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mation, apparatus, method or process disclosed
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SUMMARY

This report descrlibes the work performed in accordance with NASA-Lewis
Research Center contract NAS3-12017 to evaluate a metallic positive expulsion
bellows in liquid hydregen, The bellows assembly was designed and fabri-
cated by SOLAR, a Divislon of International Harvester, and was government-=
furnished to MMC (Martin Marietta Corporation) for test. A spare bellows
was provided in the event the original one should fail prematurely.

The testing was avcdmblished fn two parts; an cxpulsion efficiency

test using water as the test fluid, and a series of cycle and leak tests

in liquid hydrogen. The expulsion efficiency lLest was pertormed oh o test
bench with the bellows. assembly in the inverted position. The expulsion
efficiency (ratio of the quantity of fluid expelled to *hat required to

 fill the device) was found to be 98.4% (the average of .everal tests).

The liquid hydrogen cycle tests were preceded by a series of liquid
nitrogen and hydrogen check-out tests to verify the integrity of the ap-
paratus and the .operating procedures. During the course of these checkouts
it was observed that the bellows had failed (developed a leak in excess
of 106 standard CUblC centimeters of helium gLs/vec) Consequently it
was necessary to replace the original bellows with the spare bellowu in

. order to accomplish the LH2 cycle tests,

The LH) cycle'*ests were performed in groups of 10 cycles each
(20 reversals), followed by a leak check of the bellows while the system
was cold., - In addition, a "warm'" leak check was ordinarily performed after
each 20 cycles after the bellows assembly had been removed uirom the cryostat.
Followtng the fifth group of cycles (100 reversals) a leak was detected
(2 x 10~2 8cc He/sce) in the spare bellows 1in excess of the allowable value,
thereby terminating tLhe program as defined in the original contract. Sub-
sequently, however, a supplemental agreement was negotiated befween NASA
and MMC, and 20 additional cycle tests were ﬂonductgd These resulted in
no further increase in the leak rate

RN

A failure aﬁélysis of the bellows performed by SOLAR corrclated the
leaks with regions of corrosion found within the bellows. These are be-
lieved to be the result of inddequate cleaning procedures, and/or the
use of tap water in some of. the test operations. These deficiencies can
easily be overcome in the future. In addition, a redesign of the weld
joint between the bellows sleeve and the end domes of the assembly appears
desirable to eliminate a creviece that exists.in the current design.

. This report describes in considerable detail all the apparatus
employed in the tests, as well as the test operations and procedures. .
The specific: Lesults of the failure analysis ave also- included in order
that all data pertinent to the performance of he bellowq are contained

in a single document.

-
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INTRODUCT ION

In order to assure the delivery of liquid pxnpellants from fLli{ght
vehicle propellant tanks to the rocket engine(s), some type of positive
expulsion device is often required, This is particularly true in a low-g
environment where the liguid and vapor phases tend to be intermixed.

Many different types of devices have been proposed rLor positive
expulsion systems and some have been developed to a fairly high degree
of perfection in recent years, Probably the most common class of these
devices is the flexible membrane which may take the form of bladders, dia-
- phragms, bellows, or 'some combination of these three., Thzse devices are
relatively simple and cheap, are light weight, have high expulsion e¢f-
ficiencies, and do not have sliding surfaces that . are subject to wear and
leakage.

The choice to be made among the three basic types of devices 1is
largely dependgnt upon the specific application. The bellows is gencrally
heavier than the otlier two devices, and it can not be readily adapted Lo
a wide variety of configurations, On the other hand, it can be designed
so that the bellows membrane naterial is not highly qtressed with the
attendant benefit of a long (eycle) life.

In general these devices may he fabricated from either metals or
non-metals. The metals offer advantages with regard to impermeability,
chemical Compatiblllty and operational temperature range for containment
of exotic propellants. The non-metals are generally more flexible, a
very important consideration for bladders and diaphragms, but they tend
" to be somewhat permeable, and have somewhat limited Compatibillty with
many propellants,

The program described in this report was conducted to evaluate one
particular device offering considerable promise for many applications, i.e.,
the metallic bellows. The application of primary interest is the expulsion
of cryogenics, specifically liquid hydrogen. The gselection of stainless
steel for construction of the bellows results in a device that is completely
compatible with the liquid hydrogén environment, and one that can be readily
fabricated with leak tight Joints.

The bellows assembly that was tested was designed and -fabricated by
SOLAR, a division of International Harvester, under contract to NASA
Lewis Research Center, "It was not designed for a specific vehicle appli-
cation, but rather to demonstrate the technology; i.e., the capability "
toe produce a metallic bellows suitable for .service in liquid hydrogen.

The primary goal was to achieve a ninimum of 100 complete cycles in liquid
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hydrogen without failure; i.e., without developing a leak iﬂ}excess of
Scc He/sec.
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A second objective was to demonstrate a high expulsion
efficiency; i.e., an efficiency'of at least 97.5%.

The specific pro-

po—r—ar=y

gram that was conducted in response to these objectives, and t
obtained, are described in the sections following,

T

le results
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./ EXPULSION EFFICIENCY TESTS
| i |
The first testing of the bellows assembly to be accomplisned by MMC
was for the purpose of determining the expulsion efficiency of the assembly
and .also its spring characteristics; i.e., its lincar displacement as a

function of applied pressure (or vacuum)., This phase of the testing was

‘accompllshed early in August immediately following receipt of the bellows

ssembly and spare bellows from SOLAR. A description of this test effort
is presented in the fcollowing paragraphs..

APPARATUS

Bellows Assembly -~ The bellows assembly that was tested consists of
three major components: a pressurization gas storage vessel, an outer
tank section which is pressurized to expell the liquid and the imner bel-
lows section which contains the liquid. The bellows assembly is shown
ready for test in the inverted position in Figure 1. A cross-scction of
the assembly is shown in Figure 2, a layout drawing of the appuaratus used
for the LH, cycle tests, A detailed description of the asscembly is con-
tained in §OLAR Report RDR-1619, "Production Evaluation Test Report for
Expulsion Bellows-Tank Assembly," August 6, 1968,

The inner bellows section consists of Lwo thin walled domes, joined
by a single ply, zexo radius convoluted bellows as shown in Figure 3, A
spare inner section was provided for use in the event the one originally
installed in the assembly should fail.

"\

‘'The operation of the assembly is very simple.’ The bellows is filled
with liquid under pressure through the outlet port until the inverted top
dome of the bellows seats firmly against the dome of the pressure v-'ssel.
Expulsion 1is then' effected by admitting cooled livLium gas through tue inlet
port and’ into ‘the outer tank section. This compre sses the bellows and
expells’ the liquid through the outlct port until ‘the bellows top dome firmly
Beats against the bottom dome of the outer tanlk. The beilnws is approxi-
mately 134" (.343 meters) in diameter, and the dome travels 5%" (.133 mcters)
from/ the thended to thg compressed position.to expell slightly more than

3 gaﬂlons (.0113 meters™) of liquid.

| Test Equipment - The apparatus used for the expulsion efficicncy tests
is bhown in Figure 1. It consists primarily of a "K' bottle and a vacuum
pump to provide the dPSlred differential pressure across the bellows, a
glass graduate and scales to measure the quantity of water added to and
expelled from the bellows, and mlbcellaneous valves, regulators, hose,
fub:ng and fittings. :




Nitrogen was used as the prd'aUUIAution gas and was obtalned from
a standard ‘K’ bottle through a 2-stage regulator. It is water-pumped and
has a purity of 99.991%. The vacuum pump used is a Weleh Manufacturing
Corpany, Duo-seal Type 1403, capable of attaining a vacuum of 1 mm Hg (133
newtons/meterz). The scales used to weigh the water (deionized) were
manufactured by Ohaus Company and have a triple beam providing a sensitivity
of 0.001 Kilograms. A 1000 milliliter (0.001 meters3d), praduated flask was
used to obtain a volumetric measurement of the water. A J P. Marsh Company
compound gage capable of reading 30" Hg vacuum (0 kilo-newtons/meters?)
and 15 psig pressure (185 kilo- -newtons/meter? ) was used to monitor the ap-
plied pressure, A Veeco type FR, Bellows seal valve wag installed between
the pressure source and the bellow assembly for precise control of applied
pressure, The equipment was mounted as shown for eusy accesvibility,

TEST OPERATIONS

Upon the receipt from.SOLAR, the beilows assembly and the spare bellows
were visually Inepected for evidence of damage during shipment.  None was
apparent, so the bellows assembly was readied for testing.,

‘The spring rate of the bellows was determined by applying a predetermined
pressure to the bellows and then determining the resultant position of the
bellows dome by means of a calibrated rod inserted through the outlet port.
The relaxed position (zero differential prrssure) was determined firs
then both positive and negative pressureq were applied, The’bellows de
pressurized in 1 psi (6890 newtons/meter2) increments to & maximum value
of 10 psig (150 kilo-newtons/meter2). Then the pressure was vented, and
a controlled vacuum was applied in increments of 1" Hy (3380 newtons/meter?2)
to a maximum value of 10" Hg (47.6 kilo-newtons/metergé). In the fully
extended position .the bellows can be damaged by application of an excessive
differential pressure, so the vacuum hand valve was very carefully contrnllod

to assure that th. »r did not exceed 5 psi (33.4 kxlo~n;wtons/meLer ) .
The tesl wa. repecated to confirm the meaburementb, and the lOHUlLH are plot-

ted in Figure 4.

The expulsion efficiency test was performed to determine the volumetric
efficiency of the bellows assembly; i.e., the ratio of the quantity of liquid
expelled from the nssomb]y to that fnitlally contained In it The test was
performed with the assembly in the inverted position as shown in Flguve 1,
Since the bellows is neither fully cxtended nor compressed ih the relaxed
position, the vacuum pump was used to apply a 5 psi (33.4 kilo-newtons/metere)
differential pressure to fully extend it. Then with the cu:flow line dis-
connected, the bellows was filled to the inlet opening of the outflow line
with deionized water at ambient temperature, using the glass graduate to
obtain an accurate measure of the volume added. To provide comparative
data, the water was also weighed, but the weight measurement.is not of the
same degree of accuracy as the volume measurement. The outflow line was

then attached and filled with water to the end of the outflow tube.
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The water was prelled from the bellows by dppllCdtiOn of 20 psig
(219 kilo-newtons/meter?) to the pressurization side of the bellows.
The outflow was collected in the glass container shown in Figure 1 and
weighed, Finally, the outflow volume was measured with the gradunte
and the expulsion cfffcieney caleulated, :

The bellows wae dried by meanse of a nitrogen pas purge and placed in
a drying oven overntght prior to conducting a recond expulsion eftfcinney
test.  The rerults of the tests are presented In Table [ Subsequently,
two additional tests were condueted, but thls cime the hollows e ox-
crceised (Cilled and cxpellod) several iues belore aalcing U measuneme e,
The results of these teots are aleo preosented fa Table ).

RESULTS '

It should be noted that a higher expulsion ctiicieney vy obtained
on the firet pxpulsion cyele after tilling the Bellows, thae o ubregue it
cyeles. It Qe belleved that this discerepancy is the result ot g :nall
amount of air being trapped within the bellows couvolutions during the
first £illing with water, and that the lowet efficicncy obtained from the
last two tests is more representative of that to be cexpected from an.oper-
ational system, It is not obvious, however, why air trapped within the bel-
Téwe should produce the effect noted.

The expulsion cfficiency is alzo to some degree o function of the dit-
ferential pressure applied to the bellows in the uxLon<nd and compressed
positions. From the data plotted in Figure 4, it iv evident that the ox-
pultion efficisncy will be reduced if the initial Ap followxnp the il
operation is lesns then ~1% psi (L0O.3 kilo- nowtons/mctUL ) in the outward
direction, or less than ~e psi (41.3 kilo- newtons/meter? Y in the invard
dircction during cexpulsion, Since all the cxpul:ion efliciceney data woere
taken at differential pressures pgreater than these values, thie should
have had no effect on the resulte. '

T
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CYCLE/LEAK TESTS

During the 'period from the initiation of the contract (28 June 1968)
until approximately mid-September, work proceeded on the design, procure-

‘'ment, fabrication and assembly of the test apparatus to be used in the

LHy cycle/leﬂk tests of the bellows assembly. The first checkout of the
appa“atus w. . conducted on 17 September using LN,. Some difficulties
with the apparatus werc encountered, and as.a result, several modifications

were .incorporated. Also, the bellows was found to leak excessively, so

the spare bellows was installed for the final cycle tests,

The checkouts were successfully completed carly in October, and a

“series of 50 cycles of the, bellows with LH, was tbmpletud on 1% Qctober,

m
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At this point, the bellows leak ratoe excoeded the max{mum allowable value,
thereby nmrking complvtion of the program as originally planned. Sub-.
sequently, howev ver, ‘the bellows was subjected to an additional 20 cycles ‘to

~determine whether the leak would pet progressively worse, = The ijnal cy(lc
were’ concucted on 12 erembcl. ;

A dPtailed dLscrlption of the program 1s prespﬁted in the followinyg
paragrapha. i N

CYCLE TEST APPARATUS BN | | ,

‘The apparatus usedfin the cycle/leak tests consisted of 5 major items
as follows: (a) a cryostat which housed the bellows assembly and associ-’

- ated equipment, (b) a liquid niilrogen heat exchanger which precooled the

helium pressuriation gas, (c) a control console which was used to con-
trol and monitor test operatjons, (d) & CEC leak detector, and (¢) miscel-
laneous support equipment such as dewars and vacuum pumps. A schematic of

the system is shown in Figure 5; a photograph of the equipment installed’

in the ‘test cell at ‘the PRL (Propulsxon Research Luboratory) is shown in .
Fl&urt 6. ' :

Cryostat Assembly - A layout drawing of the cryostat assembly is shown
in Figure 2. The drawing 'shows the bellows assembly installed inside the
cryostat, as well asg’ the associated plumbing and 1nstrumannLion A photo-
graph of the apparatus is shown in Flgure 7.

A primary consideration in the design of ithe appavratus was s1mplicity

of assembly and test. In addition to provxding the temperature. environment

required for testing the bellows assembly, the LHz'contalned in the cryostat
also serves as the refrigerant to cool the. helium pressurizatior. gas used
for expululon, the reservoir fxom which the bellows is filled, and Lhe

'51nk into which the outflow from the bellows lS expelled
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Cryostat pressurization for filling the bellows is accomplished with
a small electrical ullage heater; ouLflow is controlled (and measured) by
means of an orifice in the oxpulsion line from the bellows. Conscequently,
only 3 pressure measurcements (eryostat, helfum pressurization, and oritice
inlet) are required to monltor and control the entire fill/expulsion cycle,

The cryostat, shown on the left in Flipure /7, ts an npun—muulﬁ dowar,
Type DF344 manufactured by Standard Alr, It fs a vacuum jackoted stalnless
steel vessel approximately 19 inches (0.482 meters) Ob, L7 inches (0,432
meters) ID, and 40 inches (1,016 meters) deep, and has a capacity ot L50
liters (0. 150 meter3)., It had been uscd successfully in a numbeir ol dif-
ferent programs over a period of nearly ten years, but failed carly in .
this program as a result of leakage through the lead seal at the top surface,
. An attempt was made to seal the surface with epoxy, but this also failed.
Finally a satisfactory repair was effected by replacing the lead scal with
a machined stainless steel face welded to the inner and outer shells of the
cryostat, '

The lid of the cryostat is constructed of stainless steel with lleliarc
welded joints., It is pearlite filled and evacuated. All penetrations through
the lid are either '"0'" ring sealed, or use a copper crush seal., Threé small
rods attached to the lid support the bellows assembly at the desired level
inside the cryostat,

To' insure that the pressurizing pas for the bellows was conditioned.
to the desired temperature, a heat exchanger consisting of 34 feet (10,4
meters) of 3/8 inch (0.00955 meters) OD copper tubing was coiled to fit
inside the crynstat above the bellows assembly as shown, Tt was sized
to reduce the AT hetween the, pressurizing gas and the LHy to. less than 39K,
using a conventional Nusselt equation for turbulent flow. Liquld level
sensors were provided to assure that the heat exchanpux remained submergoed
in the cryogen, :

Initially the pressurlzatlon gas storage vessel was vented dire@tly
into the cryostat through a small vent tuwbe so that it would be exposed
to the same pressure and temperature fluctuations as the’ cryostat.’/ In
early checkout tests, however, it was ubserved that the pumpdown of the
cryostat was exceedingly slow, and it was concluded that the difficulty
~was the result of condensation inside the storage vessel, Evaporation
from the vessel probably would be very slow because there is no provision . B
for directly heating the vessel. To overcome this difficulty, the original b
~vert line (shown dashed in Figure 2) was removed and replaced by a line '
thzt connects into the helium pressurization line as shown in Figure 2.

This resulted in simultaneous pressurization (ar- venting) of the pressure
vessel and the bellcws and an attendant increas: helium- consnmption,
but it did isolate the vessel from the cryostat ai. thereby reduce the.
pumpdown time, '
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The square-edge orifice used to maintain the desired flow rate at the
normal expulsion pressure consists of a standard AN tube cap with a drilled
hole 0.013 inches (0.00033 meter°) in diameter., It was designed for a
flowrate of 5 gpm(56 x 10~ =6 meters- /bLC) at an expulsion pressure of 20
psig (219 kilo-newtons/meter2) although lower pressures, and consequently
lower flowrates, were uscd in many of the tests.

In addition to the 800 watt heater located in- the ullage volume to
pressurize the cryostat, a second heater of 200 walts capacity is located
at the bottom of the cryostat to assist in vapoviziny any hydrogen that
remains in the cryostat after draining.

Liquid Nitropen Heat Exchanger - To temperature condition the bellows
pressurizing gas before it enters the cryostat, a liquid nitrogen heat
exchanger was installed in the pressuxtzat(on‘linc upstream of the cdryostat.
TL consists of a coil of 50 feet (15.24 meters) of 3/4 inch (0.019 meters)
OD copper tubing immersed in LN2 1nhidv a 30 Lnch (0.762 metors) diameter
foam-{nsulated container, It was sized to reduce the tamperature of the
helium pgas from amblent Lo approximately 809K bhefore enteving the cryostat,

Control Console -~ Usually tests involving the use of liquid hydrogen
are controlled from a console located in the .Control Center at PRL. For
this particular program, however, the console was located adjacent to
the cryostat in the test cell. This method of operation provided precise
control of the test without the need from remotely operated valves, and
because of the relatively safe nature of the test, did not expose the oper-

-ating personnel to undue hazards. Figure 8 is a closeup view of the console

panel; Figure 6 shows it installed in the test cell thh the other test ap-’
paratus, : .

The main components of the console are the valvcs and associated
gaécs necessary to control and monitor the bellows fill and expulsion
sequences once the cryostat has been filled. The bellows and cryostat
inlet valves are Hoke Globe valves, Type RB 272 with brass bodies. The
cryostat vent valve is a Powell Globe valves modified with an extonded stem
for low temperature service, The gages used are conventional Bouvdon pages,
having ranges appropriate for the measurements heing made,

To avoid contamination when removing the bellows assemhly rom the
cryostat, and to minimize the pump down time during the leak check operation,
vacuum valves (Hoke Bellows Seal, Type TY 445L, Seal Welded) werce placed
between the console and the cryostat in the orifice pressure line and in
the bellows inlet line. ‘

L@gk Detector - Helium leakage through the bellows was measured by
means of a Consolidated Electrodynamics Corporation leak detector, Type
24-120A. It is a simplified mass spectrometer sensitive to minute traces
of helium. It operates at a pressure level of 2 x 10~ -4 mm Hg (0.0266
newtons/mvterz) using a qelf contained vacuum system con31bt1ng of a small

P
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21 liter/min (0.00035 meter3/sec) roughing pump,, oil fractionatiag diffusion
pump, liquid nitrogen cold trap, and associated valving. ~

The leak detector was used bolh to measurce an unknown leak rate and
to locate or pinpoint a leak. To quantitatively measure an unknown leak
rate it is [irst necessary to calibrate the detector with a self-contained
"ealibratoed leak.' This provides o known lLeakagpe of hollum into the system
and p@mets accurate measurcment of leak detector "sensltivity," the quantity
of helium that deflects the output wmeter one division. The detector is cap-
able of weasuring leak rates over a range of [{ve ovdevs-of-magnitude down
to a minimum value of 3 x 10-10 sce lte/sce. ' :

Support Equipment - The support equipment quULlUd for the tests 1ncluqud
the cryogenic liquid supply vessels (dewars) gasecous nitvoger, hydrogen and -
helium supplies, two vacuum pumps, and miscellaneous valves and interconnecting
piping. The helium was supplied from regulated high pressure cylinders, while
‘the facility system supplied the nitrogen gas, Hydrogen gas for purging was
obtained directly from the ullage of the liquid hydrogen dewar. Liquid hydro-
gen was supplied from a company-owned Linde LSH-1000, double walled, vacuum-

" insulated dewar. It is a mobile unit having a capacity of 1000 liters (1.0
meter3d) and an operating pressure range of 0 to 150 psig (L1134 kilo- newtons/
meterl) . quuid nitrogen was supplied from a Ronan & Kunzel vacuum and powder
insulated mobile dewar. It has ‘a capacity of 600 gallons (2.27 meter3), and
is capahle of operatinu at pressures to 200 psig (1480 kilo newtonb/metelz)

A

A Kinney, KS8-47 vacuum pump was used for purglrp and 1nuph pumping
~and a portable high vacuum unit was used for pumping the cryostat down to
the leak check pressure range of 107 4 mm g (0,0133 newtons/meter©).  This
unit includes a CENCO HY-VAC 14 rough pump omleIe pump, an NRC ditfusion
pump, and the agsociated vacuum gages. '

INSTRUMENTAT ION

‘The specific measurements that were provided for evaluation of the
bellows assembly are shown in Table II. These include the following:
liquid hydrogen temperature, helium gas temperature and pressure, cryostat
pressure, metering orifice upstream pressure, liquid hydrogen level in
the cryostat, and heater power., The locations of sensors are shown in’
Figure 2, ‘ ~

The pressure and temperature measurements were recorded on Bristol
strip chart recorders located in the Control Center (Figure 9), using
the basic instrumentation system installed at I'RL., This system was designed
to accurately handle the requirements of a variety of test programs to be
conducted in ths test cells. All data channels are brought into the Control
Center patch system, which provides max inmum ElexlhilLL> of equipment selection,
rlme correlation of the 6 recorded measurements was provided by a central
timing device.  To obtain the system accuracies indicated in Table 1T, the.
dnstrumentation was (rllll)l‘itecl In accordance with the procoedure det tailed
in Appendih A, '
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The two point level sensors located in the cryodstat were connected to

~a Cryogenics Research Model LP-10R Liquid Level Indicator that provides a

visual readout, A small change in the sensor temperature as the sensor
moves from the gas to the liquid phase (and vice versa) results {n a color

‘change in the indicator Lights located on the display panel,

Power to the two electrical heators was supplicd trom a Superior

Wlectric COmpan) Powerstat that was adjusted to provide the desived power

input, A Sensitive Rescarch Instrument Corporat fon Mode!l DWEW wat tmetor
was usod Ln measyure the power provided Lo cach heator,

SYSTEM CHECKOUTS

Cryostat Leak Check =~ Prior to installation of the cryostat in the test

.cell, a leak check of the entire cryostat assembly (including the bellows)

was attempted, The cryostat was commected to the vacuum bench pumping system,
but it was not possible to achieve a sufficientlv high vacuum to perform

a quantitative leak check. The bellows assembly was'then removed from the
cryostat, and separate leak tests were performed on the cryostat and the
bellows assembly. Both the cryostat and the bellows were found to leak.

The bellows leak was relatively small, ~2 x 1079 Scc He/sec, but significantly

‘greater than the maximum allowable valuc specified by NASA; i.e., 10"6 Scc

He/sec. Consequﬂntly, the bellows had alread" failed (using the definition
of failure as leakage in excess of 1079 Scc lie/sec), and was not suitable
for use in the cycle tests. Tt was concluded, however, that the bhellows
would ke suitable for conducting cryogenic checkouts of.the test apparatus,
so it was not removed- from the assemhly at this time. Upon complaetion of
the checkouts, it was planned to replace the bellows with the spare one,

and then proceed with the 100 cycle test program in L, . The defective bel-
lows could then be examined and repaired (Lf feasible)“at ledisurve, . -

The cryostat leakaye was found to be in the vacuum jacket, not.in thu
lid or the lid/cryostat joint as had been suspected. The lead secal that
jotned the inner and outer vessels and functioned as the top sealing surface
of the cryostat had failed. The cryostat had been used successfully in a
number of different programs over a period of nearly ten years, but apparently
was not. designed to be pressurized as it was in this program. It was con-

‘cluded that ultimately the lead seal would have to be replaced, but in order

to avoid excessive delays in the bellows test program, a temporary eralr
was attempted with epoxy cement . '

Cycle Test Procedure - The-ggneral procedure that was followed for the
cycle tests is presented in the following paragraphs. This procedure is
strictly applicable only 'to the cycle tests conducted with -LH_. =~ A somewhat
sinplified procedure was employed for the LN, checkouts which“were more easily
conducted because of the elimination of hazagds associated with the use of
Li . ‘ ‘

2

First, the entire system was purged with nitrogen gas. using a ''sweep -
purge' technique. "Simultaneously the bellows was éxercised (pressurized

~and then vented) several times to purge the air [rom the bellows and the

pressurization gas storage vessel, and the hellows was left pressurized to

, ~40 psig (150 kilo-newtons/meter2) with helium, Subsequentlv, a similar:

Sy e

"sweep. purge'' was accompllshed w1th hydrogen gas to eliminate the condensibles
(nitrogen) from the syqtem. : ' ‘
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The liquid hydrogen dewar was then positioned in the test cell, the _
transfer line connected and purged, and the cryostat fill procedure started,

- Care was taken durlny the fill to maintain the cryostat at a pruessure of

6 psig (41.3 kilo- nchons/maLerZ) or less (the maximum allowable working
pressure for the lid, and the maximum allowable Ap for the bellows in the
extended position). ‘ '

Once the cryostat was filled (as indicated by the level sensors) and
thermal equilibxium attained, the first cycle test was initiated, The re-

~corders were turned on, then the c¢ryoctat was pressurized by closing the.

cryostat vent valve and turning the ullage heater on to a power level of
200 watts, Simultaneously, the bellows vent valve was opened to vent the

~bellows to ambient pressure, thereby initiating the fill portion of the cycle.

When the cryostat. pressure reached ~4 psig (109 kilo-newtons/meter?) several .
minutes later, the hcater was turned off and the cryostat pressure carcefully
monitored., By this Lime the bellows had been forced to its fully cxtended
position, and continucd préSSUrizarion'assured that the hydrogen wilhin the
bellows was subcooled and therefore in the liquid phase.

The expulsion portion of the cycle was initiated by simultancously opening
the helium pressurization and cryostat vent valves. The helfum preossure was

automatically regulated to ~20 psiy (219 kild-nthons/meterz) to produce o

the desired outflow rate. The orifice upstream prossure gage was monftored
unt il an abrupt decrvaqc in pressurc to ambient was observed, thereoy indi-
cating termination of outflow and completlon of the cycle, The recorders
were anncotated, then the hext cycle was initiated, Data ohtained from a
typical cycle is shown in Figuce- 10,

Upon completion of the final cycle of a series the hydrogen was back-
transferred from the cryostat to the dewar, and the cryostat warm=-up begun.
The ullage heater was turned on to a level of 300 watts, and the bottom.
heater to 200 watts while hydrogen gas from the dewar ullage volume was
purged through the'uryostat The bellows was exercised several times to
eliminate any residual liquid entrained in the- bellows convolutions. Once
the cryostat temperature reached ~150°R (83°K)/ the lhiydrogen pas was secured,
and nitrogen gas was usgsed to continue to warm-up and to purge the system
of hydrogen, The cryostat pressure was carefully monitored and not allowed
to exceed 6 psig (125 kilo~-newtons/meter2), The bellows was also oxerclsed
sgvera]"times during the nitrogen purge to expell residual hydrogen. - After
f¢ was certain that no sigrificant quantitles of hydrogen remained in the
system, the cryogtat was. finally vented to dLmUSPh011C pressure,

In preparation for a leak check, the cryostat~was first evacuated by

means of the KS~47 rough pump to a pressure of ~200 micrens (26 2 anLonb/mecerz),

and the then pumped down to a pressure level of ~.l microns (0.0133 newtons/
meterz) by means of the portable high vacuum unit, Finally, the system was
opened to the leak detector, and a quantitative.measure of the helium leak
rate was obtained.

L.iquid Nitrogeh Checkouts = To verify the suitability of the test ap-
paratus and associated operating procedures with minimum expenditute of
effort and maximum safety, a liquid nitrogen test series was conducted prior

to attempting a test with liquid hydrogen.

«
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' The first series of LN, tests comprised 10 cycles, employing the hasic

test procedure previously described, Some variations were used from cycle-

to~cycle to establish the optimum sequence of valve operation velative to
the application of heater pover, but these variations did not have a sipni-
ficant effect on the primary test results, '

SAn attompt. to Leak cheek the bellows assembly immedfately ol lowing
the initfal 10 cycle tests In LN, wits unsuccesstul hecause ol excessive
Lealrage into the cryostat, ‘The cryostal could not be evacuated to the
level required for a measurement by the leak detector, | o, Lo mm
Hg (0,0133 newtons/meter2), COnquUUn(ly, the hullow~ assembly was ro-
moved from the cryostat, and a leak check was performed by connect ing
the leak detector directly to the outlet counnection on.the bellows assembly.
A leak rate of 2 x 10~9 Scc He/sec was measured, the same value as that
obtained prior to the LNj checkout. To plnp01nL the location of the leak,
the inner bellows was removed from the assembly, connected to the leak.
detector, and carefully probed with a small helium gas probe while using
Duxseal to isolate different regions of possible leakage. The general.
reglon of the failure was found to he in the bellows convolutions at the
end nearest’ the outlet dome as shown in Figure 11, The leak definitely
was not through the major welds of the assembly; ~onsequently, repair by
MMC was not possible. On the other hand, the leak was so small that it
did not preclude tse of the bellows for furthwr checkout' tests

The gpare bellows was also subjected to a leak check at rhisvtime
to determine its condition. It was found to have a leak rate of only

6 x 10710 scc He/sec, a value several orders of magnitude Less than the

maximum allowable vuJuc

Inspection of tho cryostat revealed that there was still excessive
leakage into the vacuum jacket. The repalr previously attempted with
epoxy had not beér successful. Because of the hazards assoclated with
the use of hydrogen in a cryostat with a leaky jacket, it was decided to
defer further testing until a permanent repair could be effected. The
cryostat was then removed from the system, and a néw stainless steel face’
was fabricated and welded to the inner and outer shells to replace the
lead seal as previously described,

Upon completion of the cryostat repair 'approximately two weeks later,
a second series of 10 cycles in LN, was performed following the¢ same basic
procedure as used previously. The cryostat was left over night without
draining the LNZ, and the liquid level the following morning indicated that
the cryostat repalr was successful. The heat leak into the cryostal was

‘extremely small.

Liquid llydrogen Checkouts = Vollowing the TN, checkouts, the apparatus
was prepared for cycle tests in TH,, still using tfe original bellows. On 7
October a series of 5 ¢ cles was sficcessfully conducted, again using the same
basic procedures previously described. Following backtransfer of the‘LH2 into
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the dewar and warmup of the cryostat, a leak check was attempted, but the
pumpdown was exceedingly slow. As previously noted, it was speculated that
the difficulty experienced in evacuating the cryostat was the result of
condensation inside the presrurization gas storage vessel, The difficulty
was overcome by a stmple modification of the Line conpected Lo the storape
vessel,

CYCLE TEST3 WITIH LIOUTD LYDROGE:

' the cryostat resulted in a vdlue of 1.5 x 107

Upon completion of the checkoul tests and modifications noted above,
the spare bellows was installed i the assembly fa place of the oripinal
bellows, and Final preparations were made for the fivst series of LI, _
cycle tests. A leak check of the complete system priov to cooldown Fevealed
a leak rate of only 4 x 1077 Sce le/see, a value well within the required
ranpe., - R

The first serfes ot 10 cycles with LUy was successtul Ty conducted
on Y October., o conserve helinm, the bellows was - pressuviced to only
20 psia (137 fe! kLJu-nthonq/mcL012), resulting {n an JH2 expulsion rate
of ~3 gpm (33 x 107 mULUf-’/ovc) instead of the 5 ppm (56 x 1070 jieters ‘/avc)"
originally planned, “This change in the test conditlons, however, did not
compromise the basic onbjectives of the test fn any way, Pertinent events
and recorded data for a typical cycle are shown in Figure 10,

A lezk check was successtully performed at the end of this first series
of cycleés with 5 psig (116 kilo- -newtons/meter ) Helium pressuve on the bellows,
but the leakage rate was determined to be 5 x 10~ 6 scc He/sec a value con-
siderably greater than the 107 "6 gcc He/sec allowed. It was FOabOHGd, how-
ever, that some of this leakage was probably from sources other than the
bellows . itself, so the tests were not terminated at this poxnt,

Two additional scries of tests with Liiy (L0 cycles each). were conducted
on 10 October, Leakapes measured following each series were 7 x 107 6
2 x 1075 Scc He/see, respectively, indicating no major chanpe Ln leak rate
throughout the 30 c)alcsv Suhsequently, the Lll, was hack-trans forred Liom
Lthe cryostat to the storiage dewar, and the apparatus was warmed up overnipht.
A leak check performed on the. bellows aaaomb]g alone after removal from

Sce He/sec, This confirmed

the suspicion that a significant pnrt]on of the leakaye measured with the
bellows assembly instalded in the cryostat occurs in the plumbing attached
to the cryostat,.ind not - in the bellows assembly. The leak rate was signi-
ficantly greater than that measured previously for the inner bellows alone
(6 x 10710 scc He/se ), but was still significantly less than the maximum
allowalile value, |

The test apparatus was reassembled.and two auditional serics of cycles
were conducted a few days later, Upon completion of the first series (a
total of 40 cycles) the leak rate measured with the bellows inside the cryo-
stat was 1.5 x 10~2 Scc He/sec, essentially the sawe as previously (with
the bellows ins:alled in the cryostat). At the end of the second series

- (a total of 50 cycles) however, the leak rate had increased considerably

and was "off-scale' for the CEC leak detector; J'.”é.,”)lO‘4 Scc lle/sec,
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Subsequuntly the hellows was removed llom the cryvostat and Teak checked,
This time the -leak rate wasg found to be 1077 Sce He/n«c for the hellows alone,
one order of magnitude greater than the allowablm value, and approximately
3 orders of nagnitude greater than the rate measured at the end ob 30 cycles,
Tu be absolutely certain that this measurement was valid, 1t was double~checked
by two different leak detectors. One of .these, another CEC Model 24~120A
detector, verified the value of 1079 Scc 1c/snc, the other, a Veeco Model
MS-12 leak detector simply gave an "uff-scale' readingy e, >1076 see lle/sce,

Further leak checking of the bellows following its removal from the
asgembly, revealed that this leak 1is also in the convolutions of the bellows,
not other welds of the asseubly. Therefore, as in the case of the original
bellows, the leak is not reparable by MMC. At this point, the contrvactual
requirements of the cycle test plngxam had beou gatiadfed, and tosting was

“terminated,

Subsequently a supplemental d&rccmont was negotiated wheveby MMC a&ruud
to conduct an additional 20 cycle tests. In accordance with this agreement,
the spare bellows was subjected to an additional 20 cycle tests with LI, on
12 November. These tests were conducted with the sawe apparatus and in” the
same manner as the previous tests except that the instrumentation had been
modifled slightly, and only one leak check was conducted (at the end of the
20" cycles.) .The instrumentation modifications cousisted of the installation
of lower range pressure transducers to provide ‘more accurate readout at the
relatively low pressu*e levels at which the cycle tests were cnnducted (see
Table II). ' | : | | ' -

Following the 20 cycle tésts the apparatus was warmed up and the belw

. lows assembly was removed and oubJected to a leak check, The ledk rato was
‘found to be exactly the same as before the 20 cycles; i,e., 1U07? Scc He/sec.

ilence the taxlure hau not progressed at all as a result of the Lﬂbt 20 cycles,

© Upon completLon of the cycle tests, the hpd!@ hellows was. removed trom
the assembly aud packaged for shipment to SOLAR. On J December, the LeRC
Project Manager visited MMC to review final test results, and hand-carriced
both bellows to SOLAR for failure analysis, Results of this analysis are
included in the following section of this report.

CYCLE TEST RESULTS

Altaough the operational life that was obtained from the c¢ryogenic
bellows did not meet expecLatlons, it is probab'.y move than adequate for
many of the bellows appchatJon that may be cited. [t had been anticipated

B e s S bk e e e e e e g e e i g e, g e i

T TR TR T TR I riesees ] goirutobi
N

i w1



16

that the hellows would not fail (develop a leak exceeding 10“6 Sce lle/sece)
as a result of 100 complete cyecles in liquid hydrogen, but that did not
prove to be the case. 1Instead, the bellows originally installed in the
assembly was found to have failed belore the cycle tests were fnitiated,
and the spare bellows subsequentily failed prior (o the completion of 50
¢yeles in L“Z"

The tealt rate (hat way measurcd for the nrtginn] bellows upon cowme
pletion of 10 cycles in INy was 2 » 107D gee Hefsee. This ts move than
a full order of maynitude preater (han the maximum allowable Teakape o but
it gtill constitutes o very small Teak. bBven at this leak rate, wove
than 12 hours (43.2 x 10 sue)  would be required tor oo QlU‘*’nuu(;%‘sJ)
of helium teo leak throuph the bellows, '

_ In developing a leak of this wmapnitude, the bellows had been gubjected
to ~30 cycles; i.e., 10 cycles in water,and 10 in LN+ at SOLAR, plus 13

"eycles in expulgion eff{icicncy tests, L0 in LN,, and at*leas! 0 during

purging operations at MMC. Similarly, the spare bellows failed prior to

the completion of 50 cycles, , Tt had developed a small leak duvin. the first

30 cycles in LH, that increased to an unacceptable level (10-3 dce He/sec)

at the end of 50 cycles.. An additional 20 cycles, however, did not result

in a further progression of the failure. Undoubtedly there are many ap-
plications that would not subject the bellows to this number of cycles,

and conscquently could utilize the existing bellows design without modification,

In ovder to pinpoint the cause of the failures, both bellows assemblics
were cut open by SOLAR so that an internal inspection could be performed.
Two leal arcas on the oripinal bellows were traced to corrosion (rust colored)
spots under the Lip where the 006 inch (0.000153 meters) thick bellows sleeve
is joined to the 2025 inch (0.000635 meters) thick support rving. ‘The single
Leak arca on the spare bellows was traced to a simblar corrosion spol at '
the root of the first convolution L'rom Lhe support ring.

To furthér‘invcstﬂﬁate the nature of the failure, a scction approxi-
mately 3" wide was cut out of the original bellows as showpn in Figure 12
and the cut-out section was expanded so that it could be subjected to a
more detailed inspection. Additional corrosion spots were observed as

- shown in Figure 13, These spots are presumed to be caused by foreign

particles in contact with moisture, but the exact scurce of these contami-
nants is only speculative. The bellows were dried for several hours at
200°F (366°K) following the water cycle tests at SOLAR, but the tap water
that had been used may have left undesirable contaminants, In Lhe future
it is proposed to use deionized water instead of tap’water.

27
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CONCLJSTONS AND RECOMMENLCATIONS

The expulsion cfifcliency of the bellows agsembly was found to be
approximately 98.5%, a value comparable to that attainable with other
typee of positive expulsion devices (bladders and diaphragme). Con-
sequently, this particular design of bellows hag no shonwtcecomings in thils
regard, ;

Although the bellows did not achieve the cyele 1ife vxpocted, the
failures that did occur after 50 cycluvs wore minor; i.e., total leak
rate was only 1079 See He/sce. With only two samples to provide data,
Uiy difficult to draw Firm conclusions, but there fs no ponitive
evidenee that the Liby envivonment way g factor in the Caflures,  Both bel-~
lows failed in the same manner priov to the completion ol 50 eyceler, but
one of the bellows way not tested In LHQ‘ut all, while the other was tested
orly in LH,. - o C

The basic design employed for the bellows appears to be satisfactory,
in fact there may be many applications in whieh the bellows could be em
ployed successfully without modification. A redegign of the weld joint
between the bellows slceve and the support ring does appéar to be in
order. In particular, a butt weld i¢ recommended so that the crevice formed
by the bellows sleeve and the end démes in the curvent design will be olim-
«inated.

It is also recommended that more thorough cle ming of the bellows be
accomplished following fabrication, preferably attaining a cleantiness
level equivalent to that required for LOX service in accordance with NASA
MSFC Specificotion 164, Also, greater care should be exercised to ex-
clude contaminants from the bellows after cleaning. Specifically, the
ptactice of using tap water in the bellows should be discarded in favor
of deionized water, and subsequent drying should be accomplished at a
.~ temperature and duration that positively assures the oelimination of all

moisture, ‘ '
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trangducer

L] Kilo~Newtons/meter2

installed initially; later

replaced

TABLE I 18
EXPULSION EFFICLENCY TEST DATA
Test Volume of Water, ml (Meters¥) No. of |~ Efficiency
No. Added Expelled Difference Cycles 7
1 11,813 11,744 69 1 99,4 i
(0,011813) (%0.0L1744) (0.000069) :
2 11,795 11,098 97 L 99.2
(0,011795) (0.0116906) (0. 0UR097) |
3 11,795 11,610 185 5 98 .1 !
(0.011795) {(D.011610) (0. 000185)
4 11,816 1,628 188 b 98.4
(0,011816) (0.011628) (0,000188)
TABLE JI ~ BELLOWS INSTRUMENTATION
. Data Measurement Operating Range | Transducer] Readout] System W
Point ' \ Accuracy
-0 t9¢%0 psia¥ 2 CEC¥*
. (0 to 345 KN/m )**| 4-R6 Bristol t+ 1%
e . re ) ; 4
1 Orifice Upstream Fressure 0O to 25 psila 2 CEC Recorder
(U to 172 N/m") 4=312 :
0 Lo 50 psia*2 Teledyne* .
p ) R . (C to 172 N/m™) 185 Bristol L
2 |Cryostat Fressure O to 25 psia , CEC Recorder| = L
(0 to 172 N/m") 4=312
. 1 ' 0 to 50 psia , ~ [{Teledyne |Bristol .
3 _|Pellows Pressure (0 to 345 Njm*) .85 |Recorder| = 1%
|{Cryostat Inlet Temperature JN ) , Bristol | . , .0
4 1 (Helium Gas) ‘ 75 to 300k cuy/ coN Recorder| = 3% ¥
Bellows Inlet Temperature Y , Bristol. . .0
5 (Helium Gas) ,75 to 300K . CU/CON {Recorder + 3.6KK
6 Cryostat'Temperature 19 to 30°K” Platinum BrlStql + O.OSSOK
Recorder]—
7 |Liquid Level (High) On -0f £ Carbon  |Lights .-
8 Liquid Level'(Low) lon-Off Carbon Lights ~-
9 |Ullagé Heater 0 to 800 Watts Meter - --
10 |Bottom Heater 0 to 200 Watts Meter --
%* High range transducer with lower range
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TION AND CONTROL CENTER

FIGURE 9 - INSTRUMENTA
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FIGURE 12 = SECTIONED BELLOWS
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CORROSION SPOTS ON BELLOWS INNER SURFACE



S
.

\T};L i RS

APPENDIX A .
INSTRUMENTATION CALTIBRATION PROCEDURES

Pressure Measurements

6.

7.
8.,

9.

10.

Install the pressure transducer on the facility gaseous nitrogen |
calibration console, This consists of several high accuracy test. .

gauges. , : «

Connect the pressure transducer electrically to the bridge balance

31

and power supply unit and the recorder channel selected for obtaining

the test data.

Adjust the power supply vcltage‘to the value recommended by the
pressure transducer manufacturer,

BN

Adjust,the‘bridge'balance potentiometer for a zero millivolt out-

put of the transducer at O'psigA(IOZ,kilo-newtons/meterz, absolute).

Adjust the recorder zero for the desired rest pcsition.

Adjust the gaseous nitrogen callbratlon source for the desired
maximum psxg of the transducer.

AdJust the recorder span for~the desired deflection position.

-

Rep(et Wteps 4 through 7 until no change is noted in either the
zero o1 :naximum recorder positions.

Record the zero, maximum, and 4 other psig steps of the transducer
to determine its calibration and resultlng accuracy. ’

f
Record the shunt calibration steps of 20K, 40K, 80K, 160K and
320K ohms for the purpose of respan and drift checks.

iTemperature'Mbasurements (Blatinum Bclbs)

A certified calibration, traceable to the National Bureau of Standards,

is furnished with each platinum resistance sensor by the supplier (Rosemount -
Engineering -Company).

The sensors are used in conjunction with a Triple-

Bridge Multi-Channel electronic device. The specific calibration procedure
employed 1s as follows: '

1.

After the power to the chassis has been on for approximately 30
minutes (1800 seconds), each individual power supply must be ad-
- justed to 30 volts, The adjustment may be accomplished with a

T ) L T ——— P et R
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millivoltmeter of 0,02% accuracy or better connected to the phone
, . Jack of each channel on the front panel. Then depress the calt-
brate gswitch to "CAL" and turn the screwdriver adjustment {fmmed| -
ately above the phone ]acl\ unt UL the mitLivoltmetor veads 20,000
millivolts, v '

2. Set tho decade box to the resistance value corresponding o the
null or zero point given on the data sheet supplicd with the
temperaturce senso being calibrated, *

3. The system is ready to operate upon completion of the installation
and calibration of the TBU's. . Be certain that the temperature
sensor and readout equipment are connected to the proper channels,

4, Energize the 0% or zero calibrate circuit. by'means of the appro-
priate remote control or front panel simultaneous switch, ALl
channels will provide zero millivolts output. Any one channel
may be 0% calibrated by energiging the front panel individual
switch to provide a zero millivolt output. Adjust the zeroe adjust
1f necessary on Lhe readout equlpment on edach channel to its truce
zero position, ' \ '

, I,

5. Energize the lOO%cn:full gcale cal”nraLw’exL»u[L by means of the
appropriate remote control or front panel simultanecous switch,
All channels will provide 10 millivolt output, Any once channel
may he 100% calibrated.by energizing the front panel individual
switch to provide a 10 millivolt output. Adjust the pain con-
trol if necessary on the readout equipment on each chdnncl for
full scale reading.

6. The system is ready to measule and record upon complotxnn ok Lhe
last sLep. : -

" Temperature Measurement (Thermocouplegl

’
’

All thermocouple wire purchaued by MMC is of pLemJum plade and conforms
to the standards of the Instrument Society of America. Each lot of wire
is checked by th MMC Metrology Laboratory before use to verify its cali-
bration with the NBS callbration tables. ‘ . : _ -

Each the rmocouple output is fed hack to the Lnstrumentat[nn and Con- -
trol Center through thermocouple extension cab’e, and connocted to an
electronic reference, unil that maintaing a stable reference temperatrure
to within + ,059K, The resultant signal is then recorded on an adjustable
span stripchart recorder. The recorders zage checked twice a year to assure
that the power supp]y and adjustment pots are functioning properly,
AdJustmenL of the re Lorder 1s accompllqhed as follows: Ly

/ 1. 'Connect a millivol« potentidﬂcter to the input of/Briscol Strip
Chart recorder selected for temperature rcadout:’s
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From the NBS thérmocouplé temperature versus emf calibration table

2.

select the voltage corresponding to the minimum tempcrature to be

recorded and anply this voltage to the recorder,
3. Adjust the recorder to the zero position on theﬂchart paper, V
4. ‘From the calibration table select the vthayo LorrLSpOndxnp to

the maximum temperature to be Lccorded and apply this vthdge

‘ to the recorder.

5, Adjust the recovder span for the desired deflected posit ion,
6. -Repeat steps 2 through 5 until no further adjustment is veguirved,
7. TInstall a thermocouple scale on the recorder corvesponding to Lype

of thermocouple wirve used and the temperature rvange to be recorded, =
8. Disconnect the millivolt potenticmeter from the circult and connect , K

the thermocouple in its place.
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