuclear Rocket Development Station
in Nevada two large cryogenic systems for IHp étorage and transfer.
Details of these systems are being published elsevhere=’ 16, 17
and here it will be mentioned only in pasaing that the systems involved
contain 8 inch I. D. vacuum jacketed transfer lines with &n allowable
working pressure of 1200 psig. In one case storage is mrovided for
56,000 gallons (Test Cell A) and in the other case 100,000 gallons
of IHp (Test Cell C). The cryogenic systems of both test cells are
now operative and in the past 14 months a total of seven hundred
thousand gallons of liquid hydrogen has been used operationally.
. By and large this operatiom has been carried out as planned. However,
same of the more important problems for which solutions were required

(or still are required) ere described in this paper.

¥*

Vork done under the auspices of the United States Atomic Energy Commission.



PROTECTION AGAINST HYDROGEN LEAKS

During non operational periods, it is necessary to obviate
unexpected entrance of hydrogen into areas vhere its presence is
not desired. Due to leakage across the blocking valve sests, single
or even multiple velves cloéed in series do not affaord positive
protection against this leskage. Such protection has been afforded
by & "helium block" system consisting of two closed valves in series
vhich contain helium ges at a pressure in excess of the storege
dewver standby pressure. Operating procedure for maintaining and
operating this system are discussed below.

During operational periods, large quantities of ligquid and
gaseous hydrogen are passed through sensitive equipment - the liquid
hydrogen pump system, flow measuring systems, and control velves -
and it is dewbtful that sufficient ventilation could be provided to
avoid the presence of explosive mixtures in case of mssive failure
of the lines or camponents. Consequently all enclosed spaces through
vhich liquid hydrogen rmst pass in large quantities are inerted
before test comencement. Nitrogen gas from the tank farm is dis-
charged at various points around the room perimeter at floor level.
Nitrogen 1s flowed into the room until the oxygen concentration 1is
below 3%. Gas flow is then stopped until, because of air leakage
and diffusion, the O» concentration increases to 5% at which time |

gaseous Mp flow is reinitiated. Representative results for
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for the two test 'c‘:ells a.re given in Table 1.7 The difference between
the two test cells is attributed to the better room ‘seal accomplished
at Test Cell C. At Test Cell A a flow rate of 2.6 1b/sec gasecus
nitrogen 1s used vhile the £low rate at Test Cell C 1s .7.'8 1b/sec.
Use of this inerting procedure has a.l.l.awed‘ over cne year's operation
with no fire damage even "thou@ massive hydrogen J.ea.k.s " have occurred.
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GAS PURITY ANALYSIS

A gas chramatograph, described in more detail separately,”
has been used since the startup of the liquid hydrogen facility
to monitor‘@,s parity. The limits on observable impurities are
~'i°0_pz!n Hes 5 ppm Ops and 5 ppn I‘!e-,ﬂﬂydrogen gas used for dewar
xessurization is ~ stored with an impurity of ,lés_s than 25 pm by
volume. It is delivered to the dewars during operations through
lines that have been previously purged. The purge is monitored
for completeness and with the aid of; analyzed samples more efficient
use is made of the purge @s - The hydrogen concentration is monitored
daily in the helium block systems and these systems are repurgeé.
if the impurity concentration exceeds 500 ppm.

During the start up of the room inerting system, a series Qf‘_
samples were taken at various locations in-the rooms during inerting |

to observe the campleteness and uniformity of the nitrogen concentration.

Variations in oxygen concentration. sround the rooms and at different

heights were found to be ndt greater than 1%. On this basis the
procedure for reinerting was devised.

The analysis of impurities collected in a large dewar and then
boiled off during a periodic warmup was performed . For a 50.009
gallon dewar in use far six months the total inpurity was found to
be ~ 1/10 gram a quantitjr nof considered dangerous, but reason

enough to continmue periodic dewer warm up.



STRESS ANALYSIS

The privary cryogenic plping systqms consist of pump suction
lines which are 8-inch I. D. stainless vacuum jacketed pipe rated t;or
100 psig (wall thickness of .109 inch) end munp discharge lines of
8-inch I. D. stain].ese vecuum jacketed plping designed for 1200

psig(wall thicness of 322 mch) service. Because of the

inaccesstbility for repair and beme of the high pressures involved,

no bellows or other motion -ccmpens,afion devices were incorporated

* in the inner line. Instead, motion of the imner line is permitted

by expansion loops. The vacuum Jacket contains enough bellows to
ellow adequate freedam and 1s constreined to follow the movements
of the imner line. In order to verify the suitability of the design’ -
for the intended serv:lce. it was necessary to examine in some detail
the stress developed in the inner line

Stresses arising from several types of loadi.ng were considered,
specificallys thermal cogtract’ions. internal pressure, wind lcading,
dead weight, flow perturbations, vibration of associated equipment,
am baw:lné due to circmferentiél temperat\ire gradients. The problems
of bowing have been ‘el,iminated through the use of careful cooldown
procedures'.s Stresses due to :lptar,nal préssum are easily calculated
by standard methods, and are usually small. Also, in the ASME code
specifications, internel pressure is included in determining the

ellowable stress range for stresses due to thermel contraction.
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The deod weight of heavy components such as valves 1is largely taken

care of by vertical supports and spring hangeré- The most probeble

source of vibration, the turbopump, is isola@ from the system by
bellows and anchors. Dynamic loadings - wind and flow perturbations -
will be discussed below. The most significant source of stresses is
thermal cantraction, and the greatest effort was applied toward
understanding the stresseé arising in this wvay.

A calculation of the &efléctims and stresses to be expected
upon cooling the pipe fran 540°R to 38°R' was done by The Service
Bureau Corporation for the piping contractor prior to ‘cmﬁ-uctiom
of the cryogenic transfer lines. The values obtained were campared
with elloweble stress ranges specified by the ASME piping codes.

In cbtaining these ranges, no account was taken of the greater strength
of stainless steel at cryogenic temperatures. Eb:aminatién of the
calculated values showed same elbows to be overstressed. These

wérg replaced with heavier elbows, bringing the entire system within
codé limits. |

As a -Chec.k on the first caloulation, an indeperdent analysis of
several sections of line was made using the G. E. piping stress
progrem iO3812- The program is baseﬁ upon Castigliaéo‘s Theorem: The
deflectian in the direction of and at the point of application of
s farce, F_, is given by the pertial darivitive of the strain energy

in the piping system with respect to the farce, Fp.é' In eddition,
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measuranents have been made of the displacements during cooldown
of the lines at Test Cell C. In gemeral for the stort rums of pipe
anchored at either end, the observations agree vith calculations |

- more closely than far longer sections of line. ’Bae'. 93 f£t. lomg section
between the dewars and pump at Test Cell A was analyzed by the
contractor and by 103812. The agreement 'betweén the.a.nalysés in
predicted displecements was very close, usually within a few percent,
and differing by, at most, 10%. However, the stresses predicted by
103812 were up to 30% less than those of the conmtractor's analysis,
and were distributed 'sm% differently.

The piping at Test Cell C was anzlyzed by the comtractor and by
103812. On the piping, the two methods predicted stresses that agree
well, but differ an p»eaiéted displacements X Particularly, 103812
mredicted displacements in one direction vhich seem unusus.]_ly large.
Linear potentiometers were installed at eight points where large
displécanenté were predicted. The emplified data was recorded on
Sanbaorn recorders and calibration waes perfarmed prior to ea.d:x.cooldown.
The measured displacements agreed in sign with the two calculations
but disagreed in ma@aiﬁude. tending to fall between the predicted
values. The measured displacements are not completely reproducible
ﬁ'mn cooldovm to cooldown. This appears to be due t;> friction in
the supports. There are severa; types of supports, suc.'r; as stands
’ wit_ﬁpa:ls which slide on concrete, and valve hangers which are difficult
to describe within the 1m1taticms of present piping flexi'bility'
analysis. A model of the Test Cell C pump discharge line 1s under
construction, and data from this model should define the relisbility

of each of the stress programs.



' The problems of stresses due to dynamic lcedings is also under-
gding further study;' Flow 69ci].14tipna are normal during line
cocldowns, and scam oscillation can be expected during reactor operatioci.
Vater hammer effects due to. operation of cduntrol valves for fast
flow shut down or during frequency response messurements have been |
observed . ' It 1s not anticipated that the assoclated stresses will
be very great, as all observed displacements have been mmall (no
greater than 0.5 inches pesk to peak), but .the problem is under

study .




. Dewar Pressurigation

The duantity of gas required to pressurize ; lafge dewar
containing liquid hydrogen has been measured for- the 50,000 gallon
vacuum perlltg insulated spherical dewars at the Nuclear Rocket
Development Séation. The dewa?s may be pressurized through a
6~inch diameter pipe that has been formed into a hexagonally shaped
gas diffuser ring located in the ullage space. Gas from high pressure
storage bottles can be admitted through a sonic orifice which has
been instrumented with differential and upstream pressure transducers
and an upstream temperature transducer to allow calculation of a
Amass flow rate.

.The' dewar instrumentation of use for these measurements
consists of a series of platinum resistance thermometers located
along the dewar vertical axis. From these a temperature profile of
thé ullage gas and of the liquid may be obtained. If the inner
dewar shell is assumed to be non-heat conducting (as a stainless
_steel shell it approximates this condition) tﬁen the isothermal
surfaces 1ﬁ the gas space will be represented by a series of planem
disks perpendiculaf to the dewar axis. The observed profile can
be used to compute the quantity of hydroéen gas in the ullage space
before and after pressurization..

Comparison of these three numbers, the mass flow ratel

‘integrated over the pressurigation time and the ullage gas quantity
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before and after pressurization, will yield a'value of the condensation
or vaporization that.ocCurred during the dewar pressurization. |

As an example the nearly full dewars were pressurized from
17 psia to 73 psia in 30 seconds. During thisktime_the heat leak
into the inner shell was 20 BTU based on measured loss rates under
quiescent conditioﬁs.which is quite negligible; and lends support
to the above model of a nonconducting wall. The dewars were filled
to 98,6% anﬁ 91.8% of the rated capacity which gave a total uilage
volume of 1.9§ X lcsfts, explpsive of the volume in the pressurizing

lines. Prom the mags flow rate measurementé 24 1bs., of hydrogen gas

_entered the dewar dufing ptessurizatioh. ‘Using the observed

temperature profile changes and‘thé plane disk model the increase
of the mass of gas in the ullage space was calculated to be 142 1lbs,
Therefore it may Se concluded that a net vaporization occurred.

A number ofAmodels have been'propdsed to study'the ¢

condensation of gases used to pressurize containers of cryogenic
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fluids . Although the "worsé case'" model of R. W. Moore et al.,
does suggest a net vaporization for the case of hydrogen pressurization
of lfquid hydrogen this modei assumes complete equilibrium between

fhe hydrogen gas and liquid during.the pressurizgtion. vAs the

Figures 1A and 1B 1ndicate? the temperﬁtute profile of the dewar

during pressurizatioﬁ demonstrates that no gross turbulence has

occurred, and suggests that the gas diffuser ring has introduced

the pressurization gas on top of the existing hliage space gas.
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It is possible that local turbulence has occurréd to produce the

net vaporization. Furthermore considerations from an energy balance
indicate the decrease in enthalpy of the entering gas is just
sufficient to provide the latent heat of vaporization iorﬁthe net
increased mass of gas after pressuriéation minus the/géa'added;~
from the outside.

The construction of a 100,000 gallon dewat.at Test Cell A
provides an opportunity to extend.the instrumentation for study of
the dewar pressurization phenomena.v Iﬁ addition to tﬁe series of
platinum resistance temperature transducers located along the
vertical axis of the dewar, a second vertical array of temperature
transducers is planned off axis to allow estimation"of the degree of
'Eurbulénce and the correctness of ;heiplain disc model used in

calculations of the total ullage gas mass.



Cooldown Calculations and Measurements

antinuing't$é work of Bronson gi al. 3 the method for
cooldown suggested by. Burke 12 has been written into ap IBM 704
program. The full method was used including an average thermal
conductivity for éﬁe transfer line unéet'consideration. This -
extends the treatment from vacuum jackéted to nénvacuum jacketed
lines. In addition the program was 8O aevised as to calculate
from the 1nitial'preseure, lengths.of line,.and vent valve sgige

whether the flow would be sonic or sub-sonic, and the mass flow

rate was calculated from the appropriate relations 14. Calculations

‘using the NBS methoc!l'3 have been extended to include the heat
transport - 'intolthe transfer line as a function of time and
have been gompared with the method suggested by Burke.

The test fac?litiés in Nevada have provided experimental
data for comparison of these copldown~calcu1ations. At each test
cell there is provision for a return liquid loop which may be
substituted for the spool piece that connects the.reacfor cart
with the facility:piping. This provides a series of different
combinations of lines and vent valves used in cooldown withiliquidA
hydrogen and liqﬁid nitrogen., Cooldown of the 8-in?h.diameter
cryogenic lines 18 accomplished Qsing an Annin plug-type valve as
the vent control valve. The vent valve-used an equal percentage~
type.plug and was air actuated remoteiy; Table 2 lcollects the

calculations and observations.




During the first liquid hitrogen cooldown at Test Cell A,
the pump discharge to vent valve was 1nadver£ent1y left open, and
the entire.ﬁuantity of liquid nitrogen stored in one dewar wés used
before liné cooldéwn to this interﬁediate-po;nt was stopped. The
'calcuiations attempt to represent this situation. For the-firét
- 11quid hydrogen cooldown at fest Cell A fhe vent valve was not ful#y
open so that the cooldown time predictions on the basis of a full open
vent must be lengthened by some unknown quantity. Liqu}d hydrogen
cooldown during run EP III at Test Cell A was a coéldown under sub-
sonic conditions at the vent valve. The calculations in both cases
predict times shorter than those observed although difficulties with
the data collection system'allow only a lower limit to be set on the
cooldown time. The first liquid nitrogen cooldown at Test Cell C
- used the return, line and a procedure uaing two vent valves was
introduced to assuré that the flow would be nonst?atified two-phase
flow during the initial part of the cooldown 5. Although the
instrumentation was inoperative during this cooldown, visual
obgservation of the venting gaé indicatgd a time greater than 1000
seconds was req;ired for cooldown. The first liquid hydrogen
cooldown at Test Cell C used two vents one of which was partiélly
open and agreement with the NBS calculation is satiafactory."A
rather wide discrepancy between the NBS célculations and the Burke
method is noted. However the Burke method {s not adaptable to

adjustments of vent valves during the cooldown. For cooldown from the

e iy
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dewar to the vent valve upstream of the reactor at Test Cell C,
deta taken at two different dewar mressures are compered
with calculations.

Comparison of the observations with calculatioﬁs based on
the Burke method and on the BSmethod of cooldown time prediction
suggests that real veriations exist between the detae snd calculations.
These deviations may be in part accounted for dy having a sonic orifice
et the vent valve which is far from ideal. In part the ca.léulations
ere influenced by the fixed ass@ptio‘ns required in each method and

inepplicable over a wide range of experimental copditions. For the

liquid hydrogen data using the Burke method, & thermal conductivity
of 4.3 X 10”7 BTU-inches per square foot degree Kelvin, & specific
heat of the pipe of 0.1547 BTU per pound degree Kelvin, and a vent
gas average temperature of 140°K are used. A line is called "cooled
down" when most of the fluid appearing at the vent line is liquid.
This is easily observed experimentally with a narrow fange
temperature transducer that over & period of 2 or 5 secomds

oscillates between liquid and gas temperatures.




DEWAR WARMUP

Beginning on January 15, 1963, the dewars at Test Cell A‘
were warmed as part of a routine inspectiop program, Each dewar
is a 28,000 gallon horizontal cylinder. The inner shell is
stainless steel 3/8-inch thick, and is insulated with 14—5/8 inches
of evacuated perlite, The liquid in the dewars was drained, and
the warmup was then begun by brgaking the insulating vacuum of
each dewar with approximately 800 SCF of nitrogen gas., Instrumenta=~
tion .available for monitoring the dewar temperéture vs., time
consisted of 12 platinum resistance thermometers located within
the storage volume of the inner shell, The range of éemperatures
indicated by these thermometers is shown in Pigure 2. The
theoretical curve of wall temperature vs. time also shown in
Figure 2 was based upon a method presented by the National Bureau
of Standards 15, As can be seen, the actual temperature follows
rather well the predicted values, except for the area around
72 hours, which is believed to be caused by a data system mal-
function. Although the instrumentation did not measure wall
temperature directly, the warming was slow and it {s felt that
the higher temperatures measured at any time probably represent
the wall temperature closely,

Data recording was not made be&ond 136 hours. However,
before the dewar could be conveniently entered, it was necessary

to raise the inside temperature above the local daytime dew point.



The greater parg éf é‘week was ¥equired to accomplish the last °
several degrees of the warmup due to the facts that the temperature’
gradient was small and fhe nighttime temperatures were low. :Beéane
of this experience, it is strongly recommended that heating deviéee
bé incorporated in the construction of large dewars, and the 100,000‘
gallon dewar fo be constructed at Test Cell A will incorporate a dewar

heater.
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FUTURE PIANS

In order to permit both longer duration runs as well ‘as
higher flow rates, both Test Cells A and C are now undergoing
modifications to the cryogenic starage and transfer systems. A
100,000 gallon spherical storege dewar 1is under constructioh at
Test Cell A. This vessel will be insulated with evecusted rerlite.
Criteria are presently being developed for the Test Cell C modifi-
cation. Tentatively Test Cell C will have added a-SO0,000 gallon
1iquid hydrogen storage and run dewar having evacuated perlite
insulation. Transfer lines with a 12-inch I.D. are planned.

As discussed above,a second set of platimm temperature
transducers will be installed off axis/ in eddition to the set
planned for the !}ertica.l dewar axis. A continuous reading
cepacitance gauge will be installed and a series of thermocouples
will be attached to the outer surface of the inner shell.
Provision will be mede for a differential pressure gauge although
instru@entatiom will not be installed. Neither the load cell

weigh“ system nor the vapor pressure bulbs currently installed

on all test site dewars are planned for installation on the new dewars .

In eddition to these two modifications,criteria are being
established by the Los Alamos Scientific Laboratory for & new

test cell, designated Test Cell E. Test Cell E is expected to

have 1.2 X 1P gallons of liquid hydrogen storage amd to be capable of



transferring liquid hydrogen at raées up to 120,000 gallons per
minute at pressures up to 2000 psi,

| For the Test Cell C modification as well as Test Cell E,
criterfa for the type of line joint and insulation are yet to be
specified. The present piping joints are made with 600 1b,
ASA‘flanges. However the increased siﬁe and pressure ratings
being considered will require that every effort bermade to reduce
as much as possible ihe mass of couplings to minimize both quéntiiy

of liquid hydrogen as well as time required for cooldown.
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gas used to inert the roams

than 5%.

Teble I

Shown in the table are room volumes and naumbers of rocam volumes of nitrogen

and maintein them with an oxygen concentration less

Test Cell Room Volume
: (££3)

Room Volumes to
inert to 3% Op

Time to inert Room Volumes per
to 3% Oz (min.) hour to maintain
less than 5% Op

A one room 18,000

C five rooms 75,150

2.9
2.5

25 o 1.9
30 1.3

[PV



Teble 2

Times T and quantities M required to ccoldowm transfer lines with

liquid hydrogen. Calculetions based on the Burke method and the NBS uethod

as described in the text are compared with observatioms.

Test Cell .Line Burke NBS Observed
o e e memeeee o T(seC)  M(ID) | T(sec) M(Ib)  7(sec) M(Ib) .
e :‘_ — - . ~ - . ‘ . . .
A Dewar to Pump - .- 645 (12,500) <887  (12,500)
Lie P = 45 psig :
A Dewar to return < 180 < 243 - C - 7315 -
LHp P = 45 psig
A Devar to return = 163 217 200 237 . > 270 -
IHe EP III P = 50 psig o
C Dewar to return 1170 3634 1260 k400 (see text)
e P = 50 psig '
C Dewar to return 342 413 540 614 560 -
1Ho P = 50 psig
C Dewvar to reactor 190 2L3 - - 251 329
LHp P = 80 psig
' C Dewar to reactar %13 154 200 260 405 181

IHp P = 60 psig
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