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FOREWORD

This document is submitted by the McDonnell Douglas Astronautics Company to the
National Aerorautics and Space Administration, George C. Marshall Space Flight
Center, in accordance with the requirements of contract NAS8-27571. Results
are presented of a program involving the analysis, design, fabrication, and
test of a multipurpose full-scale liquid hydrogen acquisition and thermal
control system, termed the Interface Demonstration Unit (IDU). The IDU was
developed for inclusion in a 105-in.-diameter 1iquid hydrogen tank as part of
the NASA/MSFC auxiliary propulsion system breadboard.

This program was sponsored by the Fluid Mechanics and vynamics Branch,
Propulsion and Thermodynamic. Division, Astronautics Laboratories, NASA/MSFC
under the direction of Mr. George M. Young, III. The initial phase of this
program was performed under the technical direction of Mr. Leon J. Hastings,
NASA/MSFC.

This program was supported by the following personnel. J. N. Castle and

P. Maruschak assisted in the system design and fabrication. D. W. Kendle and
Professor Ivan Catton (Consultant) assisted in the analysis of the thermody-
namic vent system. The computer codes were developed by D. W. Kendle.

W. N. Geiger was instrumental in the fabrication of the IDU. Assembly and test-
ing were performed under the direction qf Roger Yeaman. The contributions and
suggestions made by G. W. Burge, E. C. Cady, C. R. Easton, and C. E. Schroeder
are appreciated. The support of Mr. Ralph Adams (NASA/MSFC Astrionics Labora-
tory) in the area of capacitance-level sensor evaluation is gratefully
acknowledged.
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Section 1
INTRODUCTION AND SUMMARY

Future space missions will require cryegenic fluid storage and expuision
subsystems capable of providing efficient long-term subcritical storage,
reliable multiple low-g restarts, and low-g 1iquid expulsion for auxiliary
propulsion, 1ife support systems, and in-orbit propellant transfer. These
requirements demand significant technology improvements in the areas of
cryogenic propellant acquisition, venting, and thermal control relative to
the concepts used in present operational vehicles. For most applications
requiring low-g engine restarts, it is imperative that a passive propel-
lant control system be used which supplies 100-percent liquid under a

wide range of adverse acceleration levels at any point in the long-duration
low-g coast. Use of present techniques for low-g engine restarts, such as
auxiliary propulsion system (APS) propellant settling or idle-mode engine
restart, involves high weight penalties and may not be sufficiently flexible
to meet advanced mission requirements. Low-g thermal control techniques,
involving the venting of ullage gas from a stratified cryogen and requiring
either frequent or continuous propellant settling, also result in weight
penalties and decreases in the overall mission time.

Presently, screen retention devices are considered prime contenders for
cryogenic propellant acquisition, because of advantages of low weight,
multicycle capability, reusability, long life, and simplicity. Efforts by
the NASA and aerospace companies have resulted in a variety of screen reten-
tion device designs and an extensive background in terms of demonstration
and development tests, and fabrication experience. However, cryogenic
propeliant screen retention devices can be subject to certain fluid dynamic
and thermodynamic failure modes due to transient flow, pressure decay, or
heat-transfer-induced "breakdown".* As a result, a concept termed the

*Loss of screen retention of Jiquid.



"integrated start tank" was conceived at McDonnell Douglas Astronautics
Company (MDAC) in July 1968 (References 1, 2, and 3) which was designed to
avoid problems associated with startup and shutdown transients and to isolate
the propellant from tank pressure fluctuations and heat transfer.

The start-tank concept involves a screen retention device installed within

a separately pressurized propellant tank located in the main tank. A line
with a shutoff valve transmits LH2 from the retention screen directly to

the pump. A second line with a shutoff valve delivers propellant from

the main tank to the internal tank. In low g, when liquid in the main tank
is unsettled, cryogenic propellant is supplied to the pump from the acquisi-
tion device. When the 1iquid in the main tank is settled, following some
period of relatively high positive vehicle acceleration, (20.1 ge) the retention
device can be refilled by opening the internal tank refill valve and vent-
ing the ullage gas in this tank, yet maintaining constant pressure in the
main tank. In this manner, the start tank can be refilled while a constant
flow of propellant is maintained to the pump and engine.

Cryogenic screen acquisition devices subjected to heat transfer or tank
pressure variations (such as pressure collapse below the saturation pressure
of the retained 1iquid after engine shutdown) face potential failure modes
due to bubble generation within the device and capilliary "breakdown" due

to screen drying. The start-tank concept minimizes these problems because
the retained propellant is pressurized with cold helium, the tank is

pressure isolated from main-tank pressure fluctuations, and the heat transfer
into the start tank can be reduced by insulation, or eliminated by a wall-
mounted thermodynamic vent system, which would intercept all heat flow into
the start tank.

Retention failure (“breakdown"), due to startup or shutdown feedline pressure
transients, is eliminated whenever the start tank is filled or the screen
device itself is submerged within the propellant.



The IDU as designed, fabricated, and tested under this contract, incorporated
the above features in terms of propellant acquisition and thermal control. In
addition, it serves as a full-scale test article having a wide range of
capabilities for investigating cryogenic propellant screen acquisition system
operational modes. The IDU will also be part of planned NASA/MSFC liquid
hydrogen APS breadboard tests, which will investigate the operation of a
combined turbopump, accumulator, tankage, and acquisition system.

To meet these multiple objectives, the IDU was designed to supply liquid
hydrogen to a turbopump system at flowrates up to 7.5 1b/sec for a period of
approximately 5 seconds before refill. Refill is accomplished in less than
10 seconds, during which a constant flowrate can be maintained to the pumps.

The IDU shown in Figure 1-1 is comprised of a 10-ft3 cylindrical tank, 29 inches
in diameter and 35 inches in length, with three Parker submerged liquid hydro-
gen 2-inch ball valves, an externally mounted thermodynamic vent system with
coolant flow control valves and orifices providing flowrates of at least

0.2 to 5 1b/hr, and an annular cylindrical screen device 24 inches in diameter
and 24 inches in length, with 250 x 1370 fine mesh stainless steel screen
~within the tank. A bypass valve is provided to alliow expulsion directly from
the 105-inch diameter tank. Instrumentation provided includes seven carbon-
point liquid-level sensors, three capacitance-point liquid-level sensors, a
full-length capacitance 1liquid-level sensor, twenty platinum resistance
temperature transducers, and four heat-flux gauges.

Subsystem acceptance and functional tests, including acquisition subsystem
expulsion, pressurization, and refill, were performed in the MDAC cryogenic
test facility. Additional tests were performed to investigate operational
modes and possible limitations of surface tension screen-acquisition devices.
These tests included: thermodynamic vent system operation, warm-gas pressuri-
zation effects, hydraulic pressure surge effects, screen device operational
limitations, feedline vapor control, and two-phase refill. However, due to
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repeated malfunctions of the Parker submerged 1iquid hydrogen valves, test
results were limited and certain other tests were not accomplished.

The tests achieved the following results:

° The screen device was shown to perform flawlessly for the cold-gas
pressurization design condition with a higher "bubble point" or
breakdown pressure difference than expected and with no indication
of degradation throughout the test program.

() Both the overhead and submerged pressurization diffusers were
used successfully.

] The data acquisition and instrumentation functioned properly.

(] Flowrate control of the thermodynamic vent system was achieved
over the entire range, and agreement between predicted and actual
flowrates was good.

) Nc component failures were observed, although the 2-inch submerged
Tiquid hydrogen ball valves malfunctioned, as discussed in detail
in this report.

(] The complete operational mode associated with a simulated Tow-g
engine restart involving IDU outflow, followed by refill with
simultaneous outflow was demonstrated.

° Breakdown data were obtained, showing a marked decrease in retention
capability when warm hydrogen pressurant was used. Warm helium
also decreased the retention capability causing premature breakdown,
but the effect was not as great as with warm hydrogen.

) Use of a polyurethane adhesive to seal minor holes in the screen
was successful; a conducting epoxy used to fill gaps in the TVS
fillet on the IDU tank wall showed no adverse effect due to
exposure to LH2 and repeated thermal cycles.

5



(] Finally, the integrity of the IDU subsystem in terms of operating
pressures, flowrates, and soundness of welds, seals, and connections
was demonstrated.

Analyses were performed of the liquid flow losses, autogenous (warm gaseous
hydrogen) pressurization, and the thermodynamic vent system; a mathematical
model of the thermodynamic vent system (TVS) was developed, programmed,
utilized, and documented; and an existing MDAC tank-pressurization computer
code was modified and used in assessing autogenous pressuirization effects in
the IDU.

Data obtained from the tests has been analyzed and the results correlated.
However, because of feedline valve malfunctions, results in some tests are

of marginal utility as discussed for each specific test in the following report.
A corrective modification to the feedline valves has been recommended, based

on a preliminary investigation of their operational factors of safety.*

An improvement to the basic start-tank concept was conceived but has not yet
been reduced to practice. The principle of the "jet pump" can be used

during start-tank refill to induce gas flow out of the start tank, with
concurrent liquid inflow, while the main tank is pressurized and while a

net flow to the turbopumps from the main tank through the start tank is
sustained. This concept completely eliminates the need for overboard venting
of start-tank ullage gas during refill, thereby decreasing the total system
weight. The concept deserves additional consideration not only because of
the improvements to the start-tank principle, but also because of possible
additional applications to screen-device refill for both cryogenic and storable
propellant systems. The external plumbing of the IDU pressurization system
could be modified to incorporate a jet pump for refill witnout overboard
venting.

An improved version of the cone screen housing, used for feedline vapor control,
is described in Section 4, Test T; this version will ensure a liquid-filled
feedline, thus diminishing the probability of vapor ingestion in the turbopump.

*Operational factor of safety is the ratio of applied actuation pressure to
minimum actuation p-essure.

6
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This program was performed concurrently with another NASA/MSFC sponsored
program, Contract NAS8-27685 (Reference 4) with MDAC; these two programs were
complementary because: (1) fabrication experience gained on the IDU was
beneficial in the fabrication of full-scale screen channel devices; (2) a screen
device, developed and fabricated to simulate propellant retention for a cryo-
genic advanced space propulsion module (ASPM), is mounted inside the IDU for
full-scale tests in the NASA/MSFC 105-inch tank; and (3) cowmon, integrated
feedline plumbing will be utilized between the IDU (with either the annular
screen device or the ASPM device) and the full-scale screen channel for the
NASA/MSFC APS breadboard tests. Finally, the IDU tests, verifying the
operational aspects of the "start tank" concept, demonstrate the validity

of the localized pressure isolated channel (LPIC) acquisition concept as well
as the ASPM propellant acquisition concept selected in the system design study
of Contract NAS8-27685.

Section 2 of this report encompasses a description of the IDU and TVS assembly
and installation. Section 3 presents the supporting analyses. Section 4 is
comprised of the test descriptior and results; supporting annotated data from
the tests is presented in a Supplemental Data Document. Conclusions are
presented in Section 5. Appendices support the technical discussion.



Section 2
INTERFACE DEMONSTRATION UNIT DESIGN AND ASSEMBLY

2.1 DESIGN

This task included the design of the screen device, tank, and integrated systenm
consisting of valves, components, instrumentation, line routing, and the thermo-
dyramic vent system. Each of these elements is discussed in this subsection.

2.1.1 Screen Device Assembly
The basic requirements of thc screen device assembly design are that it have

an annular configuration and that it be capable of sustaining an outflow rate
of 7.5 1b/sec of liquid hyhrogen for approximately 5 seconds against 1 g before
initiating refill.

Details of the screen assembly design were established using an MDAC computer
code {Subsection 3.3) which determines, for specific configurations, screen
breakdown level as a function of flowrate and includes all pertinent flow
losses. Results showed that a 250 x 1370 stainless steel screen with a backup
plate and coarse mesh standoff screen would meet the necessary requirements,
and that the basic configuration should be a 24 inch outside diameter

annular screen, 24 inches in height.

Detailed design specifications and drawings were submitted to NASA/MSFC by
MDAC and, following approval, competitive bids were sought ¢ d a source
selection made. The screen device, termed the Liquid Hydrogen Acquisition
Device (LHAD), was subsequently fabricated by Western Filter Company; an
assembly drawing is shown in Figure 2-1.

Additional detailed drawings have been submitted to NASA/MSFC.

2.1.2 Tank Design
The tank is comprised of a 6061 T6 aluminum cylindrical pressure shell
34.5 inches in length and 25 inches in diameter, a 2-inch-thick, 29-inch

8
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diameter plate, and additional hardware as shown in Figure 2-2. The LHAD 1is
bolted on the top of the plate. All tank penetrations for valves and ancillary
plumbing are incorporated in the tank bottom plate. The cylindrical cover is
equipped with a helical wall-mounted dip-brazed 0.25 inch outside diameter
aluminum tube 70 feet in length. A summary of the design is presented below.
Additional details are given in MDAC fabrication drawings submitted to NASA/MSFC.

2.1.3 Cover

The cylindrical pressure shell of the IDU is designed for 50 psid at ambient
conditions. Crushing pressure is greater than 200 psid. Cryogenic allowables
increase the cryogenic operating pressures by approximately 40 percent over the
ambient conditions. Indium tin seals are used on the lip of the cover:; these
seals provide leakproof joints and are inexpensive and easily installed.

There are no other seals, joints, or penetrations through the cover. The
flange is internal to the cover to maximize tank volume within the envelope of
30 inch diameter.

2.1.4 Plate

The supporting plate contains 3111 tank penetrations. The main feedline valve
and cone screen housing were mounted on the plate along the tank centerline.
The refill valve is mounted flush with the bottom. The total length of the
hardware outside of the cover and plate is minimized. Bulkhead fittings

are used for the diffusers and pressure sensing line and Borders/Physical
Sciences cryogenic feed-throughs are used for wiring and coaxial cables.

2.1.5 Diffusers

The diffuser connections are composed of aluminum bulkhead flared tube fittings
with K-seals. The overhead diffuser is a lateral multijet formed by two rows
of ten 1/4-inch holes. The tube diameter is 1 1/4 inch outside diameter to
allow sufficient vent outflow rate for tank refill within 10 seconds. The
submerged helium diffuser is a horizontal circular tube, termed a ring-tube
diffuser, with one row of forty 1/8-inch holes in the bottom. Locating the
holes in the bottom of the ring-tube minimizes the possibility of having

Tiquid fill the inside of the tube and affect gas outflow.

10
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2.1.6 Tes

The bypass valve and main feedline valve are connected to the main outflow
1ine through a tee connection. Several options were considered for the tee
design since the 3-inch tank-outlet 1ine must be expanded to the 4 inch outside
diameter pump-inlet line. Use of a standard expansion joint (approximately
7 degrees total included angle) would increase the total connection length.
Use of a standard tee and expansion flange increases the total pressure drop.
As a compromise, a tee joint design which incorporates the flow expansion is
used, as shown in MDAC Drawing 1742474 (submitted to NASA/MSFC).

2.1.7 Integrated System

In the design of the tee, refill, overhead, and submerged helium diffusers,
numerous flowrate and pressure drop calculations were made to assure
practical operation. For hydrogen pressurization, a 1ine diameter of at
least 1/2 inch is required to meet the required volume flowrate of

1.7 t3/sec at 40°R with choked flow. In addition, the 3/8-inch Valcor
solenoid valve must be bypassed to achieve the maximum vent rate. Therefore,
a 1-1/4-inch-diameter bypass line is provided.

The refill diffuser has a pressure drop of 0.5 psid through 96 holes, each
1/2 inch in diameter. The corresponding impact pressure of the liquid
hydrogen flowing into the tank and against the screen is difficult to
determine analytically, but the inertial pressure ( P =s>%§) is of the

order of 1 psid even if the flow from the diffuser is assumed to expand

to four times its outflow area; this pressure exceeds the screen bubble-
point pressure. Therefore, a shield is used to stop possible bubble entrain-
ment into the screen device.

The totai pressure drop through the screen device is 0.06 psi. The Toss
through the valve is 0.17 psi at 7.5 1b/sec. The flow loss through the
tee is approximately 0.5 psi.

Estimates of the overhead pressurization effects on the LHZ interface
were made, based on the results of visual pressurization tests reported in

13
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Reference 5. No significant cavity will be formed due to incoming flow
except for the 1iquid surface very close (-1 inch) to the diffuser.

2.1.8 Instrumentation
The complete instrumentation 1ist is shown in Table 2-1.

2.1.9 Thermodynamic Vent System

The thermodynamic vent system (TVS) was added to the IDU after the design of
the IDU had been completed, and the fabrication and assembly operations
selected. Therefore, the TVS design was compromised to meet the existing
design constraints. An external wall-mounted, helical-coil tube design

was selected to be continuously dip brazed on the cylindrical portion of the
IDU wall. Tubing was not placed on the top of the IDU since heat flux through
the top would be relatively low in 211 cases and a separate brazing process
would have added substantial costs. Furthermore, the wall-mounted TVS can
be used with a slightly higher outflow rate and lower coolant temperature

to remove the heat that enters the top plate of the IDU.

The mounting arrangement of the TVS offers several alternative flow paths.
Two, 1/4 inch diameter tubes, 35 ft long, are helically wound on the outside of
the IDU, and connected by a tee manifold at the top of the cover. Coolant
flow on the IDU wall can be routed as follows:
A. A 70 ft continuous path is provided. Liquid enters at the bottom
of the IDU, flows up through 35 ft of tubing to the top of the IDU,
and then flows down through 35 ft of tubing to the bottom of the
IDU. Coil separation is 3.5 inches on the IDU wall, with alternating
uphiil and downhill flow.
B. Flow can start at the top of the IDU and flow down through one
35 ft length of tubing (coil separation distance of 7 inches).
C. Flow can start at the bottom of the IDU, and flow up through one
35 ft length of tubing, exiting at the tee (coil separation
distance of 7 inches).
D. Flow can enter at the top of the IDU through the tee and flow
down both 35 ft tubes in parallel paths (coil separation distance
of 3.5 inches).

14
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These options allow pressure drop through the tube to be varied by varying
tubing length, and tube separation distances of 7 inches or 3.5 inches can be
tested. The latter flow configuration (D) was selected for these tests since
cooling capacity was maximum and the pressure drop was minimum.

The flo.rate control required for the TVS was 0.3 to 3 1b/hr of hydrogen.
This was accomplished using five viscojets orifices, selected to provide
flowrates of approximately 0.2, 0.4, 0.8, 1.4, 1.8 1b/hr of hydrogen with
approximately 15-psi pressure difference across the viscojets. Increasing
or decreasing the pressure difference, and selecting the appropriate com-
bination of viscojets allowed the flowrates to be controlled within a band
exceeding that required (i.e, 0.2 to 5 1b/hr).

2.2 ASSEMBLY

The sequence of cperations leading to the final assembly of the IDU is
presented in this subsection. Cigure 2-3 gives a side view of the Liquid
Hydrogen Acquisition Device (LHAD) after its completion by the subcontractor,
Western Filter Company, Inc., Chatswortn, California.

A series uf bubble-point tests were performed following fabrication of the
LHAD. The film bubble-point test procedure was employed. The LHAD .as
partially submerged in ethyl alcohol and then a spray of alcohol was used to
wet the inner and outer screens. Pressure was applied to the LHAD as it was
rotated while partially submerged. Bubbles released from imperfection points
on the screen were noted and marked for later sealing. This type of film
bubble-point test procedure is necessary for screen devices of large size
relative to the head of test liquid which can be supported, and the procedure
used for the LHAD can be easily extended for testing of vehicle screen devices
in-situ. In the first test, several small holes were located and sealed with
Allstate 430 Cadmium-free solder. Although this particular solder has oeen
used successfully with filter elements at liquid helium temperatures, the
possibility of crystallization exists. Therefore, a special polyurethane
adhesive (Spec-1P20075 DPS-32330) which has been used successfully in a
number of cryogenic applications was applied over the solder spots as a
precaution. The device was then shipped to Garwood Laboratories for final
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cleaning to NASA/MSFC Spec 164 and an acceptance bubbie test, at which time
approximately five small areas were sealed with the polyurethane adhesive to
halt premature bubble breakthrough. The final bubble-point test was performed
with isopropyl alcohol (68°F, o= 21.8 dynes/cms p= 0.785 g/cc). The bubble
point pressure was approximately 14 inches of water column, whereas an immediate
and total loss of retention did not 2ccur until 16 inchec water column. The
cone -.creen device, used for feediine vapor control (see Test T), met a bubble-
point pressure of 3.2 inches of water column, with isoprony! alcohol (68°F,

g = 21.8 dynes/cm, p = 0.785 g/cc).

Figure 2-4 shows the interior of the LHAD in an inverted position relavive to
its installation in the IDU. The protective Tayer of bolting cloth used on
the outer layer of the LHAD is shown, as well as ports provided on both the
top and bottom circular channels for-inst-umentation. A 3/4-inch AN rlug
(screen fitting) drilled through and coverel with 250 x 1370 SS screen, (not
shown), is located to facilitate refill of the LHAD following breakdown. This
screen fitting was bubble-point testea.* A teflon plug was used in the top

of the control pipe to eliminate ullage space and minimize heat transfer

from the ullage space to temperature probe T4.

Figure 2-5 shows the tube routing during the early stages of assembly. The
lines on the left are for pneumatic operation of the Parker Submerged LH2 Ball
Valves. Figure 2-6 shows the initial installation of the IDU internal hardware
prior to the placement of the LHAD. The overhead diffuser is removed before
positioning of the LHAD, but is shown in place for completeness. The sub-
merged helium pressurization diffuser has 40 equally-spaced 1/8-inch holes
underneath. Placing the holes underneath assures that no Tiquid remains
entrapped in the diffuser. The NASA GFP continuous capacitance-level sensor

is shown. The cylindrical baffle guards against direct impingement of two-
phase, high-velocity flow against the screen. Installation of the LHAD and
much of the instrumentation is shown in Figure 2-7. The NASA GFP capacitance
point-level sensors are shown; two are mounted on the central pipe; the top
capacitance-level sensor is mounted on the pressure sensing line. Backup
carbon point-level sensors are shown. Punch marks were placed on the LHAD,
refill baffle, and plate to assist in proper alignment for subsequent reassembly.

* Bubble point achieved was 22.4 inches of water column, using denatured
ethyl alcohol (DPM 5i4) at 63.5°F, with o = 22.6 dynes/cm.
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Figure 2-8 shows the IDU before installation of the tank cover. Figure 2-9
shows various operatio . involveu in tank closure. The top left-hand photo-
graph shows the IDU ready for installation of the cover. The top right-hand
photograph shows the cover suspended by a crane. The test engineer is shown
installing guide rods which position the cover as it is lowered onto the IOU
plate. The lower left-hand photograph shows the lowering of the cover onto

the plate. The lower right-hand photograph shows the installation of the Indium
tin seal.

Figure 2-10 shows the instrumentation wiring and heat flux gauges (4-inch by
4-inch area) mounted on the inside of the cover. Immediately before the
lowering of the cover, an electrical technician connects the instrumentation
wires from the heat-flux gauges to the wires passing out through the electri-
cal feedthrough mounted on the IDU plate. A1l other instrumentation wires
were previously connected to the feedthroughs. The cover is then lowered

and bolted.

The IDU refill diffuser (1T42470) was tested on 2/1/73 to evaluate its
effectiveness, prior to assembly. Water was used, with the setup shown in
Figure 2-11. The test was run so that the degree of splashing could be
observed over the range of fill depths. The maximum flowrate obtainable
was 0.272 ft3/sec. Figure 2-11 shows the diffuser installed upside down.
Since the diffuser did not fill and allowed the water to flow out at
approximately one haif the height of the diffuser, the diffuser was only
half as effective as it would have been in the proper orientation. This
orientation appears to have maximized the degree of splashing, although the
water flowrate was limited by the supply. Dyramic similarity conditions
were only approximately achieved.

The degree of splashing and disruption of the interface should be governed
predominantly by the Froude number, Fr = V‘/29. With the IDU filled at the
max imum LH2 inflow rate (0.5 ft3/sec), the Froude number 1s 0.38, assuming
the entire refill diffuser hole area (96 hole, 1/2-inch diameter) is
effectively diffusing the flow. The Froude number for the water test was

U.266, Consequently, the LH2 inflow should be similar to that of the water
test, even though the Froude numbers for the LH2 and water are not equal.
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A principal observation of the test was that when the 1iquid level reaches
the diffuser, the degree of splashing and surface disruption is greatly
attenuated. When the diffuser was completely covered, there were only
insignificant ripplcs on the surface. Since the IDU normally operates with
the refill diffuser submeroed, it was conciuded that the diffuser design is
satisfactory.

2.2.2 Thermodynamic Vent System (TVS) Asseribly

The TVS coil is a 70 ft length of 1/4-inch outside diameter tubing wound in
parallel helical paths along the cylindrical tank wall, with a spacing between
tubes of 3.5 inches. The tubing was attached to the wall by supporting clips,
spot welded to the wall, and then the tube was dip brazed. The suppurting
clips were spaced approximately 10 inches apart along the length of the tube
to secure the tube during the dip braze operation. However, thermal expansion
caused the tube to separate from the wall in certain areas, and portions of
the tube were not brazed to the wall. These areas, ranging in length from

1 to 10 inches for a total length of approximately 10 feet out of 70 ft were
filled with Wakefield Delta Bond which is a thermally conducting epoxy, and
therefore, good thermal contact is maintained along the length of the tube.

The TVS was originally configured so that liquid would enter at the bottom,
flow upwards through 35 ft of tubing, and then return via the remaining
35 ft to exit at the bottom.

However, calculations of the two-phase pressure drops for the maximum expected
flowrate (5 1b/hr) indicated that for the 70 ft length path, the pressure drop
could be as high as 12 to 15 psid. Moreover, there was some question regarding
flow separation effects for the fluid flowing uphill through the 0.25 inch
outside diameter TVS tube for the first 35 ft. By a slight modification of the
routing, the inlet flow was brought directly up to the top of the IDU, where
the flow splits and runs down in parallel paths. The running length is, there-
fore, 35 ft, rather than 70, and the maximum flowrate in each tube is

2." 1b/hr; the maximum pressure drop is, therefore, reduced by a factor of
eight, since pressure drop is directly proportional to length and proportional
to the square of the mass flowrate.
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Portions of the TVS 1ine leading up to the TVS heat exchanger coil are not
brazed to the IDU wall. These lengths were insulated with teflon tape to
reduce extraneous heat transfer to the coolant fluid. However, this insula-
tion is not a substitute for the foam insulation necessary to maximize the
operating efficiency of the IDU/TVS, but is used to allow reasonable data

to be obtained of the IDU/TVS operated under conditions of maximum heat fiux.

2.2.3 Instrumentation

A11 instrumentation wiring in the IDU was checked to verify continuity. The
heat-flux gauges were tested with an imposed heav flux to verify polarity and
proper operation. The thermocouples were tested to verify operation. No
problems were encountered.

2.3 INSTALLATION

The IDU is shown in Figure 2-12 immediately before installation in the
260-gallon tank. Figure 2-13 shows the tank suspended from the BEMCO vacuum
chamber 1id. Figure 2-14 shows the tank, wrapped with high performance
insulation, immediately before installation in the BEMCO.

2.4 TEST HARDWARE LAYOUT, PLUMBING, AND INSTRUMENTATION

The schematic drawing of the IDU/TVS layout in the MDAC test facility is

shown in Figure 2-15. The layout includes the IDU and associated plumbing

and instrumentation. A heat exchanger composed of 130 ft of 1/2-inch outside
diameter tubing is included in the IDU pressurization 1ine for use when cold
(40°R) pressurant is required. The TVS viscojet arrangement is shown. Both
GH2 and GHe pressurizatiog can be supplied directly from storage tanks, and
where necessary, a 1.5 ft” pressure bottle can be used so that the approximate
gas inflow rate can be determined by measurement of the initial and final
pressure and temperature of the bottle. The mass flowrate measurement system,
consisting of two hot-wire anemometer devices, is included. IDU/TVS and
facility fil1l, drain, vent, evacuation, and purge components are shown.

A schematic of the cold traps added to the system to prevent any contaminants
in the helium from reaching the 2 inch ball valves is shown in Figure 2-16.
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Section 3
ANALYSIS

The principle analyses performed for this study are presented in this section.
An analysis of the IDU wall-mounted thermodynamic vent system (TVS) was per-
formed and a computer program written and documented. An analysis was per-
formed of the transient pressure, temperature, and heat transfer response of
the IDU, with internal hardware, to warm GH2 pressurization. The computer
program used (H431) was a modified version of that in use at MDAC for several
years. The analysis and computer code used in sizing the IDU screen device are
presented.

3.1 ANALYSIS OF THE IDU WALL-MOUNTED THERMODYNAMIC VENT SYSTEM

3.1.1 Objectives

A TVS with a wall-mounted heat exchanger was incorporated in the IDU design

to demonstrate the operation and control of this type of TVS. The specific
objectives were to demonstrate (1) both steady-state and transient operation

of the TVS, (2) control and predictability of the vented flowrate, (3) that the
TVS could provide coolant flow for additional hardware suchk as feedlines and
turbopumps, and (4) the fabricability of the wall-mounted heat exchanger
subsystem.

To meet these objectives, the TVS was configured with a number of flow-control
orifices (Viscojets®) in parallel, which gave a vent flowrate variable from

0.2 to 5 1b/hr. Bypass flow was also provided for turbopump or feedline
cooling. The TVS heat exchanger coils on the IDU were configured to provide

a number of alternate flow paths (as shown in Figure 2-15). Successful heat
interception operation of the TVS required that the wall-mounted heat exchanger
be insulated from the main tank fluid (to prevent condensation and loss of
cooling capacity). However, funds were not available to provide the insulation,



and therefore, the performance tests of the TVS were made withuut in-ulation
to determine flowrate as a function of applied pressure, and to verify flow-
rate control. Heat transfer/cooling tests showed that insulation would be
required.

3.1.2 Operation
The theory of operation of the TVS has been discussed in the literature

(References 6 to 10) and is straightforward. The process is shown in

Figure 3-1. The vented 1iquid is expanded isenthalpically to a lower pressure
and temperature (A to B) and becomes a two-phase fluid at a temperature below
that of the tanked fluid. This two-phase mixture flows through a heat
exchanger at an approximately constant pressure where it boils by absorbing
heat from the warmer fluid in the IDU, and/or by intercepting heat from out-
side the IDU (B to C). Under steady-state conditions, a "design flowrate" will
be just adequate to absorb all the heat entering the system, so that the vented
fluid is completely boiled and exits the system as vapor. Additional heat
transfer can increase the vapor temperature to equal or exceed the tanked
1iquid temperature, (C to D), which is equivaient to oriented vapor phase
venting. This vented cold vapor can also be used to provide cooling of
additional hardware, such as feedlines and turbopumps.

In addition to performance characterization during steady-state operation, the
transient performance of the TVS, while achieving steady state from system
start, was evaluated. The thermal performance of the TVS depends on convactive/
conductive heat transfer from the IDU fluid to the IDU tank wa'l, conduction
along the tank wall to the heat exchanger tubing, and convection/boiling heat
transfer inside the tube. Analysis of these heat transfer processes was
necessary to evaluate the TVS performance.

3.1.3 TVS Analysis
The analysis of the wall-mounted TVS is presented in Appendix A for the case

of a uriform heat-transfer coefficient between the heat-exchanger fluid and
the inner TVS tube wall. Appendix B is an extension of this analysis which
allows for the two heat-transfer coefficients encountered along the tube. 1In
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the initial region, the heat-transfer mechanism is governed by annular flow
with forced convection heat transfer and boiling in the 1iquid film and the
Chen correlation is assumed for the heat transfer coefficients. At a critical
quality, XC’ the heat transfer mechanism is transformed to forced convection
of a two-phase "mist" flow. This second region is termed the liquid deficient
regime.

The Dittus-Boelter heat transfer coefficient is used in this regime. Details
of the heat transfer coefficients are given in Appendix C.

The prircipal unknown in the TVS analysis is the fluid quality at which
transition from annular flow to liquid deficient flow occurs. Various
reference data indicated that XCritica] is of the order of 0.85 for hydrogen
in 0.25-inch tubes and, therefore, this value is assumed. The IDU/TVS program
was used to generate tne required coolant flowrate for an uninsulated tank as
a function of XCritica]’ all other parameters being identical, and the results
shown in Figure 3-2. It is seen that the total flowrate varies from 5.4 to

6.2 1b/hr for xCritical varying from 0.7 to 0.9, and therefore, the variation of
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xCr1t1ca1 will not have a great effect on the coolant flowrate. However,
there is a significant variation in the lengths of the annular and liquid
deficient region, For example, at Xc = 0,65, the annular region is 7.72 ft
(out of a total tube length of 35 ft) whereas, for Xc = 0.85, the annular
region is 16.16 ft out of 35 ft. As a result, when the IDU is partially
filled, the decreased heat transfer in the gaseous ullage region, coupled with
a low critical quality, will lower the effective overall cooling capability of
the TVS. This can occur in its present configuration, since the annular flow
(high internal heat transfer coefficient) will occur in the upper part of the
tank where the wall heat-transfer coefficient is decreased due to vapor. In
addition, heat entering through the bottom portion of the tank, which is
convected to the 1iquid interface, would not be removed efficiently if the
TVS in that region has liquid deficient flow.

Two test conditions are analyzed using the IDU/TVS program. The first case
corresponds to the IDU surrounded by GH2 at a pressure greater than the
saturation pressure of the IDU LH2. The IDU is not insulated, and therefore,
condensation occurs. The required coolant flowrate for two IDU LH2 saturation
pressures is plotted in Figure 3-3, Details of the results are given in

Table 3-1, The second case is for free convection heat transfer from warm
GHz,surrounding the outer IDU wall. The coolant flowrate required to maintain
the IDU liquid at a constant temperature is shown in Figure 3-4, and tabulated
results are given in Table 3-2. Insulation conditions are shown for comparison.

Although the flowrates required of the TVS are of the order of 4 1b/hr, the
system is capable of flowrates of the order of 10 1b/hr with a pressure drop
of approximately 2 psi in the TVS line. However, the corresponding pressure
drop through the viscojets would be approximately 70 psi. Details of the
pressure drop versus mass flowrate are given in Appendix D.

Appendix E describes the computer code, and the listing is given in Appendix F.
Complete results generated by the IDU/TVS computer program are given in

Lppendix G for the IDU insulated with 0.25-inca and 0.5-inch of Saturn S-IVB
type foam, These results are included so that comparisons can be made between
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the operating characteristics of the uninsulateu and insulated I2U/7TV3. The
results of Appendix G clearly show the need for insulaiion, condensaticn heat
transfer is eliminated, and the net thermal resistance is increased. Use of
1/8-in. foam thickness reauces the coolant ficwrate to approximately one-fifth
the values shown in ligure 3-4, and use of 1/2-in. foam thickness reduces the
coolant flowrate to one-tenth the values of Figure 3-4. The IDU/TVS is capable
of prov1dihg tlowrates of the order of 5 1b/hr, wher:as only approximately

1 1b/hr coolant flowrate is required for the IDU insulated with 1/2-in. of
foam, and surrounded by 100°R gaseous hydrogen.

3.2 IDU AUTOGENC.S PRESSURIZATION

A versatile tank pressurization analysis computer code has been in regular
use at MDAC for several years. This modular code was designed to facilitate
modification and adaptation to specialized studies of heat and mass transfer
which determine the course of propellant tank thermodynamics. Computer
output includes the time-variable histories of the temperature distributions,
heat and mass transfer rates, tank pressure, and pressurant flowrate.

3.2,1 Basic Tank Pressurization Cciiputer Code
The analysis of tank pressurization performance is based on a vne-dimensional

model. Spatial variations in the system variables can occur orly along the
vertical tank axis; there are ro radial or circumferential variations. Tank
pressurization computer programs based on this type of model have been compared
extensively with experimental data and found to be valid. Buoyancy tends to
produce a stable thermal stratification in the gas and liquid, giving a
temperaiure distribution which is essentially one-dimensional.

The thermal system for this analysis consists of the tank wall, internal
hardware, propellant liquid, and uliage gas. Any size and configuration may
be specified for the tankage. The ullage gas may be pure propellant vapor or
a2 mixture with helium. Tabulated variable properties are used to describe
the thermodynamic behavior of all materials.

The nomenclature and mathematical model for the code are delineated in Table 3-3.
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Tha computations are based on a finite-difference representation of the

physical system. The tank wall, internal hardware, propellant, and ullage are
each divided by horizontal planes into a number of nodes, the properties

within each node being unitorm. The gas and liquid are divided into nodes whose
thickness and location can vary with time. The tank wall and hardware nodes

are of equal axial thickness and are stationary. The size and number of these
nodes is sufficient to give an adequate step function approximation to the
continuous axial variation of the system variables. Gas and liquid noces may

be subdivided or combined as required to meet solution accuracy criteria.

The volume of each liguid and gas node is bounded by the top and bottom
boundary planes and by the solid surface of the tank wall and the internal
hardware. Heat transfer takes place between each gas node and the solid
surfaces with which it is in contact. The physically simultaneous processes
of heat transfer and pressure change are assumed to take place sequentially
as isobaric heat transfer and isentropic pressure change. The numerical
solution is obtained by calculating the change in the state of each node in
the system during each successive time step throughout the total solution
time. The state of each node is determined from equilibrium, conservation
relationships.

Duty-cycle control data is input to the program in time-variable tables. These
include propellant outflow rate, vehicle acceleration, pressurant inlet
temperature and composition, tank pressure, and pressurant inflow rate. Heat-
transfer coefficients may be input or calculated internally from free con-
vection or other ,elationships. The solution may be computed in two modes:

(1) either the tank pressure schedule is specified and the required pressur>nt
flowrate is calculated or (2) the pressurant flowrate is specified and the
pressure calculated. Initial conditions specified at the start of the duty
cycle are the ullage fraction, tank pressure, and all temperature
distributions.
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3.2.2 Computer Code with Conduction

This basic computer code is available in various specialized versions with
added capabilities. One such version analyzes the transient heat-transfer
processes throughout the mission. Thermal conduction equations were added
for one-dimensional heat transfer axially down the tank wall, the liquid

and the ullage gas. The propellant remains settled. Heat is transferred
between the gas and wall by free convection. Heat conducted down the wall to
the liquid surface leve: is transferred directly to the surface 1liquid node.

The excess heat conducted from the gas to the liquid surface over that con-
ducted from the liquid surface to the bulk liquid results in liquid vaporiza-
tion. Conversely, a deficiency in this exchange will result in vapor
condensation. Heat added to the 1iquid surface node by the wall conduction
raises the liquid temperature. If the surface liquid node reaches saturation
temperature, further heat addition causes vaporization.

With these assumptions, the tankage system is virtually always in a transient
nonequilibrium state when prepressurization and propellant outflow events
occur. The duty cycle can include continuous pressure control, giving
pressurant requirements to maintain tank pressure, or pressure decay, giving
the tank pressure history following the shutdown of the pressurization system.

3.2.3 Computer Code Modifications for IDU Analysis

The specialized version of the pressurization computer code used for the IDU
analysis was further modified for this application. First, the code was
simplified by removing components that weré of no use to this study; this
included the diffusion equations, applicable to a two-component ullage, and
the associated interface heat and mass transfer model for use with helium.
Then the available methods of numerical solution were reviewed to select the
most efficient for this study. Both Gauss-Jordan and Gauss-Seidel methods had
been adopted tc this code. The simple Gauss-Seidel method was found to give
identical results to the more reliable, but more expensive (in core storage
and computing time) Gauss-Jordan method for typical test cases, so the former
was adopted for this application.
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The solid conduction routines were called to operate on the internal hardware
as well as the tank wall. The various parts of the internal hardware (screen
device) were lumped into a single component of equivalent mass and area.
Different items of internal hardware could be treated individually with
relatively simple modifications to the code, but this appeared to offer little
advantage and would have greatly increased core storage and computing time.

The area and mass of the flat tank-top is accurately represented in the heat
transfer calculations. However, the top must be treated as having a uniform
temperature. Conduction between this mass and the cylindrical wall occurs
according to the one-dimensional model with no provision for radial conduction
analysis in the tank top.

Since the conditions of the IDU operation would permit portions of the wall

and hardware to be at temperatures less than the saturation temperature of

the vapor, it was necessary to add the computations for condensation heat
transfer. Since condensation heat transfer rates are much greater than free
convection rates, this led to an added complication. With the low specific

heat of the metal at liquid hydrogen temperature, condensation heat transfer
would give a rapid temperature rise during a single time step. The final
temperature could greatly exceed the saturation temperature making the use

of the condensation heat-transfer coefficient invalid for part of the computation.

To correct this inaccuracy, the final temperature of the wall or hardware node
is checked at each time step when condensation ~r~curs. If it exceeds the
saturation temperature, the computation is repe in two steps: first, the
time required to reach the saturation temperature in the metal node is
determined at the condensation heat transfer rate; then, the free convection
heat-transfer coefficient is calculated and the metal node temperature increase,
starting from the saturation value, is calculated for the remaining time of

the time-step interval. This two-part computation removes the possibility of

a significant error in the use of condensation heat-transfer rates.
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When condensation occurs at any point on the wall or hardware, the condensed
mass is removed from the gas at the point of condensation and is added to the
surface 1liquid node. The manner in which the condensed liquid travels this
distance is not treated.

When the screen device does not contain liquid, it is treated as internal
hardware in the conventional manner; that is, its temperature distribution
will change as heat and is transferred to it from the warmer gas. To simulate
the liquid-filled screen device, it is treated as a constant-temperature heat
sink. This "constant" temperature may be either the initial temperature
distribution or a uniform saturation temperature. In the former case,
condensation will occur at any point that is below the saturation temperature;
in the latter case, condensation will not occur, but the temperature itself
will change to follow an tank pressure changes.

3.2.4 1DU Autogenous Pressurization Results

The MDAC H431 tank pressurization computer code, modified to model the IDU,
has been used to generate resvlts for two warm GH2 tank prepressurization
cases. In Figure 3-5, the GH2 pressurant inflow rate and ullage temperature
at the top of the tank are plotted versus time. A 5-second prepressurization
rise from 15 to 40 psia is assumed. The temperature profile results of
Figure 3-6 show that the initial ullage is compressed by the incoming
pressurant and undergoes a temperature increase of 10°P, After approximately
400 seconds, the tank temperature gradient varies slowly, and the incoming
pressurant mass flowrate is less than 10'3 1b/sec.

Results shown in Figures 3-5 and 3-6 are for an adiabatic tank corresponding

to the IDU with insulation. Figures 3-7 and 3-8 correspond to the conditions
for a noninsulated tank with free-convection heat transfer from the outer tank
wall to 37°R GHZ' (Heat transfer to the LH2 through the tank wall from the
surrounding GH2 is neglected, since it has little effect on ullage conditions.)
The characteristic time for the ullage temperature profile and incoming gas to
reach a steady-state condition is somewhat longer than for the adiabatic tank
wall case.
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3.3 SCREEN SIZING COMPUTER PROGRAM

The expulsion characteristics of an annular screen acquisition device are
predicted by the computer program in Appendix F. The total AP across the
screen in steady-state operation is the sum of several contributing factors
evaluated by the program: (1) flow loss accompanying the movement of liquid
through the screen into the annular outflow passage, (2) hydrostatic head loss
as the liquid moves upward away from the bulk Tiquid pool, (3) viscous flow
losses within the annular passage, and (4) dynamic pressure loss (1/2 pV2) due
to fluid motion at the most critical point in the passage. Liquid expulsion
can continue only as long as these flow losses do not depress the pressure
within the outflow passage to the point where pressurant gas can break into
the passage.

One of two experimental correlations can be used to determine the pressure
loss for flow through the screen. If the screen mesh forming the walls of
the passage is 200 x 1400 mesh or coarser, flow correlations established for
cryogenic fluids in Reference 11 are usea:

A.L AL
O f 2
AP = 2 eV + 5 oV (3-1)
where

V = average flow velocity through screen

D = average screen pore diameter

L = screen thickness
A1A2 = empirical constants

If a finer mesh screen is present (or if a comparison is made between fine and
coarse mesh screen performance), the correlation developed in Reference 12 is
used. Ambient temperature fluids were used to establish this correlations.

2 2
_ 1.3 LpV va D (3-2)
AP = ___:25__ (c] =+ CZ)
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where
¢ = screen volume void fraction
a = surface area to unit volume ratio

clcz = empirical constants

Backup material to this screen (such as perforated plate) can be introduced

into the mathematical model describad by the computer program,

The computer program requires as input the acquisition device dimensions,
outflow rate, and screen characteristics. It then computes the most
critical pressure differential across the screen 1iquid-gas interface as
a function of the liquid level within the tank containing the acquisition
device. At each step this critical AP 1s compared with the bubble~point

pressure of the screen to determine whether breakdown has occurred.
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Section 4
TESTING

The objectives of this phase of the program were to: (1) perform a component
and overall system checkout of the IDU/TVS and (2) explore certain fluid
dynamic and thermodynamic phenomena associated with screen device propellant
acquisition. The basic checkout tests included component Tunctional tests,
tank-leakage and proof-pressure tests, determinations of the LHAD screen
retention breakdown ("bubble point") condition as a function of flowrate,

TVS flowrate control, and a thorough demonstration of the operational
characteristics of the "start tank" principles, including outflow and

refill with simultaneous outflow.

Additional tests were performed to evaluate the IDU/TVS thermal control,

transient thermal response, effects of warm hydrogen and helium pressuri-
zation on breakdown, effectiveness of the cone screen for feedline vapor

control, two-phase refill, and hydraulic pressure transients due to valve
actuation/deactuation,

As detailed in Test G and Appendix J, problems were encountered with the
three Parker LH2 ball valves which impaired the capability to meet the test
goals. Extensive effort was made to correct this situation, and a solution
is proposed which involves relatively minor modification to the valve
pressurization system. The valve problem caused severe test schedule
problems, directly affected test operation, and eliminated two tests

(Tests R and W). However, useful data were obtained in the major areas
investigated, and the suc-essful operation of the IDY/TVS was demonstrated
in all other respects.



Detailed, annotated data are presented in a separate document, the Supplemental
Data Document (SDD), which has been submitted to NASA/MSFC. This section
discusses the test results and outlines the data available. More detailed
evaluation of individual tests is provided in the SDD.

4.1 TEST A - SOLENOID ACTUATION

The solenoid valves were actuated under ambient conditions, and current and
voltage recorded. A1l valves drew 0.8 to 0.85 amperes at actuation, with
28 VDC applied.

4.2 TEST B - BALL VALVE ACTUATION - AMBIENT

The three Parker submerged LH2 ball valves were actuated five times to verify
their operation, using 500 psig GHe. The output of the position indicators
was verified using ohm meters. The valves deactuated properly without back
pressure, O0n 11 December 1973, the minimum pressure to actuate the valves
was determined for ambient conditions. No line pressure was applied, and
therefore, the initial deactuation pressure was approximately the same as

the actuation pressure supplied. The minimum actuation pressures were

150 psi for PV1 and 175 psi for PV2 and PV3.

4.3 TEST C - PROOF PRESSURE TEST - AMBIENT
The IDU tank was proof tested at 75 psig with GHe for five minutes and
inspected. There were no indications of deformation,

4.4 TEST C - LEAK TEST - AMBIENT

The I.'U was pressurized with GHe to 40 psig and all joints sniffed with a
mass spectrometer. Leaks at the tee connections used for the platinum
temperature trensducers were corrected by tightening the fittings until the
mass spectrometer revealed no leakage. The sensitivity of the mass spectro-

meter was shown to be 5.8 x 1073 Sccs.

Two leaks were detected. A very low leak (10'5 sccs) was found at the K-Seal

on the buttom of the plate, at the overhead diffuser fitting. A second leak
was detected at thc cone screen housing which bolts to the plate and forms
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a portion of the main IDU feedline. Upon further testing, it was found that
the -7 port of the housing had a small crack in the weldment. This was
rewelded, the Indium tin seais changed, and the housing reassembled. Sub-
sequent leak tests iyavealed no indication of leakage anyithere in the system,
except for the K-Seal. This low Teakage rate is small compared to the 1ominal,
unavoidabie leakage through the Parker valves, and therefore, no attempt was
made to correct this leak.

4,5 TEST E -~ CONDITION LEVEL SENSORS (PRIOR TO ASSEMBLY)
The carbon-resistor, point-level sensors were conditioned by dunking in LH2
and examined for damage. No damage was detecte*

4.6 TEST F - SCLENOID ACTUATION - CRYOGENIC

A1l solenoid vaives were actuated at cryogenic temperatures during the test
series. A variable vcltage power supply was used to control the current to
the solenoid valves to assure that the current to each solenoid was approxi-
mately 1 ampere. At ambient conditions, the solenoid valves (Valcor SV 90)
use 28 volts at 0.8 ampere. At reduced temperatures, the decrease in
resistance allows a larger current to be supplied, thus increasing the
magnetic force, w:.ie maintaining the same rate of electrical energy dissi-
pation, IZR. At -420°F, curient of 0,8 ampere corresponded to a supply voltege
of 2 volts., In practice, 1 to 2 amperes at approximately 3 to 5 voits was
normally supplied to the pairs of solenoid pilot valves to actuate the Parker
submerged liquid hydrogen valves. At pressures above 500 psi, and at tempera-
ture of the order of -420°F, the solenoid pilot valves opened sluggishly, and
at 750 psi would often fail to open.

4,7 TEST G - BALL VALVE ACTUATION

On 13 November 1973, tests were initiated and the 260-gallon main tank was
filled. Following a wait period of several h~urs, the Parker submerged LH2
ball valves (PV1, PV2, and PV3) were actuated, but did not respund properly.
Numerous attempts to actuate these valves were made, until the vent check
valve (V43) froze shut due to cold helium being expelled from PV1, PV2, and
PV3, With V43 frozen shut, the Parker valves could not be vented. Check
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valve V43 was freed by blowing air over it, and additional attempts were made
to actuate the valve, The valve signals ("talk back") indicated the valves
could not be closed completely. During a main-tank fill operation, liquid
entered the IDU, proving that either PV1 and PV3, and/or PV2 were at least
partially open. Anticipating that the problem ley with the pilot valves
(svi1, 12, 13, 14, 15, and 16) not opening properly, a solenoid valve was
installed upstream of V43 (see Figure 2-15), this valve was used to apply
pressure to PV1, PV2, and PV3 simultaneously. Again, the PV valves could not
be made to operate properly; actuation pressures were increased to 750 and
then to 1000 psi, but to no avail. On 14 November, the PV valves again did
not actua. 2, and therefore the tests involving the PV valves were postponed
and the thermodynamic vent system (TVS) tests were initiated. On 15 November,
the system was shutdown and, when the temperature reached -110°F on

19 November, the valves were actuated properly.

During consultation with George Young and Haschal Hyde of NASA/MSFC on
20 November, it wac ¢..ermined that extremely pure helium was required to
actuate the valves, and it was agreed that samples of helium would be tested.

Proper operation at -110°F was an indication that ice was probably not present
in the valves; although thermal expansion could have caused affected parts to
break loose of ice, this was not considered 1ikely. Subseque * mass s} ro-
rraph naiysis of the helium disclosed no measurable amounts of water vapor.
The failure of the PV valves to operate when the pilot valves were not actuatad
but the external solencid valve upstream of V43 was used, indicated that the
problem lay with the PV valves. Although it was possible that the pilot valves
had failed, subsequent testing confirmed that the solenoid piltot vaives (SV11,
12, 13, 14, 15, and 16) were operating properly with 500 psi helium.

It was agreed that a long-duration vacuum purge coupled with numerous valve

operations with clean helium would be performed to remove any contaminants
in the valves and lines.
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A helium sample was taken near the PV valve pressurant line inlet to the vacuum
chamber 1id on 20 November, and on 21 November the IDU system was pumped down
for the entire day. The helium sample results were received on 26 November;
the mass spectrograph analysis indicated the presence of 0.7-percent N2 and
0.2-percent 02, which indicated that the helium supply system was contaminated
with air.

A second sample was taken within the helium supply system, which indicated
0.3-percent N2 and 0.03-percent 02. Two additional samples were taken of the
helium in the high-pressure bottles of the supply trailer. These samples
indicated (a) 0.04-percent N2, 0-percent 02, and (b) 0.1-percent N2, 0.02-percent
02. Since the samples from the helium trailer indicated contaminant levels
within the experimental accuracy of the mass < zctrograph analysis and

sampling technique, it was assumed that the helium in the trailer was
sufficiently pure. A helium pressurization line was run directly from the

helium to the Parker valve pressurization system.

On 29 November 1973, it was noted that a Teak somewhere in the 500-psi PV
valve pressurization system was causing a loss of 3.15 SCFM of helium when
the Tines were pressurized to 500 psi. It was decided to continue testing,
but to minimize the helium loss wherever practical by decreasing the line
pressure after actuating the PV valves. It was later determined that a
silver soldered 1/4-inch outside diameter joint at the top of the 260~gallon
tank was the leak site.

Tests were initiated on 5 December, following a full day of vacuum purging

and valve operations. At -125°F, during the tank chilldown and loading, the
PV valves were actuated but responded sluggishly, which may have been due to
differential of thermal expansion problems, caused by n t having reached a
steady-state temperature in the valves. Both the external and internal pilot
valves were used, but the PV valve response was the same. After approximately
one hour at -420°F, the valves were again actuated, but would only open part
way, followed by erroenous "closed” signals with pressure applied. However,
following another hour of thermal adjustment, the valves were actuated with
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both the internal (pilot) solenoid valves and the external valve. Six
successful PV actuations were recorded. Following a 45-minute period, test-
ing was initiated on the IDU fill and drain, but the valves began to behave
erratically. One slow expulsion was obtained through the refill valve (PV2)
since the main feedline valve, PV1, would not open. Foliowing this, none of
the valves could be made to operate, even at 750 psi. However, test data were
obtained for calibration of the level sensors, even though PVl was frozen
closed and PV2 a~d PV3 were frozen open. Testing was halted on 5 December.

By 7 December, the IDU temperature had reached -250°F. The PY valves were
actuated several times and the signals indicated proper operation. However,
when the IDU was vented or pressurized, the main-tank pressure remained equal
to the IDU pressure, which either indicated a severe leak or the PV valves
were not completely closed. Subsequent testing proved that there were no
leak paths between the IDU and main tank, other than the PV valves. On

10 December, the IDU temperature was above 32°F. All valve signals indicated
that the valves were closed. Both the IDU and main tanks had 10 psig. The
IDU was vented, and again the main tank pressure followed along. The valves
were actuated several times, and both tanks pressurized to 10 psig. The

IDU was then vented, but the main tank pressure did not de~rease, Therefore,
the microswitches were apparently not properly adjusted to indicate complete
closure of the PV valves, or are inherently unreliable at liquid hydrogen
temperatures.*

A liquid hydrogen cold trap was then installed to freeze out any trace
impurities in the helium supply, and the separate line connected directly
with the helium supply trailer used as the source. The 10U was vacuum
purged for a full day, with intermittent valve actuation (at least 10 valve
actuations for each valve), for a total of five complete vacuum purges.

*C.E. Schroeder, MDAC Saturn Propulsion, has investigated microswitch per~
formance for valve position indications at liquid hydrogen temperatures,
and has found them to be unreliable. Microswitches have indicated valves
open, when they were closed, and vice-versa, and have failed to close when
the va'lves were partially open or completely open or closed, giving an open
circuit indication. Similar observations were made of the Parker valves,
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On the next test day, 12 December, the cold trap was first filled with LHZ;
helium was then passed through the heat exchanger to freeze out any foreign
gases, and the Parker valves actuated 10 times with the purified helium.
This operation served to clean out the Parker valves to an additional level,
before filling the 260-gallon tank with LH,.

During the main-tank fill, when T6 indicated -387°F, PV3 was closed per the
test procedure. This was required to ensure that the decreased pressure in
the valve pressurization line below the check valve, V43, would be minimized,
and therefore, decrease the probabiiity of air flow through the check valve,
V43, in the event it was leaking. PV3 was then commanded open with 200 psi
line pressure, but did not actuate. The line pressure was increased to

500 psi and the valve opened upon command. A1l subsequent operations to
diminish the line pressure decrease were performed by opening and closing
V11, to pressurize the line up to V62 with 500-psi helium. V62 was then
opened so that the helium trapped upstream would flow into the cold line, but
would not cause the Parker valves to open. This operation assured that nc air
could leak past V43 into the helium pressurization 1ine to the Parker valves.

During the IDU leak test of 12 December, valve V63 was closed because the leak
in the high pressure helium Tine (inside the main tank) to the Parker 2-inch ball
valves was causing an excessive 1o, of helium., PV3, which had been maintaired
open, did not close completely, but could be completely opened. It was left

in the partially closed condition with V63 closed to conserve heliuin.

The erratic behavior of the PV valves outlined above continued throughout the
tests. Significant valve failures are discussed in conjunction with each test
in the following sections. Numerous attempts were made to induce the valves

to operate properly, including increasing the supply pressure to 750 psi,
decreasing it to 250 psi, increasing the current to the solenoid pilot valves
to cause more rapid opening and closing, and frequent valve cycling as well

as valve cycling with long periods in between. None of these attempts were
successful. As discussed in the following sections, the valves would sometimes
fail to open, or would faiil to open all the way, and at no point did PV2 and

PV1 or PV3 close completely, thus pressure isolat.ng the IDU from the main tank.
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The reasons for the problems encountered with the Parker valves have not been
fully ascertained. A number of factors have been identified which are
potential sources or contributory sources of the erratic valve behavior
observed, as listed below.

e Parker baked the valves at 165°F for two hours to remove moisture
before their qualification tests. This was not done with the valves
before assembly into the IDU.

e Tube routing was performed in a shop area. rather than in a clean
room. Pressurant tubing was cleaned before assembly but assembly
progressed in several stages, with modifications which required the
removal and replacement of tubing. Contaminants, therefore, could
have been introduced into the high-pressure helium pressurization lines.

® The facility helium supply was evidently contaminated and appeared
to be a major cause of the initial problems encountered. However,
subsequent purging and use of inelium directly from the trailers with
a LH2 cold trap did not solve th2 problem.

e Each Parker valve was pressurized and vented by a pair of two-way
solenoid valves, since a LH2 submersible three-way solenoid valve was
not available. The valve closure required that residua' pressure and
spring force close the valve, with both of these forces diminishing
as the valve approached the closed position. In principle, the valves
can be operated to use supply pressure (500 to 750 psi) for both open-
ing and closing (dual pressurization and venting) but this would have
cequired the use of additional solenoid valves and cables. An analysis
showing the comparative operational factors of safety is given in
Appendix J, which shows that dual pressurization and venting significantly
increases the net actuation/deactuation forces.

e The solenoid pilot valves selected wcre rated for 1,000 psi but would
sometimes fail to open or would open slowly at pressures of 750 psi.

In principle, the use of higher actuating pr-ssures should have helped
in the 2-in. ball valve operation. However, we found no imprivement
throughout the test program as a result of the frequent use of 7L0-psi
actuation pressure, rather than 500-psi pressure.
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o All three valves were observed not to operate after a 1-hour thermal soak
period at -420°F, but in the one case appeared to actuate properly for
a total of six times following a 2-hour soak period. (However, the
position indicators may have been giving erroneous readings.) Thermal
transients and differential coefficients of expansion could, therefore,
have been a contributing factor to the observed failures. During the
testing, it was necessary to sometimes drop the main-tank liquid level
beneath the vaives, expcsing them to the main-tank ullage gas. However,
the temperature differences were small (usually of the order of 10°F to
50°F), and the effect would be expected to be minor.

¢ The piston seal effectiveness under cryogenic conditions is not known.
Defective seals would cause more rapid pressure equalization across
the piston, which decreases the net actui.tion force.

4.7.1 Conclusions
The valve behavior may be due to: (1) peculiarities of the valves (i.e., history
of usage or de.ign, (2) contamination, or (3) use of contaminated helium. How-
ever, the analysis of operational factors of safety, given in Append.x J,
indicates that modifying the valve pressurization system to pressurize the
actuator during opening and closing should increase the net actuation forces

by at least a factor of two; this modification appears to present the greatest
probability of solving the valve malfunction problem, and is therefore, the
recommended "least cost" approach,

4.8 TEST H - LEVEL SENSOR EVALUATION

A number of tests were performed to compare the response of the carbon point-
level sensors, capacitance point-level sensors, and the capacitance continuous-
level sensor. A calibrated curve of the liquid-level versus continuous-level
sensor signal voltage and corresponding ievel indications from the carbon
point-level sensors is given in Figure 4-1, The capacitance continuous-level
output (CL4) is Tinear above the 6-inch level and the carbon point-level
sensors, RL1, RL2, RL3, RL4, RL5, and capacitance point-level sensors, CL1,
CL2, CL3, accurately indicate Tiquid level, as shown by comparison with CL4.
Below the 6-inch level, there is an apparent nonlinearity. In addition, the
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voltage output and capacitance are nonlinear, as shown in Figure 4-2, but
since the level range is in the linear portion, this effect should not have
caused the nonlinear voltage versus height portior of the CL4 curve. Since
the voltage reading with no liquid in the tank is 1.38 volts, and the voltage
reading when static breakdown occurs is 1.4 volts, at a level 2.25-inches
above the tank bottom, there is an unexplained nonlinearity in this region.
Unfortunately, there are no level sensors below 5.5 inches, and therefore, no
independent measurements can be made.

However, the calibration curve in this region can be inferred., Since liquid
dropout occurs at breakdown, the liquid held in the annular screen region of
the LHAD (above the free liquid surface), flows out, increasing the height of
liquid measured by the probe a known amount. In most cases with liquid
hydrogen saturated at 15 psia, the measured voltage at breakdown increases

from 1.5 to 1.9-2.0 volts, which corresponds to the dropout of liquid in the
LHAD. The volume of liquid depends on the degree to which the uppermost

region of the LHAD is full, and this is indeterminent. However, the approximate
amount of ligquid corresponds to that in the annulus, above a height of 2.25 to
2.5 inches from the bottom of the IDU, where breakdown occurred in most cases,
The annulus volume is 1.26 ft3 and the height increase after dropout is

3.6 inches. Therefore, the cases for which breakdown as measured by CL4

occurs at 1.5 volts, followed by an increase to 1.9 to 2.0 voits due to liquid
dropout, correspond to breakdown at 2.25 inches (the bottom of the screen)
followed by the dropout height increase to 5.85 to 6.1 inches. The calibration
curve thus exhibits the nonlinearity shown in Figure 4-1.

The carbor point-level sensors responded rapidly to liquid level during fill,
indicating a Tiquid level which corresponded closely to both the capacitance
point-level sensors and the capacitance cortinuous-level sensor. However,
during expuision, the carbon point-level sensors sometimes gave late indica-
tions of exposure to ullage gas, probably due to a film of droplets of liquid
hy irogen being retained on the resistor element. Examples of the respcase of
RLT, RL2, RL3, RL4, and RL5 are shown in Figure 4-1,
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Test experience indicates that CL1, CL2, CL3, and CL4 provide fast response,
accurate measurements of 1iquid level during fill or expulsion. Submerged
helium pressurization causes a very slight (£0,5 inch) variation in indicated
liquid level due to the bubble and surface disturbances of the 1iquid hydrogen.

4.9 TEST I - TANK LEAKAGE ~ CRYOGENIC

The lTeak test of the IDU was first performed on 13 November by pressurizing

the IDU to 52 psig, with the main tank vented to atmosphere. The main tank

was partially filled with 1iquid hydrogen., Figure 4-3 shows the pressure decay
starting approximately five minutes after the IDU was pressurized, The tem-
perature of the IDU and main tank near the top of the IDU was approximately
90°R, and constant during the test; the temperature beneath the IDU was
approximately 40°R. The pressure decay was, therefore, due primarily to
leakage.

The 1o0ss corresponded to 0.3 1b of helium in 2,500 sec, for a loss rate of

1.2 x 10'4 1b/sec at approximately 40°R, or 0.6 SCFM. This leakage is much
higher than would be expected with the fittinos used in the IDU lines and the
nominal leakage of the PV valves would be expected to be 10 SCIM according to
Parker data. Further, the mass spectrometer tests showed no significant leak-
age of any of the connections. Therefore it was concluded that the leakage
is through the Parker valves which could not be completely closed.

On 12 December 1973, the second IDU leak test was initiated. The IDU was
initially empty of liquid and purged with helium. The PV1 and PV2 valves
were closed at ambient conditions and remained closed during the test.
Following the main-tank fill to a level above the IDU (indicated by RL10),

the main-tank pressure was increased co 50 psig and controlled at this level.
The IDU was locked up at 3 psig and the pressure monitored for any increase.
Temperatures inside the IDU were monitored to assure steady-state conditions
were maintained, The pressure increased to 3,65 psig in 30 minutes, for a
rate of approximately 3.51 x 10'4 psi/sec. The top temperature (T3) indicated
an increase from 45.5 to 56°R, whereas the bottom temperatures were maintained
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at approximately 40°R, The effective pressure increase due to temperature
increase in the top portion of the IDU would be of the order of 2,8 psi,
assuming a linear temperature increase from the bottom of the tank to the
top. The actual temperature profile for a typical stratified ullage would
not be linear over the IDU tank length since liquid in the main tank is above
the bottom of the IDU; however, the level is indeterminate. It can only be
concluded that the pressure increase is probably due primarily to the tempera-
ture increase in the top region of the IDU, which is the result of a lowering
of the main-tank 1iquid level from boiloff. Neglecting the temperature
increase effect, the observed pressure increase of 0.65 psi would correspond
to approximately 0.055 1b of hydrogen gas in 1,800 sec, for a rate of

2 x 10'5 Ib/ :ec or 0.2 SCFM of hydrogen, which indicates that the observed
pressure increase is due to heat flux into the IDY, since valve closure was
complete uncer ambient conditions. Aiso, the leakage based on the 10 SCIM
nominal rate at 40°R, as well as the ambient leak test data, are much lower
than the 0,2 SCFM required to produce the observed pressure increase.

The DU was then pressurized to 50.2 psig and the main tank vented to
atmosphere and the pressure decay rate of the IDU observed. Results are
shown in Figure 4-3. Temperature readings were not obtained during the first
30 rinutes of the test due to a faulty connection in the vacuum chamber, but
subsequent temperature readings indicated steady-state conditions were
obtained. The pressure decay rate during the pericd from 12:13 to 12:33
indicated a loss rate approximately the same as that observed during the

13 November tests.

4,10 TEST J -~ SCREEN BREAKDOWN, PRESSURIZATION, AND IDU REFILL

The objective of this series of tests was to determine the breakdown point of
the IDU 1iquid hydrogen acquisition device (LHAD) for various flowrates,
including "static breakdown" conditions, for both cold helium submerged and
overhead pressurization, as well as cold and ambient overhead hydrogen
pressurization, A series of tests at a maximum flowrate of 7.5 1b/sec was
scheduled. Because of the difficulties encountered with the Parker submerged
liquid hydrogen vaive, the test plan was modified, and high flowrate tests
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could not be performed. However, except for the problems encountered with
sporadic valve opening and closing malfunctions, the basic response of the
system was as expected. IDU outflow and breakdown levels indicated th=t the
screen device static bubble point was not adversely affected by the tests,
successful screen cevices (LHAD) refill was accomplished following breakdown,
and, with one exception, all instrumentation functioned properly. A carbon
point-level sensor (RL7) (located inside the LHAD annulus at the top of the
device, between two of the 1-inch diameter tubes from the central pipe) did
not properly indicate breakdown in some cases, apparently because of liquid
"hang up." However, breakdown readings were obtained in all cases because of
a characteristic hump in the capacitance continuous-level sensor curve as well
as measurements oi temperature increases within the LHAD,

Details of each outflow test are summarized in Table 4-1 and discussed below.
Detailed annotated data are presented in the Supplemental Data Document and
examples of test data are presented in Appendix H. Selected data for breakdown
level at various outflow rates are compared in Figure 4-4 with the analytical
predictions obtained from the flow-loss computer program of Appendix F. It
should be noted that the screen device performs better than predicted in the
majority of tests with the cold pressurant, as shown, for example by Test J-19,
The use of warm pressurant, however, resulted in prematuire bireakdown.

Certain tests were not performed due to the vilve malfunctions, and data on
flowrate versus pressure drop across the valves is of little use since the
valves would not open fully. Another difficulty encountered which limited

the rate of cui.low from the IDU was the limitation on the rate of venting the
main tank. The main-tank vent (Port B of Figure 2-15) was used as a conduit
for the electrical wires, and the reduction in flow area limited the rate at
which the main tank could be vented. As a result, the initial ~utfiow rate
from the IDU to the main tank was higher than the final rate before breakdown,
for the hich flowrate cases. For example, the initial cutrlow rate for

Test J-25 was 1.5 1b/sec, whereas the final outflow rate was 0.73 1b/sec.
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Different methods of IDU pressurization were used to evaluate the effects on
screen device performance. The methods used for IDU pressurization wereq
o Cold submerged helium
Cold overhead helium
Warm overhead helium
Cold overhead hydrogen
Warm overhead hydrogen

Tests J-25A, J-25B, J-33A, and J-33B showed that breakdown occurred near the
bottom of the LHAD (2.25 to 2.85 inches above the bottom of the tank) with a
submerged screen depth no greater than 0.5 inch, for flowrates from 0.5 to
0.73 1b/sec. The helium was passed through the pressurization gas heat
exchanger located below the IDU, and additional cooling was achieved by the
gas bubbling up through the LH2 in the IDU, Heat transfer effects on break-
down were of negligible importance in these cases. Since the flowrates
obtained were relatively low, viscous and dynamic pressure losses were low,
and hence breakdown occurred very close to the bottom of the LHAD screen.
Test J-25B shows a spurious indication of breakdown at 6 inches, as determined
by the "hump" in the capacitance probe liquid height versus time curve, but
this is probably not an actual breakdown since expulsion continues to the
2.5-inch level.

Tests J-3, J-11, J-19, J-27A, J-278B, J-35B, and J-35C also showed that break-
down occurred near the bottom of the IDU, for flowrates ranging from 0.25 to
0.78 1b/sec. Tests J-358 and J-35C showed that helium temperatures of the
order of 60°R, as measured by temperature probe T4 inside the LHAD (at the top
of central column), did not cause an observable degradation in breakdown

level of the LHAD. Since T4 is inside the LHAD, its measured gas temperature
wculd be less than the gas temperature surrounding the LHAD. The outflow
periods were of the order of one minute; it is not clear what the effects on
the screen device would have been with longer periods of exposure of the LHAD

to the 50 to 60°R warm gas.
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The data obtained for the overhead and submerged cold helium pressurization
indicates that either of these is satisfactory for LH2 outflow. However,

at higher outflow rates, the higher mass flow of helium entering the IDU
through the submerged diffuser would increase the voltage fluctuation or
"noise" obtained from the continuous capacitance level sensor, as well as
distorting the readings from the capacitance point-level sensors. Therefore,
use of the overhead diffuser is recommended, with cold helium.

Tests with both warm gaseous hydrogen and warm helium pressurant showed a
marked decrease in effective screen bubbie point. As expected, the heat

flux caused screen drying and premature breakdown., The warm gaseous hydrogen
(autogenous) pressurization caused a greater reduction in effective screen
bubble point than warm helium. This may be due to the higher heat-transfer
coefficient for hydrogen condensing on the upper solid portions of the LHAD
compared with the Tower free convection heat-transfer coefficient for the
helium near the top of the LHAD.

Test J-35A, with helium temperatures ranging from approximately 70° to over
100°R, showed breakdown at a liquid level of 6.4 inches above the bottom of
the IDU. By contrast, Test J-5C, with 56°R gaseous hydrogen, showed break-
down at 6 inches; Tests J-7, J-31, and J-39, with approximately 100°R gaseous
hydrogen, showed breakdown at approximately 15 inches.

These tests do not prove that warm pressurant cannot be used with screen
devices since the LHAD has a relatively large area of exposed stainless steel
annular channel to which the 250 x 1370 screen is welded. Heat transfer
through this region could cause boiling and screen dryout that could perhaps
be avoided by a design which had a minimum of exposed sheet metal surface.

The LHAD was originally intended to supply liquid hydrogen, using cold helium
pressurant, hence heat transfer effects were not an important consideration in
its design. Consequently, the LHAD was designed to minimize fabrication costs
rather than to optimize its performance with warm pressurant.
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IDU refill test data are sunmarized in Table 4-2, and the annotated data from
the strip chart presented in the Supplemental Data Document, The maximum
inflow rate obtained was 8,35 1b/sec (Test J-26A) which was obtained with V4
(see Figure 2-15) wide open.

Two types of refill were demonstrated: (1) refill through PV2, which is the
procedure for "start tank" refill, and (2) refill through PV1 and PV3. The
latter procedure "backfilled" the IDU by flowing liquid up the control IDU
column, through the four communication tubes to the annulus. Refill directly
through PV2 brought 1iquid into the IDU through the refill diffuser. Both
methods refilled the IDU completely, as determined by RL7 and T4 data. In both
cases, the screen port (see Figure 2-6) appears to have allowed gas inside the
LHAD to pass cut of the annular regioﬁ until the liquid level, both inside and
outside the annular region, covered the screen port, wetting and sealing it.
If the LHAD had not refilled completely, T4 and/or RL7 would have indicated
the presence of the gas, at least in some cases. Neither indication was
observed, and therefore, it appears that either refill method can be used
successfully. The preferred procedure is to refill through PV2. Refill
through PV1 and PV3 results in flow out of the screen device, which places an

Table 4-2
TEST J - IDU REFILL

IDU Initial IDU Final Refill Refill
Liquid Height Liquid Height Time Rate
Test No. (in.) (in.) (sec) (1b/sec)
J-2 18.5 31.5 42 0.47
J-6A 4.2 31.5 38 1.1
J-68B 4 31.5 24 1.76
J-10 6.2 31.5 75 0.52
J-18 16 31.5 12 3.24
J-24 10 31.5 28 1.18
J-26A 20.5 31 2 8.35
J-268 5.8 31 28 1.38
J-28 14.4 31 17 1.5
J-32 2.6 22.8 16 1.94
J-34A 5.8 31 26 1.5
J-348 9.6 30.2 25 1.27
J-38 14.4 31 23 1.11
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outward pressure on the inner cylindrical screen, which is not supported.
Therefore, continued refills in this manner at high rates could conceivably
cause failure of the screen weldment to the supporting annulus, or bubbie-point
degradation. Further, refill tarough PV1 and PV3 can introduce gas into the
LHAD, which is minimized by refill through PV2. It was necessary in our tests
to both verify the refill procedure using PV1 and PV3 and to use this technique
when PV2 would not open (and vice-versa). Refill through PV2 is a proven and
preferred technique and should be used in general.

The response of the continuous-level sensor to IDU refill was satisfactory in
all cases. Refill through PV1 and PV3 resulted in a smoother output voltage
versus time curve than for refill through PV2. Refill through PV2, even with
the refill diffuser, results in surface sloshing, as shown in the water tests
of Figure 4-2. As the liquid level in the IDU rises, the surface disturbance
decreases. In the worst case (Test J-18), a voltage fluctuation of *0.1 volts
was observed, which corresponds to a measured liquid-level variation of

+0.75 inch. Most of the data showed a liquid-level variation of less than
0,5 inch.

4,11 TEST K - EXPULSION/REFILL

The objective of this test was to demonstrate the complete IDU sequence of
operations involved in the start tank procedure for engine start, refill, and
continued expulsion. The maximum expulsion outflow rate obtainable through
the relatively small (1 in.) port of the main tank (with the additional flow
Tosses associated with the 1iquid hydrogen vent system) was 0,75 1b/sec. The
complete outflow and refill procedure was demonstrated, as shown by the data
of Test K-2 of the Supplemental Data Document. Outflow through PV1 was
initiated with the IDU full, it continued to a liquid level of 5.8 inches,
where PV2 was opened and refill, along with outflow, continued until the main
tank was depleted of 1iquid hydrogen. The IDU was re”illed to a level of

24 inches. Breakdown did not occur during this test.
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4,12 TEST L ~ VALVE SEQUENCING BY OPERATOR

The objective of this test was to determine whether the test conductor could
manually actuate the PV valves during IDU expulsion before breakdown for
refill or for halting expulsion. Because of the difficulties with the PV
valves, this test could not be performed as planned. Experience at the flow
rates of approximately 1 to 2.5 1b/sec (e.g., Tests N-1 and N~12) revealed no
difficulty with manual flow control, and it is expected that manual control
could be used for flow rates of the order of 4,5 1b/sec,

4,13 TEST M - THERMODYNAMIC VENT SYSTEM FLOWRATE VERSUS PRESSURE

The objective of this test was to determine the TVS mass flowrate as a
function of pressure for the various combinations of viscojet flow control
orifices, and to compare the results with analytical predictions. These

tests were performed with a TVS line pressure of approximately one atmosphere,
and an IDU pressure of approximately two atmospheres,

Tests were performed on 14 November 1973, The IDU and main tank were partially
full of LHZ; the IDU was pressurized with cold helium through the overhead
diffuser, The TVS flow control valves, SV1, SV2, ..., SV6, shown in

Figure 2-15, were opened in a sequence that allowed the mass flowrate to
increase with each step, except in three cases. In all cases in which the
successive opening of a valve led to an expected flowrate increase, the flow-
rate agreed well with predicted results. However, in those cases where certain
valves were opened and closed to decrease the flowrate, the measured outflow
rate would stabilize at a higher value than expected and in the case of

Test M-27, not reach a steady flowrate for periods in excess of 20 minutes,
This inconsistency was not noted during Tests M6 and M7 since the flowrates
appeared to represent steady-state values for periods of 5 to 10 minutes. In
restrospect, it is seen that the flowrates in these cases were high due to the
presence of additional liquid in the TVS tube which was evaporating, and con-
tributing to the total flowrate almost as if additional flow control valves
were open. The time to reach equilibrium would be shorter if the heat flux to
the TVS were higher. In these tests, heat flux to the TVS was quite low since
the IDU was submerged in LH2 over most of its height. However, heat-flux data
was not taken during these tests.
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Data are compiled in Tables 4-3 and 4-4 and test results are shown in
Figure 4-5 where the analytical results are given for comparison.

Using data from Reference 10, the correlation of flowrate and pressure drop
for saturated (x>0) versus subcooled hydrogen (x=0) in the viscojet was found
to be improved if the effective density of the two-phase fluid was used
instead of the liquid density. The average effective density of the two-phase
fluid in the viscojet is given by

] X X i
prpp = (1 - 3) *Lh, * 2 °LH, (4-1)

where x is the vapor quantity at the viscojet exit. Figure 4-6 shows data for
the VJ-1 viscojet (P/N 38VL1-CM) which was useu in earlier MDAC IRAD tests.
Agreement between the subcooled and saturated conditions (inside the viscojet)
are seen to compare well. Over the range of conditions tested with the IDU/
TVS, data were found to correlate adequately using pressure drop times liquid
density versus flowrate, since the quality was less than 0.1 in all cases.

As discussed in Appendix D, the flow resistance of the viscojets is given
in terms of LOHMS, with

- 1210 f /~—=—= p| corresponds to single
L (LOHMS) : AP o s phase, subcooled fluids (4-2)

m

where LOHM is a flow resistance unit corresponding to the flow of 100 gallons/
minute of 80°F water with a pressure drop of 25 psi. The factor f is required
for specific fluids. Previous tests (Reference 13) showed this value to be

f = 0.823 for liquid hydrogen.

The data confirmed the expectation that total flowrate for multiple parallel
paths is given by,

n
. _ 'I

since the flowrates from viscojets in parallel are additive.
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Where °IpF is a more general correlation parameter than P Equation 4-3 is
reconmended for predicting flowrate as a function of -uality, x, and pressure
drop across the viscojet. In the analysis of Appendix 1, the pressure drop
across the viscojet is shown to be two orders of magnitude greater than the
pressure drop along the TVS tube (see Figure D-1), and therefore, the pressure
difference between the IDU ullage and the TVS exit snhould adequately represent
the pressure drop across the viscojets. However, no measurements were made

of the pressure drop in the TVS line, and therefore the measured total pressure
drop may exceed the actual pressure drop across the viscojets alone. This may
explain the fact that some of the data show a smaller than expected maximum
flow rate for the measured pressure drops.

4,14 TEST N - HYDRAULIC PRESSURE SURGE

Exploratory tests were performed to determine the effects of pressure
transients induced by valve opening/closing on screen device retention capa-
bility., Five tests were performed in which valve opening/closing was partially
successful, Numerous tests were attempted, without success, due to valve mal-
function. In particular, PV1 failed to open in the majority of cases.

Because of the relatively low flow rates (1 1b/sec), the pressure surges
encountered at the screen were relatively low. The expected pressure e
level was analyzed as a part of the parallel effort of NAS8-27685, - :nce 1.
The MDAC Liquid Propulsion Feed System Dynamic Analysis Program, H57z, was
used to determine pressure and flow conditions caused by valve opening and
closing. The program uses a nonlinear description of components at discrete
Junctions with solutions to the flow between junctions obtained by the methcd
of characteristics. Using a mathematical model of the IDU, results were
obtained for pressure transients of both a rigid and compliant annular screen
device, For a steady-state flow rate of 6.5 1b/sec, the pre:.ure excursion

at the top of the screen device was found to vary from 1 psi above the ullage
pressure to 2 psi below the ullage pressure assuming a valve opening time of
100 Ms. However, the maximum flow rates obtained during the test was 1 1b/sec,
and since the pressure surge is proportional to the steady-statz velocity of
the flowing Tluid, the maximum pressure surges at the screen would be expected



to be of the order of 0.15 to 0.3 psi. Attenuation of the pressure transient
due to screen compliance would be expected to further reduce the pressure
surge. The critical condition for screan device retention capability is the
valve-opening induced rarefaction wave effect, rather than the valve closing
induced compression wave effect since the resulting pressure drop inside the
screen device can cause gas ingestion through the screen (Reference 14). The
total flowrate out of the IDU was not necessarily through the screen device
and PV1. Since the refill valve often gave indications of incomplete closure,
some of the outflow was undoubt- 11y through PV2, Therefore, the pressure
decrease due to PV1 opening would be less than if PV2 were not leaking. In
spite of these difficulties and low flowrates, there were three cases in
which opening of PV] was followed by an apparent premature breakdown.
Oscillograph data for the tests are given in the Supplemental Data Document.
Results are summarized in Table 4-5 Tests N-1, N-2, and N-3A show breakdown
occurring 0.5 second after PV1 is opened, but the liquid level cannot be
determined accurately near the bottom of the tank, because of the nonlinearity
in voltage versus liquid level in this region. Therefore the resu s are
questionable.

Opening and closing PV1 with the IDU liquid level & to 20 inches above the
plate never resulted in breakdown at the flowrates obtainable, and in test.
N-11 breakdown did not occur on opening PV1 with the liquid level at

13.5 inches and an apparent outflow rate of 1.04 ib/sec. This flowrate is
sufficiently high to cause an unattenuated pressure decrease of the crder of
0.3 lb/in.z, which could cause ncticeable premature breakdown. The absence
of pressure transient induced breakdown significantly preceding the nominal
breakdown level could be explained by (1) valve closure is sluggish, thus
decreasing the pressure transient (2) the vapor region in the top of the IHAD
attenuates the wave, or (3) the actual feedline outflow rate was less than
the appdrent outflow rate due to leakage from the ;DU to the main tank through
PV2. Structural compliance could not contribute significantly to the wave
attenuation since the wave travels through the relatively ridig feedline,
central IDU pipe, across the four arms of the Py, and to the top of the
screen device where breakdown occurs.
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4.15 TEST O - TVS FLOWRATE WITH VARIABLE TVS LINE PRESSURE

Based on the analysis of TVS flowrate versus pressure difference, it would not
be expected that TVS line pressure would have a first-order effect on flow-
rate for a given pressure difference. Tests were performed to confirm this
expectation; the TVS line pressure was controlled at values ranging from

5 to 15 psia, and flowrates measured and compared with theory. Originally,
these tests were to be performed at 5 psia only, but two considerations led
to varying the TVS line pressure over the stated range. First, for steady-
state thermal isolation (i.e., heat interception), the TVS is required to
maintain both a given flowrate and a given temperature inside the TVS line.
Maintaining a given temperature of the coolant implies that a given, constant
pressure be maintained. Based on the analytical results shown in Appendix G,
in most applications of the IDU this pressure will be of tke order of 10 psia,
and a valve downstream of the TVS coil will be required to throttle the flow
to the required TVS line pressure.

A second consideration was that the vacuum pumps available for the tests could
not maintain 5 psia in the TVS at the higher flowrates, and therefore, some
variation in TVS line pressure was unavoidable,

The TVS schematic drawing of Figure 2-15 shows that line pressure is controlled
by needle valves V23 and V24. These were adjusted, as necessary, to vary the
line pressure, and hence partially control flowrate for selected viscojets and
a constant IDU pressure.

Data obtained from the tests is shown in Table 4-6 and plotted in Figure 4-5.
The dependence of flowrates on the square root of pressure difference times

the erfective two-phase fluid density is partially confirmed within the range of
conditions tested, but the flowrate obtained for a given total pressure drop
(including the TVS line pressure drop), is lower than predicted. This may be
due to the two-phase pressure drop through the TVS being higher than predicted
by the analysis of Appendix D. It would be expected that the pressure drop
through the TVS would be greater with the lower 1line pressure and hence higher
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quality obtained in Test 0. Since there were no provisions for measuring
TVS 1line pressure at the viscojet exit, this could not be confirmed, The
TVS line was bypassed in Tests 0-4, 0-5, and 0-10 in an attempt to evaluate
pressure drops directly through the viscojets. Flow proceeded directly to
the overboard vent, as shown in Figure 2-15, through a 1/2-inch outside
diameter line. The flowrate in these cases was also low compared to the
analytical value. Further, no comparison test was performed, using the same
viscojet (e.g., VJ4, or VJ5) and flowing through the TVS line, and therefore,
an approximation to the TVS line pressure drop cannot be made.

The test data obtained are sufficient to empirically determine flowrate vs.
pressure, and the analytical prediction for viscojet flowrate/pressure depen-
dence still appears to be valid, although the actual pressure drop across the
viscojets is not known. It is therefore recommended that at least one addi-
tional pressure pick-off point be included immediately down stream of the
viscojets in any future tests.

The data obtained is particularly useful since the TVS line pressures corres-
ponds to values required for steady state thermal control of the IDU.

4,16 TEST P - STEADY-STATE THERMAL CONTROL OF IDU

Thermal control of the IDU, or any type of similar tank with a wall mounted
TVS heat exchanger, can be accomplished by one of two basic methods:

(1) steady-state operation in which the total heat entering the propellant is
zero at all times, or (2) transient operation in which the tank pressure is
maintained within certain limits by intermittent flow through the TVS.
Steady-state operation offers the advantage of minimum transient heat transfer
and thermal control problems. (In principal, heat-flux meters can be used to
monitor heat flux into the tank. Maintaining TVS outflow so that the overall
net heat flux is zero allows rapid response to changing heat flux.) The
thermal stratification in the fluid is minimized and the total mass vented is
always equal to the amount required to intercept the heat into the tank. The
pertinent boundary condition is that the total surface integral of the heat
transfer, taken at the inner walls of the tank, be zero. This condition
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implies that the maximum temperature between the TVS coils not be equal to
desired steady-state temperature of the liquid in the tank. Rather, the
maximum temperature is somewhat higher than the tank liquid. Thus, some

heat enters the liquid in the vicinity of the midpoint between coils, whereas

an equal amount of heat is absorbed from the tank 1iquid near the coils so

that no net heat enters the propellant. This procedure implies that the maximum
temperature of the tank liquid approach2s the maximum temperature between the
coils, The further implication is that boiling will occur unless the total
pressure in the tank exceeds the vapor pressure associated with the maximum

temperature between the coils. Therefore, the coil separation distance will

be governed by the maximum acceptable wall temperature (for a given heat flux).
This condition on Tmax between the coils allows the total TVS tube length and
spacing to be determined. Otherwise, a wide variety of combinations of tube
length, spacing, and coolant temperatures are possible,

The IDU has been designed so that the steady-state operation can be demonstrated
with two coil separation distances. This test flexibility is obtained by the
addition of a "Tee" connection in the IDU Tine, resulting in two spiral loops
covering the tank length of 35 ft and 70 ft, In the current test plan, the

two 35-ft loops are used in paraliel. Additional capability can be obtained

by the addition of an SV-90 solenoid valve and an extra TVS outlet Tine; it is
recommended as a desirable addition for any subsequent tests.

The main objective of this test was to demonstrate steady-state thermal control
by flowing sufficient coolant, at the required TVS Tine pressure (and hence
coolant temperature) to maintain complete heat interception. Heat flux from
the main tank was to be sustained by maintaining a gaseous hydrogen ullage
pressure slightly higher than the saturation pressure of the liquid in the

IDU, with the result that condensation heat transfer would occur on the IDU
tank wall and coils. It must be emphasized that the IDU/TVS is designed so
that an external foam should be applied to the tank wall to alleviate conden-
sation heat transfer, but that the foam could not be applied until after these
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initial tests. The presence of a relatively cold TVS coil with a surface
temperature several degrees below the saturation temperature of the main tank

GH2 results in a relatively high, localized condensation heat-transfer coefficient;
this results in high overall heat flux to the coolant, which tends to diminish the
effectiveness. Insulation, however, would alleviate condensation and the TVS
would then be able to maintain a steady-state thermal condition without the
additional complexity of local, high-heat flux to the TVS tube itself.

In these tests, it was originally intended that the IDU be filled with liquid,
the PV volves closed, and the proper TVS coolant flowrate and temperature
adjusted to maintain a steady-state temperature and pressure inside the IDU.
However, the PV valves could not be closed completely, in spite of repeated

attempts, and hydrogen continuously leaked from the IDU to the main tank.

As a partial demonstration of thermal control, it was decided that the main-
tank liquid level would be set at the bottom of the IDU, and the main-tank
pressure controlied to approximately 0.2 to 0.3 psi above the IDU pressure.

The IDU pressure would be vented periodically to maintain the pressure dif-
ference. The net result, it was hoped, would be that liquid in the main tank
would tend to flow into the IDU, maintaining a full tank during the test, while
the higher external GH2 pressure would result in heat transfer to the IDU, The
TVS coolant flowrate would be adjusted to maintain steady state.

The test was performed as described for over 1 hour, and an overall thermal
steady state was demonstrated. The measured heat fluxes showed a higher heat
flux into the tank near the top of the IDU, and an approximately zero net
heat flux into the IDU near the bottom of the IDU. The results are shown in
the data plots, taken directly from the DYMEC Data System, in Figures 4-7 to
4-9, Due to leakage of liquid into and out of the IDU, as well as the IDU
venting, the total liquid lost exceeded the expected liquid loss based on the
measured flowrate and total test duration. Table 4-7 compares the measured
and expected liquid levels,
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It 1s recognized that these test results are of limited value from a heat
transfer standpoint, However, a steady-state coolant outflow rate was
demonstrated, a relatively steady-state heat flow was cbserved, and all
IDU/TVS instrumentation was observed to function properly.

4,17 TEST Q - EFFECTS OF DOWNSTREAM FLOW CONTROL

A basic question concerning the operation of the TVS is the method by which
coolant flowrate and temperature can be varied to meet the thermal control
requirements and the TVS response. A variable downstream orifice can be used
to control the TVS line pressure and hence coolant temperature, while flowrate
can be controlled by varying the selected orifice and the IDU pressure with
respect to the TVS line pressure. When steady-state conditions are not main-
tained, transient flow effects occur. The objective of this test was to
demonstrate some of the transient phenomena resulting from (1) closing the
downstream flow control valve, V24, thus halting the outflow, (2) achieving

a steady state, and then (3) reopening the valve. Immediately after Test P,
V24 was closed, but the solenoid valves used to provide a controlled flowrate
of 2.5 1b/hr were left open. The IDU and TVS conditions were then observed
until a steady state was reached. The steady state was observed for approxi~
mately 1 hour, and then the TVS flow was reinitiated and conditions monitored.
Throughout this period, the main tank and IDU pressures were maintained at

25 psia. The IDU liquid level was approximately 16 inches.

Referring to the selected data of Figures 4-10 to 4-16, the phenomena observed
are described below in chronological orcer. At 12:45:00, valve V24 (see

Figure 4-10) was closed, halting all TVS outflow, and entrapping some subcooled
liquid in the TVS tube. For a period of approximately 10 to 15 minutes, the
coolant in the upper part of the TVS coil was vaporized by heat flux from the
main tank ullage, and the vapor and liquid forced back into the IDU.
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Figure 4-14

- TEST Q-2, PLUT w0. 2
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Figure 4-16 MAIN TANK TENPERATUPE, TS5, DURING TESTS Q-1 AND Q-2

During the first 4 minutes, the TVS inlet temperature, T7, increased from

40°R to 41.0°R, and remained approximately constant (+0 £°R) during the entire
steady-state period. The TVS outlet temperature also remained constant, at
apprcximately 41.0 + 0.5°R for the 1.2 hour steady-state period. The tempera-
ture, T14, immediately downstream of viscojet orifice FJ5 increased in the
first six minutes from 29° to 41.5°R, and re.ained approximately constant the
the 1.2 hour period. Thus, the TVS equilibrated in approximately 5 to

6 minutes. The IDU uliage temperature (T15) measured at HF2-A required approxi-
mately 20 minutes to reach a steady-state condition, increasing from 40°R to an
approximately constant 44°R, The ID'" ullage temperature (T16) measured near
the top (HF3-A location) was warmer, increasing in approximately 15 minutes
from 45° to 52°R (Figure 4-11). The IDY outer-wall temperature near the top
also warmed slightly, from 36° to 41°R in approximately 10 minutes. During
this initial period. the heat flux into the IDU near the bottom (HF1-B) wes
approximately zero, since both sides of the IDU wall were immersed in liquid.
The heat flux near tne iniddle of the IDU was measured by the interior heat-
flux gauge, HF2-A, was approximately 1.5 Btu/ft2 hr, and was relatively
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constant. The heat flux near the top of the IDU, as measured by the interior
heat-flux meter, HF3-A, showed a rapid decrease from 10 to 15 Btu/ft2 hr to
approximately 1.0 = 0.5 Btu/ft2 in approximately 15 minutes. Recall that this
heat-flux meter is positioned to straddle the position of a TVS cofi 1-catad
on the exterior of the IDU cover. Positive heat flux is directed from the

IDU to the TVS coil, and therefore, the cold TVS fluid, located at the top of
the IDU, was cooling the interior of the IDU as it vaporized and flowed %. «
into the IDU through the VJ5 orifice. The heat flux measured by HF4-8,
Tocated batween the TVS coils on the outside of the IDU cover, showed a
relatively low heat flux during both the initial and steady-state periods.

After the steady-state period had been observed for over 1 hour, the TVS
downstream valve {V24) was reopened, and within 1 minute a steady outflow
rate of 2.5 1b/hr was incurred. Within approximately 6 minutes, all IDU
temperature measurements showed a marked decrease to steady-state values,
which were maintained for approximately 30 minutes, as shown by Figures 4-13
and 4-14, for Test Q-2.

Figure 4-14 shows that the heat flux near the top of the 10U, measured by
HF3-A, climbs rapidly from approximately 1.0 * 0.5 Btu/ft2 hr to 9 Btu/ft2 hr.
This is, of course, due to the TVS cooling the IDU interior. Similarly, in
Figure 4-15, HF4-B shows that the heat flux from the main tank to the top of
the IDU cover (as measured by the exterior heat-flux gauge located between the
TVS coils) increases from approximately 1 to 2 Btu/ft2 hr to approximately
8to9 Btu/ft2 hr. Again, the TVS coolant, having lowered the IDU wall tempera-
ture, has caused a significant increase in heat flux to the coil from both
sides of the IDU. Figure 4-16 shows that the main tank ullage temperature
momentarily decreased immediately after TVS flow is reinitiated, but the
incoming warm GH2 soon brought the ullage temperataure back up to 70°R. As
predicted by the TVS analysis, the uninsulated IDU/TVS causes an increase in
the overall heat flux by increasing the temperature difference between the main
tank and the IDU, but more importantly, by causing condensation heat transfer
to occur, rather than free-convection heat transfer. Tests Q-1 and Q-2, there-
fore, demonstrate the need for insulation on the IDU exterior if the TVS heat
interception capability is to be fully exploited.
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4,18 TEST R ~ TVS TRANSIENT OPERATION

The principle of transient TVS operation is that heat entering the propeliant
tank is allowed to induce stratification until the total tank pressure exceeds
a predetermined value, at which time coolant flow is initiated. An immediate
concern is the response of the ullage pressure to the initiation of chilldown
flow. This test was to demonstrate the response rate for an external heating
condition similar to that demonstrated with Test P with the IDU approximately
filled with liquid. IDU pressure would be allowed to increase until a facility
pressure switch exceeds a set value (e.g., 28 psia). At this time, the TVS
valve for maximum flowrate would be opened, and flow maintained until IDU
pressure decreases to a previously determined lower value (e.g., 20 psia).
However, tank leakage due to partial closing of the PV valves could not be
alleviated, and therefore, this test Was'scrubbed following repeated unsuccessful
attempts to induce complete valve closure.

4.19 TEST S - AUTOGENOUS PRESSURIZATION

The original objective of Test S was to evaluate the response of the IDU to
warm gaseous hydrogen prepressurization, without outflow, and to determine the
pressurization collapse factors for two cases: (1) the screen device (LHAD)
full of liquid, and (2) the 'HAD empty. Heat transfer out of the IDU was to
be minimized by evacuating the main tank. However, because of the Parker
valve malfunctions, this test was modified to further determine the effect of
warm gaseous hydrogen pressurization on screen retention.

The tests were run in the same manner as Test J, with warm hydroger pressurant
exclusively. Outflow from the IDU to the main tank occurred in every case,
due to incomplete closure of PVl and/or PV2. The IDU was pressurized to

40 psia in all tests.

Table 4-8 summarizes the results. The data of Tests S-1A and S-1B show that
vapor is formed inside the LHAD before breakdown, due to exposure of the upper
part of the LHAD to the warm pressurant. Note that the initial Tiquid Tevel
in Test S-1A was 14 inches, thus initially exposing the upper portion of the
LHAD to warm pressurant. In Test S-1B, the LHAD is submerged in liquid
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initially, and vapor formation occurs 20 sec before breakdown, as compared to
40 sec for Test S-1A, In Test S-~1A, breakdown does not occur until the liquid
level is 8,6 inches. This is significantly above the breakdown level expected
with cold pressurant, but shows significantly higher retention capability than
Test S-1B, with breakdown occurring at a 1iquid level of 20.5 inches, which is
immediately below the top part of the screen device, Test S~1D gives results
similar to S-1B; breakdown occurs at a level of approximately 21 inches, but
in this case the IDU was initially filled and therefore the time the LHAD was
exposed to warm ullage before breakdown was only 5 seconds. This extremely
rapid, and unusual, breakdown response is not seen in other tests; it can be
surmised that the LHAD was not completely filled with liquid initially, and
the presence of vapor in the top region led to immediate breakdown. Tests S-1F
and S-1G again show premature breakdown, due to warm gaseous hydrogen, but no
vapor is indicated inside the IDU by either T4 or RL7.

In Tests S-1A and S-1B, breakdown is explainable as being due to heat flux
through the solid central pipe, communications ducts, and cylindrical channel
to which the screen is attached. The heat flux would be expected to vaporize
the LH2, filling the upper region with vapor, and thus causing breakdown by
exposing the screen. However, in Test S-1F, there is no indication of vapor
forming in the LHAD before breakdown; in fact, T4 indicates vapor 5 seconds
after breakdown., In Test S-1G, T4 indicates vapor only 1 to 2 seconds before
the CL4 indication (i.e., no further outflow and liquid dropout from the LHAD).
These two tests and especially Test S-1F, appear to represent a degradation in
screen retention capability due to heat flux to the wetted screen.

In all cases, however, the use of warm gaseous hydrogen pressurization caused

a very pronounced premature loss of liquid retention which appears to be due

to heat flux. A discussion of a possible model explaining the 1oss of reten-
tion for a column of liquid hydrogen supported by a screen exposed to heat flux
is given in Reference 1, and will not be repeated here. The model does present
a possible reason for screen device retention failure, independent of the vapor
formation mechanism due to heat flux directly through solid metal walls, such
as the top of LHAD, above the screen weldment.

"
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4,20 TEST T - FEEDLINE VAPOR CONTROL

The interface between the main tank or a start tank and the feedline poses a
potential problem with screen devices due to vapor generated in the feedline,
(above the feedline valve) passing into the screen device iteself. A feed-
line vapor barrier screen has been included in the IDU design (see Figure 4-17)
which alleviates this problem by allowing vapor to bypass the screen barrier
into the IDU, thus maintaining liquid above the screen.

The operation of the feedline vapor barrier screen as currently incorporated
in the IDU is described below. This screen is used to keep gas from passing
up into the screen device with vaporization in the feedline above the feedline
valve. In principle, it would keep the vaporized hydrogen from breaking
through the screen even if the feedline were completely dry (i.e., all feed-
line 1iquid boiled off).

Consider the vapor barrier screen and bypass line shown in Figure 4-18A. When
gas is being forced out through the elbow, but the vertical portion is full
of liquid, then the pressure at the elbow is

P, =P

L= Pptee Ih 1q * Hoyr * Pegon]

which is approximately equal to the feedline pressure, for the low flowrates
involved.

A pressure immediately above the screen is

Pscreen = PT * 29 P 11q
The Tiquid remains above the screen, and no gas breaks through, if the bubble
of pressure is,

AP, 2 P, - P

8P = PL - Pscreen 29 (Royr * heygoy)

Thus, hELBON must be minimized, which has been accomplished in the tube routing
of the IDU. To test this device, GHe was introdured into the feedline up to
the screen by backfliow through the feedline from a 1,5 ft3 helium supply bottle.
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The GHe flow was bypassed through the solenoid valve, SV10, between the cone
screen housing and the bottom of the IDU (see Figure 2-15). Approximate
flowrates were measured 5} noting the 1.5 ft3 bottle temperature and pressure
as a function of time.

A flowrate of 0.004 1b/sec was observed to have no effect on screen retention,
nor was there any indication of vapor passing through the cone screen into
the LHAD. The flowrate used corresponds to extremely high equivalent heat
transfer rates into a feedline, assuming all the heat input causes boiloff,
For a 10-ft section of feedline, 4 inches in diameter, a flowrate of
hydrogen gas of 0.004 1b/sec corresponds to a heat flux of 275 Btu/ft2 hr,
which far exceeds the values easily obtained with foam or HPI-insulated
feedlines, Even helium purged HPI under ground-hold conditions has heat-
transfer rates of the order of 200 to 300 Btu/ft2 hr, and therefore, the
screen cone device appears to be a feasible approach to vapor control under
the most severe conditions,

A useful modification to the IDU has been conceived which could be incorporated
if considered necessary. This modification ensures that the IDU feedline would
be full of liquid before feedline valve opening and flow to the turbopumps.

If a separate line were attached to the inlet which allowed gas to pass
directly into the .l1lage, conditions would be different, as shown in

Figure 4-18B,

Considering Figure 4-18B, the pressure above the screen is,

PT + pg hLIQ

PSCREEN *
The pressure beneath the screen is PT' Thus,

PSCREEN - PT = pg hqu, which is positive,
and Tiquid flows down through the screen, keeping the feedline full of 1iquid.

This alternate design may serve as a useful addition to the IDU, since vapor
filling the feedline would normally pass through the pumps, possibiy causing

116




damage. As a precautionary measure, the feedline vapor bypass valve could
be opened momentarily, before initiation of flow. Thus, any vapor in the
feed1ine would be displaced by 1iquid. This modification to the IDU would
require either:
A. An extension 1ine to the inlet, as snown in Figure 4-18B, which
wou.d then eliminate the capability for maintaining a nonwetted
feedline, or
B. An additional solenoid valve and extension 1ine, so that the feaedline
could be maintained full of gas or liquid, depending on the desired
conditions.

4,21 TEST U - TWO-PHASE REFILL

Two-phase refill with high gas volume percentages was simulated to assess any
limitations of the LHAD. In particular, it was necessary to determine
whether or not the gas inflowing with the liquid caused the capacitance probe
to give spurious liquid-level measurement., and whether or not liquid would
be lost through the vent due to the bubbles rising in the bulk liquid. Tne
tests demonstrated that complete settling and displacement of ail gas btubbles
from the bottom of the main tank is not necessary before refill of a start
tank since no adverse effects were observed. Thus, decreased propellant
settling times can be used, which decreases the required start tank size and
weight, and allows a constant, relatively short duration settling time to be
used with variable propellant percentages in a given tank, rather than
settling times programmed to the specific settling conditions encountered.

Two refill tests were performed, U-1 and U-2, and data are shown in the
Supplemental Data Document. In both tests, refill was initiated through PV2,
with simultaneous helium flow through the submerged diffuser to simulate
two-phase flow into the IDU. In Test U-1, the refill rate was a relatively
constant 0.66 1b/sec, and in Test U-2, the refill rate was 0.805 1b/sec. The
helium inflow rate was approximately 1 ft3/sec, which had no deleterious
effect on refill. The capacitance point-ievel sensor showed maximum vol age
fluctuations of approximately 0.1 to 0.2 volts, corresponding to disruptions
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of the 1iquid interface of approximately 0.8 to 1.6 inches. These maximum
fluctvations appeared only at the initiation of refill. and were strongly
attenuated for 1iquid levels above approximately 20 inches from the IDU bottom.

4,22 TEST V = RETENTION WITH WARM LH2

The objective of this test was to determine the screen retention capability
witn a bulk 1iquid hydrogen temperature higher than that investigated in Test J.
Since surface tension decreases with tewperature, the tests were expected to
result in a decrease in retention capability, which was indeed obscrvad.

The original test plan called for a series of tests with various flowrates and
bulk liquid temperatures, and both gaseous hydrogen and helium pressurization.
However, due to the 2-inch (PV) ball valves malfunctioning, only five tests
could be performed, all with cold helium pressurization (hoth overhead and sub-
merged); results are summarized in Table 4-9. In Test V-25, the actual flow-
rate through the LHAD anu PV1 is suspected to be less than the value calculated
from the continuous level sensor data since FV2 may not have closed compietely,
thus allowing LH2 to leak directly from the IDU to the main tank.

The bulk liquid tcmperature of the hydrogen was controlled by the fill opera-
tion. A constant IDU/Main Tank vent pressure was maintained during initial
fill from the liauid nydrogen storage tanks in order to achieve the desired
bulk liquid temperature. This procedure was far more rapid and practical than
waiting fu: the tanked Tiquid to warm up from, say 37°R to 42°R, and it
assured a well mixed, destratified propellant rather than a stratified
propellanc:.

The breakdown tests were performed as in the Test J cases, and the data are
shown in Fiaqure 4-4. The improvement, in terms of retention capability for
the Test V cases is again seen, relative to the expected performance. The
bulk liquid hydrogen was saturated at 35 psia (42.5°R) and, for example, a
breakdown height of 7.6 inches above the IDU cover was expected at a flowrate
ot 0.8 1b/sec, whereas in Test V-3, breakdown did not occur until the liquid
Tevel reached 4.2 inches, which is a significant {iiprovement. Part of this

improvement may have been due tc the cooling of the screen interface as
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hydrogen was vaporized from the free surface of the liquid wetting the screen
as the screen was suddenly exposed to the ullage gas. Part of this improvement
was apparently due to the screen breakdown point nsressure difference beirg
higher than the bubble point pressure difference; i.e., a "catastrophic"
breakdown as opposed to single bubble breakthrough. Therefore, Figure 4-4
shows both of the curves corresponding to the expected breakdown points based
on the isopropyl alcohol bubble point of 14 inches of water column pressure
head and the isopropyl breakdown point of 16 inches of water column pressure
head. Part of this improvement may also have been due to the actual flowrate
through the LHAD being less than the total flowrate as measured by the capaci-
tance probe. However, even if the viscous and dynamic pressure losses were
negligible (corresponding to a negligible flowrate through the LHAD) the hydro-
static head alone should have caused failure at 5.8 to 7.2 inches. Therefore,
the observed retention improvement had to be caused, at least in part, by
effects other than leakage flow through PV2 decreasing the viscous and dynamic
pressure losses.

With helium as the pressurant, there is apparently a significant mass trans-
fer effect taking place at the suddenly exposed liquid surface as the liquid
drains out of the IDU. As this hydrogen is vaporized and transported into the
ullage region by diffusion and convection, the free surface temperature would
tend to drop below the initial bulk liquid temperature, assuming heat transfer
into the IDU and screen device is low (as was the case for these tests). This
effect was apparently present in the corresponding Test J conditions (i.e.
cold helium pressurization) except that the liquid bulk temperature was 1 a:or

The surface tension is determined by the temperature at the free surface,
rather than the bulk temperature, and for the cold helium pressurization/
expulsion cases, equilibrium conditions were, of course, not met (i.e., tne
partial pressure of the hydrogen was not constant and equal to the vapor
pressure corresponding to a bulk liquid temperature). Since this vaporizction
would tend to cool the free surface, the surface tension would increase, thus
improving the screen retention performance. Conversely, use of saturated
hydrogen pressurant at a pressure exceeding the saturation pressure of the
bulk 1iquid would r-sult in condensution of a relatively warm liquid film, or
condensate, which - -uld have a r=”uced surface tension and, therefore, result
in decreased screen retention performance.
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Comparison of breakdown le.  : of Test V-3 and Tests J-25A and J-27B provides
some insight into the surface temperature decrease due to vaporization. These
three tests were performed at approximately the same apparent flowrate, but
the bulk Tiquid temperatures were different.

An estimate as to the surface temperature cooling effect can be inferred by
interpolating between the appropirate curves shown in Figure 4-4. For example,
the Test V-3 breakdown point 1ies between the expected breakdown point for

(1) the curve corresponding to breakdown with a 16 inch water column bubble
point in isopropyl alcohol, with LH2 properties for both the surface and bulk
corresponding to 42.5°R, and (2) the curve for breakdown assuming a 16 inch
water column bubble point and the viscosity and density of the liquid hydrogen
evaluated at 42.5°R, but the surface tension evaluated at a surface tempera-
ture of 37.5°R. Linear interpolation gives an expected temperature at the
surface of 39.2°R, or an apparent cooling due to evaporation of 3.3°R. Even
if the flow through the LHAD is assumed to be zero (i.e., all outflow is
through PV2) then the apparent cooling is estimated to be 2.6°. (In this
case, it is assumed that V-3 breakdown was due to hydrostatic head alone,

and Figu e 4-4 shows that the expected breakdown would be 5.8 inches above

the IDU tottom not the .bserved 4.2 inches.)

In the Test J cases, it is difficult to use the same limiting flowrate
reasoning, since the assumption of all outflow taking place through PV2

(i.e., treakdown assumed to be due to hydrostatic head alone) places the
appropriate Test J data so close to the expected breakdown level of approxi-
mately 2.5 inches above the IDU bottom that the deviation falls within experi-
mental accuracy. This deviation is further obscured by the inaccuracy of the
liquid level calibration curve very near the bottom of the IGU. However, it
is unlikely that PV1 failed to open at all, and PV2 failed to close completely,
in cases J-11, J-19, J-25A, and J-27B, for example. Since even a decrease by
» factor of two in the actual flowrate through the LHAD for the above cases
still demonstrates an improvement in the breakdown height, the occurrence of
a surface cooling effect significantly affecting the bubble point in the cold
helium pressurization cases of Test J as well as Test V is plausibie.

120



i =t o b A P VU

These results indicate, but by no means prove, that with cold helium
pressurization an improvement in screen retention performance can be expected
with non-equilibrium conditions (i.e., outflow). This would be fortuitous
from an acquisition design sta-’point since the worst case conditions are
normally encountered when outfiow losses are combined with the hydrostatic
level. Additional non-equilibrium outflow cases with rapid outflow rates are
required to further assess this potential free surface temperature decrease
and resultant retention performance improvement. Further, this type of testing
should be pr:rformed under "bench test" conditions, for which higher accuracies
and better control can be obrained, as opposed to large scale, hardware
development testing, such as with the IDU.

One other comparison of the Test V and related Test J data is given in Fig-
ure 4-19, which shows the breakdown level for the two bulk temperatures. As
expected, all of the related case data shows a tendency for breakdown to

occur more readily with warmer bulk liquid. The question raised by the closer
examination of the results is whether or not vaporization induced cooling can
significantly improve retention performance.

BREAKDG.N LEVEL ABOVE IDU COVER

3 37 38 30 40 a a2
BULK LIQUID TEMPERATURE, °F

Figure 4-19 NBSERVED RETENTION PERFORMA™CE DECRFASE WITH TEMPERATURE

21



4.23 TEST W - VACUUM VENT/REFILL

The objective of this test was to demonstrate start-tank refill following a
vacuum vent. This test had been performed successfully in MDAC IRAD tests

of the 10-gallon start tank. In principle, the start tank is first emptied
of liquid by flowing back into the main tank. The start tank is then vented
to vacuum, the vent valve closed, and the refill valve opened to aliow inflow,
Complete refill was demonstrated in the MDAC IRAD tests. However, due to the
Parker valve malfunctions, the IDU could not be evacuated with 1iquid hydrogen
in the main tank, and therefore, this test was not attempted.
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Section 5
CONCLUSIONS

The design, fabrication, assembly, and test of the Interface Demonstration
Unit has demonstrated that the integrated start tank is a viable candidate

for the solution of certain crucial thermodynamic and hydrodynamic problems
associated with multiple restart cryogenic vehicles. In addition, the 1M
itself server 3s a flexible test bed, capable of extensive modification and/or
easy replace.reant of components, subassemblies, and instrumentation. As such,
it should be a useful tool in the contiruing development of reliable, 1light-
weight cryogenic propellent acquisition devices.

Specific objectives, results, and conclusions associated with the development
and test of the IDU are summarized in Table 5-1. Recommendations for the
further improvement of the IDU, and its use in extending the technology of
cryogenic acquisition systems, are delineated in Table 5-2.

123



* papusuIiod S

UOL3D24400 pUR POL4LIUSBPL dSNed ¢suoLl
-Junj{ew SA|BA |leq YyduL-zZ 404 3daoxd
‘f1L40300)S13RS pawosaad sjuauodwod
wa3sAs paay pue uoireziunssauad |y

*SUOL3 LPUOd Jtweudpowuadyl 1s93 AN}
01 Juel NGl uo padinbaa uoljeinsug
*2doouo> jue3 jaels bny aoseds opuab

-0A4D 210pLPURD 4O UOLSUIA 3]|RIS-||Nn}
sL wa3isAs buryinsay -yuel NQI ojut
Sty ©G89/2-8 SYN ‘weaboud uopued
-Wod J43pun paredtuaqey pue paubysap
€32LASP uoL}LSLnbO® UdBUDS (RUOLELPPY

"patylaan bull

-314 UIBUIS °PIILUISUOWDP UBP|OS 40
/pue adueyiauanfiod yiim Bupess jutod
214qng °suoL1e4anbLIuU0d SNOLARA 3533
03 sAem uanoj ul pwuorjtsod ag ued
avH1 °SsjuswadLnbad pspaladxa duewd oy
-43d uoLjuD3a4 pue ubLsap | |RABAQ
‘PoL4 LA UDBADS pap|am-30dS pay|oy

‘uoLledLyLpow a3eltjidey 03 sbuillty
3qny padel4 YILMm pajquasse SL wolsAS
*ADSNIJLP (L4544 pue ‘SduUL| jJueunssaad
paje(nsuL “s|}4BQ UIIUIS ©)043U0D
A0dBA 3UL P33, 404 UDIUDS BUOD 397
ssedAq saunleay “((LLyS4 IdUdY pue)
23BJ4 1USA dZLwixew 03 papnidour ssedAq
quap  -jueuanssaud 00> 03 J3bueyoxa
1e3y paLLod bulpnioul ‘saasniiip
uoL3eziruanssadd pabuaawgns pue peayssnQ
*SA|eA | |eq CHT pabuawgns uosui-2
burpn|oul “pasn aJempJdey d|eds-{|n4

*uorjejnsut

LLeM Juel o§ -uoLjeuado ||Ljdu

/MO 43N0 sSnoauel (NWLS juej 3Je3s pue
111494 °MOL4INO J)epOWOIdR 03 PIZLS
"S3DLA3p |euOL}LPPe 404 d|qeLjLpow
ALipeay %41 30 o34 0L Suteluo)

“CHT y3im paLLLy A|939)dwod

2Q 03 QyH1 smojle buir3al) ussuds
letd2ds *sso| ybnouayi-moil Sziwpuiw
01 pasn }40puelsS UdAUIS °Pals3]
jutod a|qqng “paeoqpeauq (Sdy) w33l
-SAs uoisindoad Auetprxne J4SW-YSYN
3|edas~||h4 UL uoLsSN|ouL 404 paubisaq
"SI OtYaA OLusbohud aeds-||Iny

01 3|qesediiod SuOLILpUOd S331e|NuLS

wa3sks
po2) pue UOLIRZLANSSDUdy

juez 2run
UOLIRAISUOWSQ 3704497U]x

(ayr1 - 93tasp
uoiyisinboe uabouphy
pLRbL|) 3JLASP UBBUISx

uotiestage4 pue ubrsaq
LU UCLIRJUJSUOWDE DOBLUdIV]

SyARWIY /S3 | NSAY

aA1309(qQ/uoL1dLadsaqg

wal] /ysey

SLINSTY Wi90¥d
L-G @lqel

124



0s suoljenba doup auanssaad sspniout
weaboud °UOLIBSUSPUOD UO/pue UOLIIDA
-UO02 334 YILM “juel pajeinsuLuou pue
pole|nsul J404 pauLelqo s3nsad nding

‘pajeL1oes
UOLIeILSLPOW puR K| QUaSSeSLP 34nind

*sbutpeaa snorands aAeb ysLym °©sayd3LMs
-OMJtW BA|BA [|Bq YouL-Z 40 uoL3dadxd
Yyatm <L La03oe4sties pauuogaad uoLy
-pJuSWINA3SUL ||y °9suodsau 3Se) YiLlMm
f33e4ndde 31qeiid4 99 01 pIeals
-uowdp sagoud souelidede) Idue[LIA
-aNs Jiweulpowiayl pue [O0J4UO0D || LI
pue uolLsndxs 40) A3L|tqeded dnyoeq
apLAoud 03 paubissp uoL3IRIUSWNALSUT

*9J1jt40 Jud|RALNDS

ueyz sajeaud sawry g)-g Ajaqew
-1xoddde sL eaae Moyl dduLs burbboid
jsuiebe paenb sjalfoosip  A3L)1Lq
-eded 9S93 SAL SOzZLWEXEW UOL}ID|IS
yied mo|4 °A|Nn3ySS9IONS pajea]Ssuowap
Axodd 6uildonpuod-puog e1(13q piaLsdNem
30 3sfy  ‘pajoajsad sanbiuyoal bBurzeuq
-dig  "paijladn AL|ny uoljedtuaqey SAL

*049Z SL XNn|J 3edY ||em jo (eubajut
92e44NS Y3 OS SUOLILPUOD MO|JIINO
Jue | 003> Buruiwaalap AQ Jsw SUOLILPUOD
21e15-Apeais yitm weuboud [eIrssuny

*sbuimeap Aquasse
pejleiep pue sydeabojoyd pajejzouue Bul
-pNiouL ‘pajuawndop AN a4npadoad

*sS407e01pul uoilisod SA|eA [|eq dd4yd
pue ¢sajdnoooumayl 4nos yiLm sabneb
XN{4 303Y UNOS ©SUIDINPSURUL BUNIBUD
-dway yojed sdueISLSaA wnuije|d oml

€sSa@ONpsueal ddanjedadwsl aqouad wnu
-t3e|d ul3a3XLS ‘4OSUdS [IA3[ Snonull
-U0d douelLoeded BUO SUOSUIS |IA3|
juLod 2juejLdeded 324yl ©SA0SUIS
[9A8{ JuL0d UOGURD UBASS 30 SISLSUO)

*SUOL3Lpuod doup

34uNssaud SNOLJUBA UL S3|NSdUL UOL}ID|IS
yyedmo|4 °6uL100d> 3ui|pad} pue dund
40J A3tL|Lqedes ssedAq pue ¢3jed MO|4
AYy/qL G 03 2°0 9pLAoOuad saA|eA pue
S39C00SLA  ‘syled MO[4 JUBUISSLP 4NO4
S9PLAOAd  ‘juel NQI 03 pazeaq-dip
saqny} wnuwwnje /| €°33-GE OML

sisAjeue
wa3sAS JuaA orueudp
-OW3Y] pa3UNOW-| | BMx

stsAieuy Buijaoddng
JLuf uorjedlsuowdq 20e4433U]

34Npad0Ud

uorje|Leisu] pue A|quassy
JLUN UOLIPAISUOWS] 3D044d7U]

UOLPIUBWNAISU] &

wa3sAs
JUSA I LWRUAPOUMDY] «

SyeWRY /s (nsay

3A1303{qQ/uot3druaosaq

wa3/isel

pove

SL1INSIY WYY90YUd
(£ 40 2 393ys) |-G 3qey

- o

125



‘pautejuLew

9q J0u pLnod NQI 9pLsSano pue

9pLsSul Yy30q sa4nssaad Juelsuod pue
pa)ea| S9A(RA [|eQ dJULS eleEp § 3S9I
U3 LM A13084Lp padedwod 29 jou pLhod
S3|NS3y - |euoLleaado pue N0 PaNIBYD
ALind *POULUWAIL3P SUOLIBLABA UOLINGLUY
-SLp dJnjesladwsl abe||n d13stadldeaey)
‘uoijensul {{em JNOYILM pue Yitm

Ndi ayz ur aoe|d Hulyel euswousyd
Aeddp aunssaud pue uotjezranssaud

-34d 2uLwualap 03 pash weuboud

*Leuotrleaado pue 3no-payoayd A||nj weub
-04d °paLsLdads aue auanssaad ngi pue
‘aanssauad agny ajed MO[J JUB| 00D JBY]

* swa3sAs

jua|eAinba 40 sjyuel Juels aeas

-11n4 0 ubLS®p uL BSN U404 paULRIUIOSE
9Q Ue3 SJUILILJJD0D JDJSUBU] JedY
paAouduil 3Ryl OS ‘e3P 1S3 QI YILMm
S3NSd4 JO uosSLlaedwod a0l paubisap
AL1eoLytoadg  -uoLrjezianssaad usboupiy
snoaseb Y3 im euswoudyd 43jsueul ssew
pue jeay seb sbey|n ngl 40 uoljeinuis
ybnoaoyy -A3dwd a0 | [N} Se paleadl

9Q UBD 2OLA3P USBUDS ‘pI|OpoW Dduem
-p4BY lBUadIUL NQI °SONLBA uollesu’p
=U0D J0 UOLJDDAUOD J4J 40 3sn uadoud
AjL4dA 03 do3s WLl yoed 1k aunpadoud
3AL303440D YILM SIUBLDLS 490D UB4SURAY
Jedy 3|qLxa|4 °salrjsadoud ajqetdea
Leaa pare|nqel sasp  *(°218 ‘uoLs|ndxd
‘uoLjedsiedde) 1242 AInp aiqetaea
$93040dU02U] "UOLINQLU]SLP S4NIRUS
-dwa3 pue ‘uoiledodeAd/ucL3eSUBPUOD
¢feldp a4nssaad °siea MO ue
-ANsSaud “SuUOL3LpPUOD uoLlezZLunssaud
-3uad 404 burajos weabosd |edLaBWNU
90USU34S LP-33LULY “us-puddap-swi)

*J40deA J0/pue pLnbl| 404 SIUILILJSD0D
434SuUed] 31e3Y J40j 3|{ge|LRAP SuOL}
-BLABA DALSUIIXT “A3L|enb |BOLLUD
Je uoljisuedl pue sauwibaua oMl yiim
MOo4 8seyd-oml Aq pauuaarch siuaLd
-1}4300 JudjsSueU] 3BIY |PUJDIUL Agn)

stsfAeue uoLjezruanssauad
snouaboine NQIx

SHARWSY /ST | NS)Y

9A1329fqQ/uotidLaasaq

wa3]/ysel

SLINSIY WYH90Ud
(£ 40 € 399Yys) |-G 3Lqel

128



[P P

‘(4 005 <) ‘Mo
waeM JO 3sn Aj{|eLoadsa *umopyeauq

aanjewdad pasned jueanssaad waepm
*pojedlsuowap uorijeaado duel juaels
*JA0LARY2G paloLpaad weuboud Burzis
U23u0S Yjim pauaedwod ejeq °suoLjlouny
-lew 9A °A ||eq pajeadau JO 33idS ul
29s/qL g-l ueyl ssdf 01 pajLuL| sajed
MO|33Nn0 3dadx3 2w S3ALLI3(q0 | LY

* POPUWIOIDA DUNPID
-04d 3AL3I24400 SpaUOLIOUN |BW SBA|RA
Lieg - (otusbohud pue jusique) pauwuoy

-43d $3597 3E3I| pueR BUNSSAUd-4004d
*SAOSUDS ||P JO4 pPauULeIQO AUND
uoLIeAqL]®D 40SUDS |DADT " S3ulauodwod

Lle JO uotjes2do aadouad paLyLUAdA SIS

*JVaW 1@ 3|qe|LeAae mou

€+313 ‘SUOLIP|DAU0D SSO| MO|4 paAcuduil
‘s9lJ4jawoab x3|dwod *MO|J} wu0jLun-uou
YILM SUOLSJIDA paAOAdu] - euotie

-49do ALINng °S3I|NSS4 1593 Yiim suoLl
-Lpuod umopyea4q aaedwod pue ©ud3auds
329195 “QyH1 ud3uds dzZLS 03 pas(

“LLL3s4 qjuel juaels

pue (QyH1 {Lt494 A333|dwod 03)
umop)eauq butMo (o4 Lida AIL4dA
*Sapow uotrjezidnssadd AJi4dA ‘ajed
MOf4 *SA Jutod umMopyEsUq BULUMSI(Q

"A3t{1qeded

LeAN3IONULS KJ LA *SAOSUBS |9A3]
‘SaALRA [[B] YouL-Z CH pabaaugns
‘SaAleA pLoud|os buipniout ‘szuauod
-WOD |BOL3LUAD (LB 4O uoriesado A4iuap

*U013123(9s pue uosisedwod ‘ubLsap
SDLA3D U284IS 4O 3SP3 SzZLwlXew 03 |eu
~1UM] Uo pawmesbodd *susauads dnyoeq

J40/pue ‘pajea|d *‘aidij|nw sajedodaodu]
*R1Ep UOUUR) puB JnoWUy 40 YQy uo
paseq suda43s ybnouyi-mols S04 Suoll
-@ 94403 SSO| aunssaud Aujawosb QyH1

¢$3s50| @unssaud [(edidutuad sazeaodiooul

UOLSUBA SLYl ‘wedabouad ubLsap adLA3p
U3udS JYQW SALSUIIXD JO ASUUNUBUO

LLi4®4 NI pue
‘uoLaeziuanssaud ‘umop
-3eaUq uddudS — [ 1S9y

S1S3] 1N0¥O8Y) WIISAS

(I ‘H*9 ‘43 °0
‘) ‘g ‘y s3isaL) Inoydayd
‘flquasseqns ‘3uauodwo)y

1N0%29y)
J1LUN UOLIRUAISUOWDQ 2DE4U3U]

weabouad
499ndwod buLzZLS us342Gy

SyARWIY /ST | NSaY

an1329lqQ/uoLidiLaassg

walI/ysel

SLINSIY WrY90Ud
(£ 30 p 393yS) L-G atqe)

127



‘nat

JA0J SUOLILPUOD pduLNbaa - 03 8SO|D due
saunjeasdwai jue| 00> buipuodsaduaod
pue sauanssauad Sul| dJULS €| 043uU0D
|ewuady] a3e3s-Apealis NQI 404 padinbau
SUOLILPUOd 3UR|002 03 3|qedt|dde
Alaenotjaed s3|nssy -A3Lsuap aseyd
-0M]} judleALnbd uo paseq uoiie|ad
-403 A}L4dA 03 pudl pauLelqo s3|nsay

*SUOL3JUNS [BW 3A[RA
LLeG 02 SNp S3|NS3X SALSN|OUODU]

g ETE T T RER]
sjurod js03oLd 34nssaud |eUOLILPPY
*satoeanddeut dudp aunssauad aut|

SAL 01 anp Ajqeqoud ¢pajoadxa ueyl
J9] |ewS SdIeL MO|J SSew Moys Ssj|nsad
auoS °A3Lsudp aseyd-om1 JuaeALnbs
uo paseq °pauLelqo doup aunssauad
19(03SLA 404 UC]B|34400 paAOAdu]
*paJ4kawod pue pauleiqo Ss3|Nsay

*29s/qL §°%

40 UGLILPUOd UBLS3p uRYl JdYlEJ

$SS9| J40 33S/Q| 2 03 S3je4 uoLs|ndx?
poULBA]SUOD SUOLIOUNS[ew BA|RA ||eq
INq €pa3say sajed |14 yYbLY "umop
-jeauq 1noyaLm cuoLsindxa snosuey |nuLs
furanp payst[dwodde |[t494 |NLSSIIING

‘eisd G| ueyy ssa| sa4nssaud
SUL| 40} 93B4 MOLlJ SAL dulwudleq

‘A11)| 1qeded
UOLIUB]D4 D LASP UIBUDS UO SIUSLS
-ueayl a4nssaud JO S329443 auLwualag

‘pa1sal eisd Gi

30 saunssauad aul| SAL sisA)eue
Yatm s3|nsas adedwo) -suoijeulrq
-wod 33[02SLA SNOLJUBA 404 BUNSSIud
*SA 9304 MO|J4 SsSew SAL Sutuwmala(Q

*1043U0D |enuew pue uotjeasdo
juel 34e3s 939|dwod 3343 SUCWSQ

a4anssauad aul] SAL
d|qeLJeA Yyilm |OA3uU0d
djea MOI4 SAL — O IS«

abuans aanssaud
SLinedpAH — N 3S3]«

a4nssaud
*SA 931Bd MO|J wa3ISAS JUIA
Olweudpoumay) — W 3581«

403eq3do

Aq Buiouanbas aA|2A
pue ||L4da/uoLs|ndx]
— 77 PUR )} SIS9)«

SHACWdY /S LNSY

aA1398[q0/u0L3dLAds3g

wal/isel

T A L

SLINSIY WYYDH0Ud
(£ 40 g 393ys) |-G @L9eL

128



*usboupAy umem jo0 asn

01 pajnqLalle SL PaAL3sSgO uMopleduq
aunjewsdd -uorzezranssaud usboupiy
snoaseb uwuem yjim A3t (Lqeded uotl
-Ud334 UD PIEp PpLACAd 03 poLJLpOw Sem
1533 SLy3 °sbejeal aalea |ieq 01 anQ

*uoL3eaado [04UOD (ewuayl 931els
-Apea1s y3itm uostardwod 3pLAc.ad 03
pauwuojaad aq p(noys s1s3L 'paqgnuads
2q 23 1S9 pasned SdA|RA ||eq

paso|d Atetiued ybnouayy abeyes) noil

*pakojdua St SAL pIjuUNOU-||BM UIYM
uoLjensuL gr 404 pasu pajealsuouwdp
S1S3] “SUOL1ELARA 3unNieusdusl pue
Xn|4 jesy pue ‘dnjuaels SAL 404 WL}
313S14310v4RYD ‘ALY O13SLADYORARYD
buLpLog auL| SAL pajeajsuowsp s3sal

*AL140302)S1eS pauwmojuaad
‘sobneb xnij jeay Guitpnidutr cucrjlejzusw
-NJ3SuL {|Y °"PIleLISUOWDP SeM {OUJUOD
3JN1ea20Wa) d3e)s-Apedls Ing *abedes)
AALBA [ |BQ 0] ONp PI}JLPOW 34 OM S$3SI)

*A2dwd

QVHT Y3Lm pue |{ng QyHT Yitm ‘uotl
-eziuanssauadaad uaboupAy snooseb wuem
01 QYH1 pue QI 40 asuodsas ajenieal

*MOYLJ
UMOP | L LYD SAL JudLsued) jo ash Aq
10A3U0D Bunssadd abejjn azearsuowsg

*9A|BA
SAL weaajsumop buruado pue bulso]d
40 109413 jualsuedl a3ebrisaAu]

*sabneb xn|4 jeay Apradp -uo1l
-d2dJ493ulL Xn|4 1eay 933 |dwod uiejurew
03 Se 0Ss *suoLlipuod 4adoud je ajed
MO|J JuelSu0D Bupurejuiew Ag |04}
-u0d |euMayl 31e1s-Apedls jeJisuows(y

uoL3ezLanssaud
snouabolny — § 1S3«

uotjesado
Juslsueal SAL — Y 1S9y

LOAJUOD MO} weadlsumop
40 5329343 — D 391«

nai 30 (o43uod
91e0315-Apeals — 4 3S3l«

SjaRWRY /5] LNSAY

3A13990qp/uot3dL4ds3g

wa31/ysel

SLINS3Y Wwy90dd
(L 30 9 383YS) |-G 3|qey

129



——

[RE—

*abeyea| sAeA {|eq
03 anp pawuojusd 8q Jou pPENOd 31S3L

*3JUPUL0443d UOLIUIIBL puR UOLSUI} 3dey

-ans ybLy up bupynsau °sle|d soyel
b6uL| 005 3dejuns eyl ‘saoad 0u op
INQg 93LJLpUl SI|NSIY -duoje uollezl
-anssaad wng sy yim pauwmojaad s3sS9)

*3ybLam pue 3zLS juel J4els
paseausddp 40 ‘ulbuaew A1ajes |euotl
-e.3do (euoL}Lppe 404 SMO||® UDLYM

‘Litsda NGl 01 4otuad paysiduwodde

2q j0u pasu (ptnbL} wouy pade|d

-SLp s2[qanqg ¢-3°L) bui|319s jue(|ad
~-04d 3938|dwod 3jeyl pIajes}sSuUowdpP SIS

*$3S33 Sd¥ J4SW-VSYN 2yl 404 papusu
w0234 SL uoLledLjLpowl SLY) “PaALad
-U0D SBM 3JUL|P3S 13M @ 40y SIptroud

yoLym anbiuydaj |043u0d sodes Mau
VY "GVH1 30 3pisino “nQ] ojut passedAq
sem Jodea asnedsaq ‘QyH] ojulL abes

-sed seb asned 01 10U uMOUS SeM |Ad

aAo0qQe auL([pady uL bui|roq paje|nuis

*34npadsoud
LLL4DJ JUDA WNNIORA 3yl d3eJ4]SuUoWwd(]

‘C 3sal

uL pajebiisaaul eyl ueyl aaybry auani
-es3ddwal uaboupAy pLnbL| %LNQ © Y3Lm
K31 1qeded uOLIU3D4 UBBAIS BULWUIISQ

*uoL3eaado juel 34e3S UO
LLL434 Bseyd-om] 4O 393433 d1eJ43SUOWI(Q

*aAea ssedAq
pue ul342S auod AQ papLAOAd [043UO0D
40deA 3Bul|pa3) djeUAISUCWIP pue A LAdA

RE ¥ Lo
/AUSA wnNoep — M 3531«

A 3S3l«

130

LLEiss
aseyd-om] — N 1S3«

LO43U0d
J0dea aup|pesd — | 1S9«

SHJRWRY /S | NSAY

3A1393£q0/u0i3d 149530

way]/ysel

SLINS3Y WYY90Ud
(£ 20 £ 293ys) |-G @1qeL



"(589£2-8 SYN)
weab604d uopuedwod 4dpun pajestuqey pue paubiLsap wa3sAS uotjtstnboe y3tm NGl ut weaboud 3S33 WA0SAAd x

* euawouaud
UMOpYe34Q UO UGLIRIUSWNLISUL 313|dWOD 340w 3PLAOMD 03 (QYH] SPLSUL SUCSUDS aseyd JUePUNP3A 33e40dU0dU] 4

*ourWMO443d UOLIURIBL QYHT uo buiso}d/buiuado aApeA 23en|eAd 01 $353)1 2b4ns aunssaad J1LNeUPAY WA04UDd «

*(uoileziunssaud wniay +3°L) ased |esauab adow
01 uoijedt|dde 40y weuboud 433ndwod uoilezianssaad snouabolne JuUsAUnd Ui suoLjenba uoLsniiip apnioul

“SAL
UILm S3sS31 3lels-Apears PaPUIIXI AQ PAULRIQO SIINSAA  "ILALAWD YILM SIUDBLDLJJD0D JDHSURA] 1BBU SAOAdW]

131

*Swa3sAS PIjunow-|(eM 404 S3L433WO030 BAL3eIUBSOUdEA daow 3pNnioul 03 weuabouad |edradwnNU SAL pPuUIINI &

"NA] 30 WO330Q 4BAU AOSUBS |3AD|
SNONULIUOD 32Ue}LIedPD U04 SAUMD UOLIRUYLIRD 4O ADBUNDIDE 3SBAUDUL 0} SAOSUIS 3A3| ;0 suoljLsod iy LPOoW

*A0tU33IX3 (jJ] U0 weol 3dAI-gAIS u4nies 33e40du0dU]

‘W23SAS | 04303 40deA Bul|pa3a) MAU 33240dU0dU] «

"$33[02SLA JO weadlsumop Ajajeipauw) A [2109Gs3 “S3uLod 430491d aunssaud SAL leuoLILppe 33e40du0DU] «
"euswoudyd mo|y 3seyd-om} uo elep 4ayjsny spiaoad 03 wIISAS SAL Y1lLlM S3S21 |PUOLILDPR WUA04Udd
butjuaa abe||n paeoguaAD INOYILM || L1334 Nuel JueIS/NQI 404 43snj4ip dund 33f 31e40du0dU] 4

ucileziunssaad apow [BNp U104 WSSAS UOLIRZLUNSSDBAD BA|eA | |RG A)LPOW «

SNOILVYGNIWW0I3Y
¢-g dlqe}

- T e gt ok



10.

1.

12,

Section 6
REFERENCES

Advance Maneuvering Propulsion Technology Study. Mid-Term Report.
MDAC Report DAC 58160, July 1968 (CONFIDENTIAL)

J. B. Blackmon. An Integrated Start Tank for Cryocgenic Propellant
Control. Presented at 12th CPIA Propulsion Conference, Las Vegas,
Nevada, November 1970. Published in conference proceedings,

G. W. Burge, .. B. Blackmon, and J. N. Castle. Design of Propellant
Acquisition Systems for Advanced Cryogenic Space Propulsion Systems.

AIAA Paper No. 73-1287. Presented at AIAA/SAE 9th Propulsion Conference,
Las Vegas, Nevada. WNovember 5-7, 1973.

G. W. Burge and J. B. Blackmon. Study and Design of Cryogenic Fropellant
Acquisition Systems. McDonneil Douglas Report MDC G5038, May 1974.
Final Report for NASA Marshall Space Flight Center Contract NAS8-27685.

J. B. Blackmon. Pressurization Gas Flow Effects on Liquid Interface
Stability. Douglas Aircraft Report No. DAC-60711, July 1967.

H. M. Kavanagh and P. L. Rice. Development of Subcritical Oxygen and
Hydrogen Storage and Supply Systems. Contract NAS9-1065, Airesearch
Manufacturing Company, Division of the Garrett Corporation,

Septomber 1964.

W. H, Stertentz. Liquid Propellant Thermal Conditioning Syste.
NASA CR-72113, Contract NAS3-7942, Lockheed Missiles and Space Company.

J. A, Stark, et. al. Cryogenic Zero Gravity Prototype Vent System.
Contract NAS8-20146, General Dynamics, Convair Division, October 1967.

W. H. Sterbentz. Liquid Propeliant Thermal Conditioning System.
Contract NAS CR-72375, Lockheed Missile and Space Company, August 1968.

E. C. Cady. A Comparison of Low-G Thermodynamic Verting Systems.
McDonnell Douglas Report MUAC-G3172, April 1969.

General Dynamics. Low Gravity Propellant Control Usina Capillary Devices
in Large Scale Cryogenic Vehicles - Related IRAD Studies. General
Dynamics Report GDC-DDB70-009, August 1970.

J. C. Armour and J. N. Cannon. Fluid Flow Through Woven Screens.
AIChE Journal, Vol. 14, Ne. 3, May 1962, p 415-420.

132



13. J. N. Castle and E. C. Cady. Performance Testing of An Integrated
Liquid Hydrogen Storage, Acquisition, and Vent System. McDonnell
Douglas Astronautics Co. Report MDC 63092, June 1972.

14. D. F. Gluck. Transient Flow in Capillary Systems. Rockwell International
Report SD 73-SA-0041, NASA/MSFC Contract NAS7-200, 27 March 1973.

133



porm

Appendix A

THERMAL ANALYSIS OF THE INTERFACE DEMONSTRATION UNIT (IDU)
THERMODYNAMIC VENT SYSTEM (TVS)

The derivation of the governing equations for an LH, tank equipped with
thermodynamic vent system (TVS) cooling coils is given below. The tank is
cylindrical with a helical TVS coil and optional external insulation. Heat

is transferred to the tank by convection, condensation, and/or radiation.
Steady-state conditions are assumed. Equations are first obtained for the case
of uniform heat transfer coefficient between the heat exchange fluid and the
tube wall over the tube length. The analysis is then extended to the case of
two regions of different tube wall heat transfer coefficients in Appendix B.

A.1 DERIVATION OF GOVERNING EQUATIONS
For steady-state one-dimensional heat flow with the finned tube model shown in
Figure A-1, the heat balance is (see Figure A-1):

Blx = Uly + ax * Q. * Qg + Qg (A-1)
The conductive heat flux out is:
= KT A =— (A-Z)

The conductive heat flux in is:

Oy s ax = ¥ A G * i (K A G o (r-3)

The external net radiative heat flux out is assumed to be constant, independent

of the wall temperature, since the wall temperatures are of the order of 40°

to 50°R. The radiative heat flux is, therefore, decoupled from the heat trans-

fer analysis for the tank, which greatly simplifies this probiem. The radiative
heat flux is given by

QY‘Idx = qr L dx (A-4)
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The external heat flux reaching the metal wall due to convection or
condensation, and including the effect of the thermal resistance of the
insulation is

O, = UL (Tg - T, (A-5)

where U, the overall heat transfer coefficient is given by

cj—
[ad

1
= — 4 =, (A-6)
he I

(If condensation occurs, radiation heat flux will be neglected.)

Allowing for the presence of liquid and vapor in the IDU tank requires that
the heat balance be obtained for these two separate regions. The TVS tube
length adjacent to the liquid is LHL/HT and for the vapor, the length is
L(1 - HL/HT), where HL is the height of the liquid in the tank. The tank
height is HT'

The internal convective heat transfer from the liquid to the wall is

L (A-7)

where it is assumed that the bulk liquid temperature THL outside the thermal
boundary layer is constant in the liquid; that is, there i< no thermal strati-
fication in the liquid. This assumption is necessary for this one-dimensional
analysis.

The internal convective or condensation heat transfer from the vapor to the
wall is

H
Qf, " he, Lox Ty =T O - F'T-) (A-7a)

dx,V
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The governing differential equation for the 1iquid region is obtained by
substituting Equations (A-2) to (A-5) and (A-7a) into Equation (A-1), assuming
the tube length is L HL/HT’ which gives

L HL dzT HL HL L HL
K.r—-ﬁrt;?“qrn:r--hfL-ﬁ;(THL'T)-U—H-I:-(Te-T) (A-S)

or, upon simplification and rearranging,

d2T (hfL + U)
2. (T. = T) (A-9)
sl Kyt 3y
where
Q. + hfL TH! + UTe '
Ta = I (A-10)
Similarly, the differential equation for the vapor region is
a1, . T (T, =T (A-11)
de l(Tt ay
whare
q.+h, T, +UT
r f, H e
= v Vv -
Ta, b ¥ U (A-12)
v
The boundary conditions for Equation (A-9) are
T= Tc at X =0 (A-13a)
L
a1 _ _ Ceane
ax 0at X = D°/2 (A-13by
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and for Equation (A-11),

T=T atX=20
Cy

dT _ .
a-x--OatX DO/Z

Nondimensionalizing with

T -T
a

SR e

a ¢

Vv

and

£ = X
Do

tquation (A-9) assumes the classic form

d%
L. N 2 6
dgz L "L
where
2
(hfL + U) D0
N = Tt

and similarly, Fquation (A-11) becomes

138

(A-14a)

(A-14b)

(A-15a)
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where

and

(h
N = Ty

v 4Kt '

2
+ U) Do

The solution to Equation (A-16) for the IDU liquid region

cosh NL (1 -¢)
L cosh NL

or

cosh NL (1 -¢)
a. ay CL) cosh NL

is

The solution to Equation (A-18) for the IDU vapor region is

cosh Nv (1 -¢g)
v cosh Nv

or

cosh N, (1 - &)
a <y cosn Nv . *
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The heat flux at X = 0 is assumed to be transferred to the fluid in the TVS
tube. The heat entering the tube from one side is given by, for the liquid
region,

LtH
L dT
Q R S 14
le =0 KT T ai-x =
Using Equation (A-22),
Q | = - i v/(h + U) KTt'(T -T_ ) tanh N (A-25)
Ly = o TﬁT f a ¢ L

Similarly, the heat flux entering the tube from one side is given by, for the
vapor region, using Equation (A-24),

H
= L i
o L0 = USERAY V/(hfv +U) K-t tanh N (A-26)

The total heat transfer removed by the TVS flow, Q, must be equal to twice the
heat transfer entering one side of the TVS coil, or

O =2Q  *2Q] (A-27)

since heat is transferred to the tube from both sides.

For long-term storage, it may be necessary that steady-state conditions be main-

tained. In this case, the net heat entering the tank must be zero. If the heat

exchanger covers the tank wall, and no extraneous heat flows into the tank, steady-

state conditions can be maintained by requiring that the surface integral of heat

flux between the wall and the fluid contained in the IDU, Qwall fluid® is zero:
D°/2 H rDo/Z

L
Q =4+ 2 hy L= (T, =T, )dx+2! h )
??l}d o £ UH, T L o Ty (A-28)

H
L(1-ogt)T, -T,)dx=0
i T, = Ty
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Substituting into Equation (A-28) for TL and TV from Equations (A-22) and (A-24),
respectively, gives upon integrating,

M (0, (Ta, = Te,) stann
Q|w311 =+2he Lt Ty =Ty ) * —cosmN — 2,
T 2 L L N(-75)
fluid L DO
D./2
a - 25.! ° } +2n, L Q- HL) 2 (f, -7T.) (A-29)
Dy o fy 120, e,
(T. -T.) <
a, : c, Sinh :’v 3 .
cosh N
v Nv (ﬁz)
Simplifying Equation (A-29)
HL Do (TaL - TcL)
Qa1 =+2h Lo {(TH 'Ta)+-_N.___taNhNL
fluid L T 2 L L
2h. L1 - oy 0 (A-30)
+ L Q- -30
f, 7

(, -T.) |
{(T =T, ) + —Y V—tanhN}=0
H2 av Nv v

However, if extraneous sources of heat flux into the tank are present, then
the heat exchanger must flow an additional amount of coolant in order to main-
tain steady state conditions. I[n this case, the extraneous heat transfer, Qext
into the IDU and the wall heat transfer out of the IDU must be equal, giving,

Uwar1 - Qext =0 (A-31)
fluid

The above tquation (A-31) gives a relationship for TCL and ch which must be
satisfied in order to maintain steady-state conditions.
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A._ IDU FILLED WITH LIQUID

For the IDU/TVS test, the IDU will be full of LH,. Therefore, this case is
treated separately, and is the condition programmed. The appropriate steady-
state condition for the IDU filled with 1iquid is solved below:

Since

Qatt = Qext = 0»
Equation (A-29) gives

- TC ) tanh N

Lo, T )e—b L ~ ag 0
+2h - + - =
fL ? H2 a; ‘NL ext
N Q N
- L ext L
o TaL - TcL - (TH2 TaL) tanh NL L D0 )
thL—Ttan NL

Substituting Equation (A-33) into Equation (A-25) and then into Equation (A-34)
gives

- Q
= - - - t
= -2l /i 40 ke { Ty, = Ta ) Nt =T NL}

2he T
Q. =-2N L \//(h + U) KTt‘{}(T- -T )+ Qext )
T L fL H2 a . L Do K
f, Z
Do Qext
QT =+2L (hfL + U) > (TH2 - TaL) - ——-—-—1712; (A-35)
142 i hfL 7
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Since QT is the heat removed by the TVS, the minimum mass flow rate of 1iquid
in the TVS is determined by

Q] = m_&h,

where hL is the initial fraction of 1iquid mass flow rate resulting from the
expansion through the inlet orifice.

It is assumed that mL, the mass flowrate of the liquid in the TVS, is known

and that vaporization transforms all liquid in the TVS to vapor but no super-
heat’ng of the vapor occurs. Knowing hL for the steady state gives QT for the
experiment, which allows an overall heat transfer coefficient on the inner sur-
face of the IDU to be calculated, if extraneous sources of heat can be deter-
mined, by using Equation (A-35).

The heat flux transferred to the fluid in the TVS assuming the IDU is full of
1iquid is given in terms of the saturation temperature, THEX of the two-phase
fluid in the TVS and the tube internal heat transfer coefficient as:

Qr = 7D (A-37)

licuid  tube L
where it is assumed that THEX is a constant, no superheat of the TVS vapor is
present, there is no significant pressure drop along the TVS 1ine, and hi is
a constant.

hy L(Te = Tex) »

For given heat transfer coefficients, the IDU and external temperatures deter-
mine Qr and TCL; the TVS tube length can be evaluated knowing the heat exchanger
temperature, THEX’ or vice versa.

Since L is known for the IDU, the necessary THEX is determined as

Q
T
- , where T_ 1< given by Equatfon (A-33) (A-38)
™iubelt © °

T =T
HEX cL

(The saturation temperature of the TVS fluid must be lowered as QT increases.)
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The above experssion is used to establish the TVS pressure required to obtain
the coolant THEX which corresponds to steady-state c-: !itions in the tube. Or,
knowing Qr, Te,» and Tygxe the associated average h; can be determined.

Frum the standpoint of controlling the TVS so as to maintain steady-state con-
ditions, it is seen that the mass flowrate must be set such that the total heat
flux, QT’ can be removed and such that the TVS fluid temperature, THEX’ deter-
mined by the tank and TVS pressures must be low enough to allow Qr heat to be
transferred to the fluid, given h1 and L. However, it should be noted that in
practice a greater mass tlowrate may be used in the TVS than is required for
the IDU, with the remainder of the liquid used for cooling downstream equipment.

As a check, the heat transfer to the tank wall from the surrounding region plus
the extraneous heat is determined, since this must be identically equal in
magnitude and opposite in size to QT’ the heat transfer removed from the IDU,
as obtained in Equation (A-35). Heat transferred to the tank *- given by

Qr

- 2f ol UL (T, - T) dx +Q (A-39)
o e ext

ext
D (Ta - T )
= 0 - 0 L L (A-40)
20 S‘Z‘ (e -To )+ 7 —j—— tanh NL} * Qext
Using Zquation (A-33),

D D q
a - 2UL{-§-(Te-TaL)- 7, - Ta) + TR { + Qe

L f

L (A-81)

. u

U 0, (Tg - THZ) +(+ 5;—4 Qext
L
From Equation (A-35), using the expression for TaL
D (he Ty + ) 4
- 0 L 2 ext
Q +21L (hfL + U) - {THZ hr ¥ 0 - Fr LD } (A-42)
L L °
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which gives, for the heat transfer from the 10U,

0 = -ULD (T, - THZ) - (1 + .'ni:—) Qoyt (A-43)
L

Since QT determined by the heat transfer from the 1iquid in the IDU is identical
in magnitude and opposite in size with that based on the heat transfer from the
surrounding region, the analysis 1is consistent.

Heat transfer coefficients are given in Table A-1 based on the compilation of
Reference A-1. .t this point, there is no applicable information on the flow
pattern of 1iquid or gas with a vertical wail subjected to cyclical temperature
variations, nor is it known what type of condensate flow occurs. Standard
equations for the heat transfer equation are used in the analysis which can

be modified where appropriate following additional TVS tests. The assumptions
used in selecting the expressions for the heat transfer coefficients are
summarized below.

A.2.1 Condensation — Quter
Film condensation is assumed and the Nusselt film theory expression is used.

Condensate is assumed to flow down a characteristic distance, Do‘ equal tc the
tube spacing. The outer condensate temperature is equal to the saturation
temperature of the surrounding vapor (GHZ) and the wall temperauure is approxi-
mated as an average temperature, (Tc + Tmax)/" If (TC + Tmax)/Z is greater
than the saturation temperature, condensation is assumed not to occur.

A.2.2 Free Convection — Gas, Outer

The free convection heat transfer outside the IDU is assumed to be due to con-
vecticn cells such as are shown in Table A-1. The characterisitic length, x,

is 00/2 in the heat transfer coefficient expression. The temperature difference
between the area of width DOIZ centered on the tube is approximated as Te - Tc
which is high, since this area has a temperature gradient and the average wall
temperature is less than TCL'

Between the coils the wall temperature is assumed to be high enough such that
the temperature difference is Tmax - Te’ corresponding to free .onvection wiin
a warm wall and cold gea=. The direction of rotation of the associated cell
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Table A-1

IDU HEAT TRANSFER COEFFICIENTS

|—— t 1"5’(

L2

INTERIOR EXTERIOR

free Convection - Vapor, Outer

cold wall, warm vapor: X = HT

Condensation - Quter

K /4
s ok 3 .
Pec * X [gpL"va 1Ak (T e Tw)]
T +7
- - max
x= l)o ’ Tw 2

Free Convection - Vapor, Quter - Alternating Cells
cold wall, warm vapor: X = DOIZ

29 o 3 /4
T -1 Y«

Py By q( e CL) cpg Mg

TTX

9 9

K
= —-9.
he,wg 0.55 X .

warm wall, cold gas: X = DO/Z

2 3 1/4
' L pg g(TmaxL - Te) X Cpg “g.]
he cg = 0-55 -XQ " -3

g y

he = (he.wg * he.co) 12
W[ 1<

Free Convection - Liquid, Inner - Alternating Cells

cold wall, warm liquid: X = 00/2

warm wall, cold liquid: X = Do/2

2 3
kL Py 9(TH2 - TcL) X o ML
h = 0.55 -= .
f X Z K

l.,cl [T L
L

<[ 110




pattern is opposite to that for the cold wall/warm gas combination. The
equations for free convection are valid for Rayleigh numbers between 103 and 109.

The calculated heat transfer coefficients are averaged tn obtain an overall
heat transfer coefficient. Thus,

+
h o= Ne g Re,cq

e 2 .

The temperature differences assumed are not expected to have a major effect on
the values of the heat transfer coefficients, since they are taken to the 1/4
power in the equation. Moreover, the most significant approximation is the use
of free convection boundary layer expressions for a complicated ablation flow
pattern, for which there is no known analysis.
In some cases, TmaX will be less than Te’ and therefore, the entire IBU wall is
cold with respect to the surrounding fluid. In this case, the characteristic
length is x = HT’ and the temperature difference assumed in determining h
is (T., + T 2.

( o L)/

e,wg

max

A.2.3 Free Convection — Liquid Inner

The alternating cellular flow pattern is assumed to exist inside the IDU with
a characteristic length of X = D,/2. The temperature difference between the
cold wall and warm 1iquid is assumed to TH2 - TCL’ which is high.

The corresponding temperature difference between the warm wall and cold liquid
is Tmax,L - TH . Again, these equations are assumed to be valid for R2y1 igh
numbers betweefi 103 and 109, and the overall heat transfer coefficient on the
inside of the IDU cylindrical wall is the average of the two values ca:-ulated:

(h + h

= )/2.
L fL,wi fL,cl

f
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Table A-2 (Page 1 of 2)
EXTRANEOUS HEAT TRANSFER - TOP OF IDU TANK

} T Te
Y INSULATION {
tr T ™™ / TTB M iDU TANK TOP \
4 N\
— —~—-
Ty

LIQUID HYDROGEN

Extraneous Heat Flux Relation Based on Total Thermal Resistance

%ext = Urophc (Te = T3
1 1 Lo b, 1
U " h Fei i e——
TOP T,external I W T, internal
2
A= 0" ANk
c ]

Heat Flux Relations for Individual Thermal Resistances

Free convection heat transfer from external gas to insulated top of tank
at temperature TTT I

= hT,external Ac (Te B TTT,I)

Qeyr
Free convection heat transfer fiom external gas to uninsulated top of tank
at temperature TTT M

h (T

QEXT T,external Ac e TTT,M)

Conductive heat transfer through insulation
KIAc

%xt T T (Trr,r - Trrow?
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Table A-2 (Page 2 of 2)
EXTRANEOUS HEAT TRANSFER - TOP OF IDU TANK

Conductive heat transfer through metal tank top

Kh
- C
exr 7 R, (Trr m - Trg,m)

Free convection heat transfer from bottom wall of metal tank top to IDU
hydrogen vapor

Qexr * "1 internat Ac (Trg,m = T)

c T -7
" 0.08 k|79 9 %p.g 9 e = Trr )
T,external : g K

99

C -
h o.08 k |°2 g %p.g 9 (Tra,m = THp)
T,internal ' g “gKg
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A.2.4 Extraneous Heat Transfer

The extraneous heat transfer is not known nor is it practical with the present
IDU instrumentation to determine it. However, an estimate can be made based
on the assumption that the major portion of this heat flux enters the IDU
through the top of the cover. Free convection heat transfer coefficients are
assumed and insulation may be included, as shown in Table A-2. It is assumed
that the IDU is not completely full and, therefore, an ullage gas layer exists
between the liquid surface and the top of the cover.

A.2.5 Forced Convection — TVS Tube (Mist Flow Regine)

At relatively high heat fluxes, a mist flow regime is possible since liquid
droplets no longer "wet" the tube wall, due to the momentum ot the rapidly
evaporating vapor between the 1iquid droplet and heat surface supporting drop-
let. This is referred vo as stable film boiling, and occurs at or above the
Leidenfrost point. Meas.rements of heat transfer coefficient for this regime
are close to the corresponding values for the vapor alone.

As a first approximation, the Dittus-Boelter equation for forced convection
heat transfer coefficient is used, which gives

.023 k, 0.8 0.4
n s =Tt ey (P,)

where
4 m

Re,, =
Vo me Dyype

c u
P =
Ty

_2.6(.00202) . L 210
r, 2:6(.00202) . 071 at T=31°R

160



However, in normal operations with the IDU/TVS, the heat flux is relatively

Tow. Assuming a maximum value of 600 Btu/hr, distributed over the surface of
the 70 feet of 0.25-inch 0.D. tube, the heat flux is 130 Btu/ft2hr. The peak
nucleate boiling heat flux for liquid hydrogen is reported tc be 32,000 Btu/ ftehr
in Reference A-2. Since the heat flux for the TVS is far below that required
for peak nucleate boiling, it is probable that the heat transfer coefficient
will correspond to that of the two-phase flow in the initial region. The heat
transfer calculations in this regime are more involvec and require that two heat
transfer regions be treated. The associated analysis is treated in Appendix B.
IDU/TVS HEAT TRANSFER EFFECTS ON LIQUID FLOWING FROM IDU TO ORIFICE MANIFOLD
When the IDU is completely surrounded by warm ullage gas in the 105" APS tank,
heat transfer to the 1iquid hydrogen coolant flowing from the IDU/TVS feedline
outlet o the orifice manifold through the initial inlet section can cause
boiling before the liquid reaches the orifices. The severity of this problem
and the importance of TVS line insulation is determined below. In most appli-
cations, however, the lower portion of the IDU will be submerged in liquid,

and therefore, boiling in the initial inlet section will not occur.

The tube leading from the start tank feedline to the orifice manifold is taken
to be about 15 inches long (including end fittings). The tube is 1/4 inch
stainless steel with a wall thickness of 0.020 inch.

Assume hydrogen properties at 10G°R and 50 psi.

Density, p= 0.095 1b/ft> (data range from 0.088 to 0.102)
Specific heat, Cp = 2.61 Btu/Lb°R
Viscosity, w = 1.49 x 1077 1b/in-sec
= 1.79 x 1076 1b/ft-sec
Thermal Corductivity, k = 0.55 x 107% Btu/in-sec®R
= 6.6 x 1070 Btu/ft-sec°R
Thermal Expansion Coefficient, §= 0.022 (°R)‘]

For a horizontal cylinder in laminar flow, the Nusselt number for free
convection is
hD

NuL = X - 0.53 (Ra)

1/4 8

, 10% < R, <10
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and in turbulent flow

Noo= 0.13 (R)V3, 10% <R <102 (A-45)
UT a a

Free convection heat transfer will actually be somewhat lower because of
the proximity of the cold IDU bottom; it shall be assumed to be about

NuL = 0.4 (Ra)]/4; NuT = 0.1 (Ra)]/S (A-46)

3
o= SBD - a6 x 0% AT (A-47)

Since temperature differences of the order of 100 R are assumed, the flow
is laminar and the Nussult number is

1/4

Nu = 2.34 (AT) (A-48)
The free convection heat transfer rate is

Q = hAMT = £y (nLaT)

Q = 0.218 a1 °/% Btushr (A-49)

Let the initial state of the liquid hydrogen be saturated at 14.7 psia,
but pressurized at 30 psia. The liquid bulk temperature is T = 36.5°%

The initial enthalpy, Ho’ is =108 Btu/1b, the saturated liquid enthalpy at
30 psia, H30,2, is -95 Btu/1b, and the saturated vapor enthalpy at 30 psia,
H30’V, is +90 Btu/1b. At steady state, the liquid enthalpy reaching the
orifices is

H o= H, + Q/W
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where W is the mass flow rate, 1bs/hr. The mass flow rate must be W2 6/13
in order for pure 1iquid to reach the orifice for the above case.

The enthalpy of saturated liquid at 14.7 osi is -108 Btu/1b, and the enthalpy
of saturated vapor is +82 Btu/lb. The heat of vanorization is, therefore,
190 Btu/1b, and the quality of liquid reaching the orifices is

: 5/4
.0 -3 a4
X = Wﬁ: = 1.09 x 10 = (A-50)

if the 1liquid is stored in the tank at the saturation pressure of 14.7 psi.

In general, the quality of the liquid reaching the orifice will be, for the
tank pressurized to 30 psia,

Q- W (Hyg o - H))
- .30,2 0 (A-51)
th

h, = H

v 30,y - N

30, %

In order for pure liquid to reach the orifices, X must be zero and, therefore,
high fiowrates and/or high tank pressures must be applied if the heat flux
into the line is significant. For example, Q = 29 Btu/hr with AT - 50°R,
which requires a flowrate in excess of 2.2 1b/hr with a tank pressure of

30 psia, if pure liquid is to be supplied to the orifice.

Since it is necessary to be able to supply lower coolant flowrates, the need
for insulation on the TVS inlet 1ine up to and including the viscojet flow
control orifices is apparent. In addition, condensation heat transfer rates
are higher than the free convection rates used in this analysis, further
indicating the necessity for insulation in the event the IDU tank bottom is
exposed to hydrogen ullage.

163



PP R

A.3 REFERENCES

A-1. B. E. Lauer. Heat Transfer Compilations. The 0i1 and Gas Company
Journal and the Petroleum Publishing Company, Tulsa, Oklahoma, 1953.

A-2. E. G. Brentari, etal. Boiling Heat Transfer for Oxygen, Nitrogen
Hydrogen, and Helium. NBS TN No. 317, September 20, 1965.

154



Appendix B
IDU/TVS ANALYSIS — TWO REGION MODEL

The analysis of the IDU/TVS presented in Appendix A assumes that the heat transfer
coefficient between the heat exchanger fluid and the tube wall is uniform over

the tube length, which corresponds to the case of oversupplying LH, to the TVS,

in order to use the liquid remaining at the TVS exit for cooling of components,
turbopumps, etc. If the flow rate is such that the fluid quantity exceeds a
critical value, X, then there will be two regions in this two-phase tube flow
with different mechanisms of heat transfer and sigmificantly different transfer
coefficients. An analysis of this two-region heat transfer mcdel performed by

D. W. Kendle is developed below.

The model is shown in Figure B-1. For the purposes of analysis, the tank sur-
face and the heat exchanger tube length attached to this surface are divided

into two regions as shown. Coolant fluid flows first through region 1 and then
region 2; mass flow m and coolant temperature Thex are the same for both regions.
Two-phase fluid enters region 1 with quality X; and leaves at X¢ (the value of
Xc determines the boundary between the two regions). Entering with Xc» the fluid
exits region 2 with a quality of Xp. Associated heat transfer coefficients are
given in Appendix C.

Since the coolant temperature is the same throughout, the region with the higher
heat transfer coefficient, assumed to be region 1, will have the lower tank wall
temperature. In order for the net heat input to the tank contents to be zero
when there are significant wall temperature differences, heat will pass through
the warmer wall acea (region 2) into the fluid and be removed from the fluid in
the cooler wall area (region 1). The heat transfer rate between the two regions
is Q- The extraneous heat input, Qext’ enters the tank contents by means other
than through the cooled wall; Q is removed from the fluid by the cooled wall
in region 1.

ext
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With this model, the thermal behavior of each region can be described by the
same equations derived in Appendix A for a single region. The additional con-
ditions described above 1ink the two regions and enable a solution for the
individual tube lengths, Ly and Ly, in each region.

The fin root (tube wall) temperatures are given by Equation (A-33) in Appendix A;
for th~ two regions of this model, they are written

N +
Te. = Tp *+(Ty=1Ty) tﬁ‘llﬁx - i.qﬁnn S:ihnxl? (8-1)
1 A A 1 1°t. "0 1
N Q. N
2 a4 2
T = T, + (T, -T, ) + (8-2)
Cy A, 1 A,’ tamh W, Lzhfzno tanh N,

In the above equations,

+
Q h T+UiTE

A h. +U (8-3)

from Equation (A-10) of Appendix A and

(hf + Ui) 902

i
T (8-4)
1 kTi t

from Equation (A-17) : ° Appendix A, where subscript i can be either 1 or 2.
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The Qg term of Appendix A 1s replaced in Equations (B-1) and (B-2) by
(Qext + Qd) for region 1 and (—Qd) for region 2. Making this same substitution
in Equation (A-43) of Appendix A gives

U
CRERALNCEE AR (1 +_;;) (G *+ Q) (8-5)
1

U
= LD (T - T,) - (1 + -ﬁ-) Gy (B-6)

The heat wxchanger fluid temperature, given by Equation (A-38) in Appendix A,
is the same for both regions:

O O

1 2
L = 7. - : (8-7)
hex G T"Dmel By, Co TOpe Lo “r,

Substituting Equations (B-1), (B-2), (B-5), and (B-6) into Equation (B-7) gives

Q + Q Q
- ext __d),_ d -
A Bl( I ) A, + B, <E") (B-8)
2
whee
N UDI(T. -T)
i i0o'"E
A, = 7, +f1 -7 L _ Lo (B-9)
i &i ( H Ai) tanh Ni [ 4 Dtube hTi
(l + hﬂ—)
N Th
B, = e (B-10)
i hfi DO tanh Ni ] Dt.u.be hTi
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where subscript 1 1s again 1 or 2. Solving Equation (B-8) for the rate of heat
transfer internally from zone 2 to zone 1 gives

B,
AI-A2ML—1' Uoxt
Q = B, Bz) (B-11)
—_—
(Ll Ly

Adapting Equation (A-36) from Appundix A. the heat capacity of the fluid in
each section is related to the heat load by

m Bh (X5 = X) = QTl (8-12)

m Bn (Xp - X,i = Q,ra (B-13)

where m is the mass flowrate of heat exchanger fluid and Ahv is the heat of
vaporization of the ,'uid. Eliminating r'nAhv between these two eauations and
substituting Equations (B-5) and (B-6) gives

B B D D
1 2 2 1 - 14
(Llc1 - cha) (Ll + La)*(f; - Ll)." e3 0 (B-14

whcre

¢ - (xF - xc) U, D (TE - Tn)

c, = (xc - xI) U, D (TE - 'rH)

U

U
Cy = (XF-XC)(J’*K;) *(XC-XI)(I'*E;) (Al-vkz)
1 \ 2

169



| ———— s crmemanrs ol . - 1 - . - e

U
D, By (xc - x.[) (1 + 'lg ) Qext
2

U
b, = B, (X, - %) (“E") Q.
£/
The total tube length L is
L-l + Lz = L (B']S)

which is .ubstituted into Equation (B-14) to eliminate L, giving a quadratic
in Ly
1

2
BL) + BL, + C = 0 (B-16)

A = c3 - (CU 32) (32 - Bl)

B = L (B. = - N } - -
¢ ( 2 Bl) BlL W+l (Dl + D2) c3L
¢ = CBLZ+ DL
171 1

Since the coefficients of this quadratic are dependent on the temperature of
the system which are in turn a function of L], the solution must be obtained
iteratively. Values for the system temperatures are assumed initially and the
coefficients are calculated, giving an approximate value of L]. The system
temperatures are calculated based on this L1 and the iteration is repeated
until things settle down.
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Appendix C

INTERNAL HEAT TRANSFER EQUATIONS FOR
INTERFACE DEMONSTRATION UNIT THERMODYNAMIC VENT SYSTEM

C.1 ANNULAR FLOW

Annular flow in the TVS is assumed from the viscojets to a distance along the
tube at which transition to liquid deficient flow occurs. The model is based
on the work of Chen (Reference D-1) who used Forster and Zuber's microconvective
heat transfer relation for boiling and the Dittus-Boeltor macroconvective heat
transfer relation for forced convection, and obtains:

or

(079 (0.45 0.49 0.25 0.2 .0.75

h=s(0.00122) L Lt "L _“e
. 05 .0.29 0.8 0.7
L fg Pv

0.8 ,,,0.4 K

+ F (0.023) (Re)L' (Pr)"" = (c-2)
L

where S and F are empirically determined dimensionless functions which .1low
for variations in the boiling and forced convection components, respectively.
The value of S and F are given in Figures C-1 and C-2.

C.2 VAPOR FLOW (LIQUID DEFICIENT REGIME)
At an initial quality, Xc, transition from annular flow to vapor flow occurs,
and the Dittus-Boelter equation for forced convection in a tube is used:

0.8
hD

o, V., D
L. v Vv 0.4 c-3
R, 0.023 ( m ) (Pr), (C-3)
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Appendix D
IDU/TVS TWO PHASE FLOW PRESSURE DROP

An approximate solution to the pressure drop of the TVS coolant flow is
obtained using the homogeneous (Fog Flow) flow model (Reference D-1). The
model assumes equal linear velocities of vapor and liquid, thermodynamic
equilibrium between the phases, and use of a single-phase friction factor which
is applicable to the two-phase flow. The pressure drop through the Viscojets
is calculated separately.

D-1. TVS LINE PRESSURE DROP
The total pressure gradient, composed of frictional and dynamic losses, is
given by (Reference D-1):

P @ @
a'z"l a3 l i ' (D-1)
TOTAL FRICTION DYNAMIC
0
£ o 2 1+ X(—& - l)
.di = % = ov (0_2)
% 2,2 X ° Ji-(iﬁ)
FRICTION 2 gc 02 D(l}%l__) 1l+ ————-—;——2- dpP OV
) . w Di
(f’_&- ) ax
dz . 2 . D -
DYNAMIC n D%\ 14 2B %(’L)
[I , lgc 2 pv
(‘ﬂ' Di ) g
m c

(Z = Tength of tube, D; is inner diameter, f is f-iction factor,
m is total mass flowrate, X is quality, P, is Tiquid density,
p., is vapcr density, P is pressure)
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The total pressure drop is obtained by integrating Equations (D-2) and (D-3)
with the quality, X, varying with the tube length, Z. Assuming X increases
linearly with Z, which implies a constant heat flow, obtain

y 2 (X, is final quality, X
L initial quality)

is

X = X + (X, -X i (D-4)

i

Substituting Equation (D-4) into Equation (D-2) gives, for the frictional
pressure gradient

p p
L 2 A
.2 1+(__.->y'+(__)(x-x _]
g_l;: ) fgm [ o, i oy f i’ L (D-5)
d
2 X m d(l
FRICTION T Ds 1+_.......___._..._.)
< by ) D;2 g b, o2 2 ap\p,
e i

Integrating Equation (D-5) gives, for the frictional pressure drop,

(A+BX.)L c(x, - X,)
AP L 1n [1 + f__ 2 }

FRICTION ~ C ™, - %) T+CX,

i c(x, -~ X.)
BL ) f i
+ - lC(xf-Xi)-(l+Cxi) 1n [l+-TT-CT—]% (D-6)
c (Xf - Xi) i
Sirilarly, the dynamic pressure gradient is
(- ) ()]
dP - 1;1 2 pv L
az h 2 X2 d (1 (0-7)
pyvaic  [n Dg2 1+ L 2 (=
Py 8 2 dP\p
L ¢ ('n Di ) v
c ;
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Inteqrating Equation (D-7) gives

c (X, -X,)
_ D . f i
APpywamic = € 1B [1 L+ CX ] (D-8)
By definition,
_ Efy _ E [P
A = ———— D =2 —|=Z=a
2 Py Di P \Pv
2
p . .
B = A 2 E = 4 m2 =<
pv wD gc
i
E
C = =
o, P

Following Owens, (References D-2), the friction factor of the single-phase liquid
flow is used for the two-phase friction factor.

The friction factor is given by:

b m )
for Re, <3000 , [Re, = —2— (D-9)
Di ( Di m Di u
_ 6b
£ Re (D-10)
1
for Re >3000
Dy
- 0.316
e
( Di)
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Since the compressibility factor of vapor is 0.96 and does not vary appreciably
with pressure for conditions in the TVS tube, the purfect gas law can be used
in the expression C, giving

5
- ook £

v lb2

Bsle
—
ul,_,
S
]
'
©
(=]
e~}
R

assuming m = 5 1b/hr, D; Z 0.25 in., the expression for C is found to be of the
order of 0.01. It should be noted that since C<<l, the pressure drop equation
containing the log term can be simplified using

lim [In (1+¢C) = ¢
C>0

This simplification illustrates the appropriate linear dependence of pressure
with hz, for the dynamic pressure drop and turbulent frictional pressure drop,
and the Tlinear dependence of pressure with m for laminar flow.

The curves of Figure D-1 for conditions corresponding to those of the IDU/TVS
tests show: (1) that the dynamic pressure drop is of the order of 1 percent of
the frictional pressure drop; and (2) the total pressure drop is of the order of
a few psi.

The heat transfer part of the program gives the required TVS tube pressure,
PTUBE‘ This must equal the average pressure in the tube,

IN LETTVS EXITTVS

Poupg = > (D-12)
CALCULATED

The pressure loss is

AP = P - P, (D-13)
LOsS INLET EXITryq
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Thus, the inlet pressure, immediately downstream of the viscojet, must be
adjusted such that

AP
] Pross
PINLETTVS PruBE * 2 (D-14)
CALCULATED
or
AP
- LOSS
PExm‘TVS Prusg - > (D-15)
CALCULATED

D.2 PRESSURE DROP THROUGH THE LEE VISCOJETS

Lee viscojets are used as flow control orifices since their design provides a
flow area 10 to 25 times that of an e2quivalent orifice having the same resistance
(Reference D-3). Therefore, there is less likelihood of clogging. It is
necessary to determine the effective resistance of the various viscojets used

in the IDU/TVS, and these resistances vary over a wide range, depending on
whether liquid, gas, or a two-phase mixture is flowing.

A previous MDAC study (Reference D-4) obtained data of flowra e vs pressure
drop through the viscojets. A reexamination of this data has shown that the
effective resistance for two phase flow is essentially the same as for liquid
flow alone, for conditions of Xi < 0.1. The resistance of the gas flow, even
assuming choked flow, is relatively small. Therefore, the analysis given below
assumes that the two-phase flow pressure drop/flowrate dependence is given by
that for all liquid +low. An improvement in the pressure drop/flowrate cor-
relation is achieved if the two-phase flow density, pTPF’ is used, rather than
the liquid density, as discussed in Section 4.13.

Information received on the Lee viscojets (Reference D-5) indicates that flow
resistance is treated in terms of LOHMS, with

4P, psi
12 —
L (LouMs) = —-;9—5 [P oL 0, /113 (D-16)
L m, 1b/hr

168



where LOHM is a flow resistance unit correspording to the flow of 100 gallons/
minute of 80°F water with a pressure drop of 25 psi. The factor f was deter-
mined in Reference D-4 from flow tests with subcooled LH2 (such that vaporization
did not occur, and X = 0). The value obtained was f = 0.823, which will be used
in our analysis.

The values of L for the visojets used in the IDU/TVS are given in Figure D-5
which shows the expected flow:ates versus pressure drop. Note that the cor-
relation of Equation D-16 is improved by ucing pTPF instead of °)> which allows
the equation to be extended into the range of low quality two-phase flow.

The actual flowrates versus pressure drop compared well with predicted values.
Knowing m vs P for the viscojets is necessary for the proper setting of the

IDU tank pressure. The pressure at the TVS line inlet is given by Equa-

tion (D-14) and the corresponding mass flowrate for given heat transfer con-
ditions is given by a curve such as that of Figure 3-3 of this report. Knowing
m, the IDU tank pressure must be set such that PIDU'PINLET supplies the required

mass flowrate. Vs
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Appendix E
1DU/TVS PERFORMANCE COMPUTER CODE DESCRIPTION

E.1 PROGRAM STRUCTURE

E.1.1 Analysis

The equations included in this program are derivea in Appendices A, B, C, and
D. Some additional features of this analysis as it is interpreted and incor-
porated into th. code will be briefly described.

E.1.1.1 Multiple Tubes

Appendices A and B apply to a single tube for the vent flow. The program has
the capability of parailel flow in multiple, equel-lerngth tubes. This is
accomplished by assuming that Equation (B-16) for L] is written in terms of

a single tube length and then multiplying L], L2 and L by the number of tubes
in the heat transfer equaticns to provide the correct overall heat balance.

E.1.1.2 Condensation Heat Transfer

The condensation heat transfer equation is used to calculate the external wall
coefficient when the average wall temperature is less than the saturation tempe: -
ature at th2 external pressure. When this occurs, the external temperature Te

in Equations (A-10) and (A-41) is replaced by T the external saturation
temperature.

s,e’

E.7.1.3 Insulation

Throughout the program, options are provided for all computations to be per-
formed with or without external insulation. Insulation may be specified inde-
pendently for the wall and the tank top.

E.1.1.4 Conductivities

Constant values of tank wall and insulation conductivity are input to che
program. Separate variables are used within the code f- tank top, region 1
wall and region 2 wall. These conductivity values could be read from a tem-
perature-dependent table or equaticns, but such temperature-dependent data
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were not available with sufficien® reliability. This change can be made at
a later date if desired.

E.1.1.5 Radiation

The radiation heat transfer analysis was not developed. However, this variable
is carried in the code and the subroutine is provided for its evaluation to
simplify the task of adding this feature at a later date if desired.

E.1.1.6 Tank Top

The equations given in Table A-? for the extraneous heat flux through the tank
top are so'ved by direct substitution. Two solution options are included in
the code, wiin and without tank top insulation.

E.1.1.7 Region 1 Tube Length

Equation (B-16) is a quadratic in Ly. However, it is possible for the coefficient
of the squared term to be zero so that the soluti0:. would not be operable. To
circumvent this possibility, this coefficient is checked against a minimum

lim ., if its magnitude is less than this limit, the equation is solved approxi-
mately as a linear equation and corrected iteratively for the small squared term.
If the coefficient is zero, the linear solution will be exact.

E.1.1.8 Sirngle Flow Regime Solution

The solution for a single flow regime throughout the tube can be obtained hy
setting the transition quality Xc equal to the final quality of the flow in

the tube to eliminate the mist flow regime. The reverse cannot be done to com-
pletely eliminate the annular flow regime; however, the annular flow regime can
b2 made insignificantly smail by setting the value at Xc very close tc that of
the initial flow quality.

E.1.1.9 Curve Fits

The heat transfer coefficient equation in the annular flow regime of the tube
flow is discussed in Appendix C. Th. suppression factor S and the Reynolds

m
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number factor F used in equation (C-2) are shown as curves in Figure C-1 and
Figure C-2. These curves are represented by equations in the code as follows:

. 1
S = R
1+ 0.305 x 1070 v]‘-“ (
E-1)
i 1.25
Y] ReL F
and
F o= (1. +2.25 v2)°-8
(E-2)

0.9 lpg 0.5 uv 0.1
Yz & (1':‘{) \Er' (E;)

v

An average value of the latter quantity is evaluated by integrating the X-term
from XI to Xc'

£.1.1.10 Properties

Tabular data for the fluid properties are grouped in tha BLOCK DATA subroutine.
Other properties are approximated by linear relationships; these are found in
the subroutines which calculate the heat transfer coefficients at the inner
wall, outer wall and inside the coolunt tube.

E.1.2 Solution Technique

The computer code effects an iterative solution to the quadratic equation

derived in the preceding analysis for the region 1 flow r=2gime (annular tiwo-phase
flow) tube length. Iteration is necessary because the equation contains many
temperature dependent terms and these temperatures cannot be determined unti)

the regiorn 1 tube length is known.

The iteration is initiated by assigning estimates tn the unknown temperatures.
Based on these values, the coefficients of Equation (B-16) are evaluated and
the equation solved for L]. Witi this arproximate solution, the system tem-
peratures are then calculated and the process repeated. However, a stiraight-
forward application of thic simple iteration process frequently does not
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converge due to extreme fluctuations in some of the variables. To overcome
this difficulty, the iteration proceeds in the manner illustrated by the
flow chart in Figure E-~1.

After the first evaluation of Ly that value is held constant while the tem-
peratures and heat transfer coefficients are iterated to achieve a moderate
degree of convergence. With the temperatires thus stabilized, a new value of
L] is calculated and the temperature iteration is r.peated. In this manner, a
well-behaved convergence of L] is attained. This two-level iteration is
achieved by the two nested D@-loops shown in Figure E-1. Since tube lengths
are evaluated only on the firsi pass throujh the inner loop, their calculation
is shown lcgically to be a part of the outer ioop.

As L] approaches it soiution value, tiie iterative variation of the system tem-
peratures decreases and fewer temperature/properties iterations are required.
Unnecessary computation is avoided by decreasing the count limit on the inner
loor 45 the solution proceeds. In the first four passes through the outer
D4-loop, the inner DP-loop is executed 6, 3, 2 and 1 times; thereafter, the
entire iteration is performed as a single loop.

Checks for convergence are initiated or the tiiird pass through the outer loop.
The difference between the maximum and minimum values of the three most recent
flowrates must be less than a specified limit to exit the iteraticn loop. IF
the error check is not satisfied in ten iteratians, an error message is printed
and the variable values at that poirt are printed in the normal manner.

A complete program ‘isting, a gloss vy of principal variable names and a
diagram of suoroutine relationships (calling sequence) are given in Appendix F.
Comment cards are provided in ihe listing to describe the function of each
subroutine and to identify the principal opzrations within the code.

E.2 PROGRAM UTILIZATION

E.2.1 Capabilities and Limitations

This code calculates the . nt rate necessary to maint2in & 7=70 net heat inp *
into the tank. The capabilities and lir "tatiors “nherent in the model and
analvsis are adequately described in the derivetion of the equatiuns in
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Appendices A and B, and in the preceding section on analysis. The tank
configuration is a flat-end cylinder. The product of the number of tubes,
single-tube length, and tube spacing must equal the cylindrical wall area.

The solution is restricted to the case in which the outer wall of the tank sees
gas only (but it may have a film of condensation), the inner wall sees liquid
only, and the tank top sees gas on both sides.

Since this code treats the transfer of heat from the external environment to
the tank, it will not operate unless the external temperature is greater than
the temperature of the tank contents. Also, as mentioned in the preceding
section on analysis, the code does not permit the complete elimination of

the annular flow regime by setting the transition quality Xc equal to the ini-
tial quality XI‘ If the input data violate either of these restrictions, the
code will skip to the next input case.

E.2.2 Input

The "input variables are listed in Table E-1. Each variable is identified by
a number which precedes it on the input card. All cards are written in the
same format (I3, E12.7). The cards may be arranged in any order within an
input case. The end of an input case is designated by a blank card. The end
of a run is designated by two blank cards.

Data must be input for all variables in the first case. Exceptions for which

default values are supplied are given in Table E-2. In the case of the values
read from the vapor pressure table, either the pressure or temperature must be
input for the other value to be calculated.

For subsequent cases, only those variables are input for which new data are
specified. The remaining variables retain their values from the previous case.

A listing of input cards for a series of test cases is given in Appendix G.

£.2.3 Output

The cutput format is illustrated in the test case output in Appendix G. The
listi g is separated into three sections by blank lines. The first section lists
the input data, the second 1ists solution data, and the third lists some of the
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Table E-1
INPUT VARIABLES

ID No. Variable Name Definition and Units

1 DO Tube spacing (in.)

2 El Single tube length (ft)

3 Y Number of tubes

4 DTUBE Qutside diameter of tube (in.)

5 TWTH Tube wall thickness (in.)

6 T Tank wall thickness (in.)

7 TI Wall insulation thickness (in.)

8 ATT Tank top area (ftz)

9 T™ Tank top thickness (in.)
10 TTI Tank top insulation thickness (in.)
11 HTK Tank height (ft)
12 AKTx Tank conductivity (Btu/hr-ft-°R)

13 AKIx Insulation conductivity (Btu/hr-ft-°R)
14 TE External temperature (°R)
15 TSE External saturation temperature (°R)
16 P External pressure (Psia)
17 TH2 Internal temperature (°R)

18 PTT Internal pressure (Psia)

19 X1 Initial quality in tube (fraction)
20 XC Transition quality in tube (fraction)
21 XF Exit quality in tube (fraction)
22 ACC Acceleration (g)

Notes: Each input card is occupied by a single variable. Format for

all inputs is I13,E12.7. Input No. 12 is assigned to AKT1l, AKTZ,
and AKTT; Input No. 13 is assigned to AKIl, AKI2, and AKIT,
End-of-case is indicated by a blank card; end-of-run by two
blank cards.
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Table E-2
INPUT DATA DEFAULT VALUES

Variable Name Default Value
Y 1.0
AKIx 0.1
TE TSE
TSE TSE<P>
P P<TSE>
TH2 TH2<PTT>
PTT PTT<TH2>
X1 0.0%5
XF 1.00
ACC 1.00

Note: The notation A<B> indicates the value of A is
read from the vapor pressure tabtle as a
function of B by linear interpolation.
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quantities calculated in the course of the solution. A1l data are labeled with
units (B/FDH and B/F2DH are Btu/ft2-°R-hr respectively).

The input data are identified by their variable names which are defined in
Table E-1. They are printed in the numerical order of their ID numbers. The
initial data, describing the tank configuration, are recessed; the remaining
data specify operating conditions. New input data in each case are identified
by a leading asterisk.

In the remaining sections, the single-value printouts are identified by their
variable names used in the code. The double-value printouts are for regions 1
and 2 respectively and are identified by the common heading of their variable
names, with the terminal number removed (i.e., E1 denotes the variables EL1 and
EL2). The last line is an exception, where DPFD labels the frictioral and
dvnamil pressure irop in the tube. These outputs are defined in Table E-3 in
their order of appearance.
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Table E-3
OUTPUT VARIABLES

Label Definition

EMD Total mass flow rate in all tubes

THEX Temperature of two-phase fluid in heat exchanger tube
PHEX Pressure in heat exchanger tube

QEXT Extraneous heat input to tank through top

QR Radiation heat flux to wall

EL Flow regime tube length

QT Heat transfer rate to tube

TS Insulation surface temperature

TC Minimum tank wall temperature

™ Maximum tank wall temperature

HE Heat transfer coefficient at external wall/insulation surface
HF Heat transfer coefficient at internal wall surface

HT Heat transfer coefficient at internal tube wall

) Combined external heat transfer coefficient

TA Characteristics temperature

EN Dimensionless parameter

DPFD Frictional and dynamic pressure drop in the tube

Note: Labels EL through EN apply to two output data for the two flow
regime regions. The variable names in the code for these two
data are formed by adding 1 and 2 to the label.
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Appendix F
I0U/TVS PERFORMANCE COMPUTER CODE LISTING

A listing of the main program, followed by the subroutines in alphabetical
order, is given on the following pages. Preceding the 1isting is the sub-
routine calling sequence in Table F-1 and a glossary of major variables (those
appearing in CAMMPN) in Table F-2. A printout of main program is shown in
Figure F-2.
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Table F-1
SUBROUTINE RELATIONSHIPS IN PROGRAM STRUCTURE

MAIN
INPUT
W
PTABLE
EXTHT
FRECTT
GENTAB

RADHT
HPUTER

GENTAB

FRECON
HINNER

GENTAB

FRECON
HTUBE

GENTAB
OUTPUT

W

W12

PDROP
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Table F-2 (Page 1 of 3)
GLOSSARY OF COMMON BLOCK VARIABLES

Block 1 General Variables

TE External temperature

TH2 Internal temperature

T Tank wall thickness

il Tank wall insulation thickness

DO Tube spacing on tank wall

EL Single tube length

DTUBE Tube outside diameter

P External pressure

TSE Saturation temperature at external pressure
QR Radiation heat flux at tank wall

QEXT Extraneous heat transfer rate through tank top
EMD Total mass flow rate in all tubes

THEX Fluid temperature inside tube

Y Number of tubes

T™ Tank top thickness

TTI Tank top insulation thickness

ATT Area of tank top

AKIT Insulation conductivity at tank top

AKTT Tank metal conductivity at tank top

PTT Internal pressure

HTK Tank height

ACC Acceleration

XI Initial quality in tube flow

XC Transition quality in tube flu.:

XF Exit quality in tube flow

DI Tube inside diameter

PHEX Pressure inside tube

CHIFAC Average value of chi-function used to evaluate F in

subroutine HTUBE
RETA Reynold's number in annular flow region of tube
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Table F-2 (Page 2 of 3)
GLOSSARY OF COMMON BLOCK VARIABLES

Block @2 Region 1 and 2 Variables

Variables for Regions 1 and 2 are denoted by their terminal numbers.
These variables are listed below in the form Vx to indicate that V1 and
V2 are the variable names for Regions 1 and 2.

AKIx Insulation conductivity

AKTx Tank wall conductivity

HEx External heat transfer coefficient

Ux Combined external heat transfer coefficient
HF x Internal heat transfer coefficient

HTx Tube flow internal heat transfer coefficient
ENx Dimensionless variable, N

TAx Characteristic temperature, Tp

TCx Minimum wall temperature

TMx Maximum wall temperature

ELx Flow regime tube length

QTx Heat transfer rate

TSx Insulation surface temperature

Block @3 Properties

VPR(20) Vapor pressure

TSAT(20) Saturation temperatures

NVPR Number of values in vapor pressure table
THV(20) Temperature for heat of vaporization

HV(20) Heat of vaporization

NHV Number of values in heat of vaporization table
TON(20) Temperatures for liquid density

DN(20) Liquid density

NDN Number of values in liquid density table
NCC Number of values in gas conductivity table
€s(10) Gas conductivity

€T(10) Temperatures for gas conductivity

NVV Number of values in gas viscosity table
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Tabie F-2 (Page 3 of 3)
GLOSSARY OF COMMON BLOCK VARIABLES

vs(10)
vT(10)
cP(120)
TCP(20)
PCP(6)
NCPP
NCPT
CP1(20)
CP2(20)

Gas viscosity

Temperatures for gas viscosity

Gas specific heat, function of pressure -1 tempe:::ure
Temperatures for gas specific heat

Pressures for gas specific heat

Number of pressures in gas specific heat table

Number of temperatures in gas specific heat table
Specific heat table at P, function of temperature
Specific heat table at PTT, function of temperature
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O Raiacind okl

PEQCRAM MXIE (IRPUY, OUYPYT, TAFESsINFUY, TAPESSOUTRUT)
COMMUN 7 01 7/ TR TH2,T,T1 00N stb s DTUFE P, ISE QR NEXT)EMD,, THEX Y
B TTM,TTIATT AKIT,AKTT, PT«.FTK.ACC Xl XC, XF.D! PHEX,CHIFAC)RETA
COchh / 52 7 AK11, Ale hF1 Uy HF Y, FTaoEkl TAY, TciaTMi EL1,0T,7812
JAKIZ s AKTE HE2 U2, F2,K12,EN2,TA2, TL2,TM2.&L2.QT2,752
bquoh / 03 7 VPK(23),75aT(20),NVFR, T4V(20).HV(20) NHV,
% Ttntzca.uuczo).\Du.ncc.cst1n>.cTtioioNvV.VS(zn).VTtlo)
§  aCEC126),TCE(20),FCP(6) 1 NCPHNCFT,CPLLEN),CPR(ZN)
1¢ FORMAT ( 35HSITERATION LOUP CCHMFLETED o ERROR =,E9,2 )
1vl FORMAY ¢ 1KW1
DiMEASICN V(3
+RITE ( 6,101 )
1J2 CONTINE
CALL IihFPUT
BL 8 3,14159 « DTUBE/12,
UU 10‘ l L] 1 10

Cesen FLNW REGIME 1LE? LECGTHY AN P RRCR ChiCk AKE CALLULATED ON EackH

FASS THRQUGH THE OUTER LCOP (e FRCR CHFCK STA:TS UN THIRD PASS)
AL = MAy0 ( o/1s L)
+0 108 ko 1,7

Coean TEMFERATUWES, PRUPEQTIES, HFAT ThANSFRR COEFFICIENTS AND RATES

ARF CALCULATEr ONM EaCH PASS ThRoLep T.L [NNER [ O0F
es EVALLATE WEAT ThAMSEER COLFFICIEATS A0 EIUATION TERMS
(¢F C 17 JLEe v ) GO YO 110
CALL FDUTER ( MEL, T81, 1S3, <F* )
CoLL FCUTER ( mb2y TS2,s 152, rE2 )
uG 16 111
113 SONT(NGE
CALL FOUTER ( hEX, TC1, TH1, ki1 )
CALL FOULTER ( kEZ, TC2s T2y KE2 )
111 CONTIAGE
Ul = FEY1eAKIY / ( AK]1 o HE1 o Tlr12, )
L2 3 FhzeAKIZ /7 ( AKID ¢ HEZ * Tl/Z)e, )
CALL FINNER (¢ WF1, TC1, TML )
CALL FITNFR ( hEz, TC2, 12 )
171 = &
IF ¢ KF1 FG, 1) Tty s 15E
TAL 8 ( GF ¢ LP1®Th2e Li1eTT1) / ( HFL1 ¢ L1 )
T12 3 TF
IF ¢ «Fz ,EN, 1 ) TY2 = 7SE
TA2 &8 ( WR ¢ LE2*THDe UreTT2) ¢ ( HFZ ¢ L2 )
BAY 2 SCRT ( ( b3 o UL 3 7 ( AxTy ® T/124 ) ) » DQ/24,
EM2 8 SGRT ( ( HF2 & U2 y s ( AKTZ » T/12, ) ) = DO/24,
TANkL L 3 TANR(END)
TANFAZ = TAMNR(ENZ)
1 3 LD/12, » { TTie T2 )
B2 8 Lo/12, o ( TT2~ Tw?2 )
ES 8 1, ¢ L\ s HbY
B4 = 1, ¢ yi s nFC
IF € EMP (BN, D¢ ) OF1 3 YeBL1e1eEY ¢ ESWQENY
CaLl FTUBE ( wY1. TR, 1)
CALL PTULEE ¢ LT2, TCZ, 2 )
Al 8 TAL¢(ThzeTALISENT/TAiiNNLaL1eFL / (£0*HTL)
Az TAZ*(THZaTAZ)oEL2/TANMANZ L 20F2 / (EU*HTR)
t1 By / (TahMhieHi 1eDp/1%,) ¢ E3 7/ (FOShTY)
be Eive 7/ (TANHNouWE Do)/ 124) © €4 / (RO*HI2)
l¢ K 6Ty 3 ) 6™ Y92 407 REPRODUCIBILITY OF THE
QRIGINAL PAGE IS POOR

~ 1 0 6

Figure F-1 1DU/TVS PROGRAM LISTING
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C weo BEGIN CALCULATION OF FLOW RFGIME TUBE LENGTHS
"EE T IIXCSRTYSES & (XFeXCIeR3T ¢ (AL & R ) —

C1 B (XCeX]) « U2 @ EL / €8

Cz & (XFeXC) o UL o £2 / F§

D4 ¢ CEXY W RT 7 F5 o IXCRIT ¥ B4 770UV & °EL )Y
2 = LEXT o B2 7 ES & (X wXC) © EZ /7 ¢ Y * EL )
ARA 8 1, » (£4eC2)e(HQeBY)

PE 8 C{w(T2=R1) = R{s(CIeT2) «» (T{¢T2) » {,

CL 5 C1 » BL o 1)
“ADIC 2 hiiees e 4,wAne(C
IF T ARS(EAY LT, ARS(BWee2/74,¢TCYY »° 0,001 ) 6O YO 10
BLX 3 ( =BE » SQUFT( KADIC ) ) /7 ( 2,047 )
al 1¢ 104
1(3 ELX s (O, T T T
L 1')5 w 8 1,“:
10% ELX 8 ( »CC = hkLa<aZeAp ) /7 BF
166 JF U ELX LT, ,99%67) GO To 106
kLl s kL
EL2 = C,
GO Y0 40?
1¢o ELY 3 BiXx » [}
EL2 3 FL ~ EL)
£ eva EAND CALCULATION OF FLAW RFGIMF TURE LFENGTYWS
1.7 c(’ler\“F
C ev EVALLATF hEAT TR SEFR RATESR &l SYSTIM TEMPERATURES
21 % ((A1-A2)eY = BA/ELLeREYT) o FLZ / (BileklL2/ELyL + B2)
THEX 3 A1 = f33 * (GIeNEXT) /7 (ELieY)
ATy 8 Yepl el gobl « bgv(Qlo“EhT)
TTZ ® YET 29[ 7eE2 "« EAaN]
TC1 2 ThEX ¢ cT1/tE)oR 1aliTe18Y)
TLe a TC2a
IF ¢ BLZ 3T, 0, ) TC? s THEX ¢ CT2/7(T*EL20HT2uY)
V1 8 TAL o ( TA1 » TC3 ) 7 COSMUEND)
T2 2 1,2 « ( TA2 « TC2 ) / CUSH(EN?)
IF € 77 JLEs A VGO TD 176 B ’
Twg 8 ( TCL ¢« TM1 ) » C,5
TS & Thl o T1/732,%L4/7AK1L » ( YE: - TJJ, )
TW2 v { TC2 ¢« T2 Yy » 9,5
TS2 8 ThZ 4 T]/1Z.,0U2/AK12 o ( TE = T2 )
1°& CONTIANLE
C «a EFRCR CFECK™ -~ — 77 7
L8 1 = ((1=1)/5)03
viL) 8 ¢nr
IF €1 ,LT, 3 ) 6% 7D (02
AVV 3 ( V(1) ¢ VI2) & vi3) VY /3,
EF 3 (AFAX1CV(1):V(2)0V(S))-Aﬂlﬂi(V(l),V(2).V(3))) / AVvV
IF CER JIT, 200317 GATD AT9
122 C(.'NTU\UY:
“RITE ( 6, 42 ) Lt
149 CALL CLTYPUT
WU T3 120
e.D

.QTﬁE

L VS
.ﬁnonUbw:é:E B POOR
et
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(9]

B - 190 vAo i 17 S R '
CuMMCN # €3 vvucza).mu(?o).uvpn THY(29) ) HV(20) yNKY,
F O OTLNCZGYoDN(20 » D iCC, 08¢0 ), CT(10) )N VY VS(1n) VT(ig)
T oCF‘lZU)ITCF(Zﬁ).PCPté)ik’PD.QCGTnC?ltiﬂ),CPZ(ZQ)
ssvw VAFCR FLESSLRE ( Ch » PSIA )
SJATA  WVPIL 7 14/, T§A1¢11. I =2 1014
S /21.'(7.',\C..3d 5 3’.'37 'GC.|42.5 4"047 L) 500.52|J|55..57 R/.
¢ ( VFR(1Y, | 2 1,14 )
9 /10102.104.n‘|7!11..17..?5.!54.046|bn62q!82;0104n0130.n150./
wee WEAT CF VAPCRIZATION ( CR w PTUZLB )
UATA  NpV /7 1%/ ( THY(TL!, 1 5 4,13 )
R4 é&t. 28.0 zoll 32.. 70 45.' 45.: bU]! 53.. bb..s%..§9.|59|4/0
¥ t HVEIY, I = 1,13 )
N2 T 0168 098, 10187 001750013340 134,,1U500704040,40, /
sse LIOLIL PEMSTITY ( 0R = (n/F73 )
CATA UTN 7 22 /7 L TDNU1), 1 8 1,20 )
/ey 4 310, OB, , 4G, 2 44, , 45, , 46, , 47, » 4B, , 4G, ,
Sy oy Fle s P2y a0 B8, 0 B4, 4 S5, 4 S0y ST, 0 284 0 N5, /s
( ThEDYy 1 3 2,20 )
7 4,E0, 4,62, 4,44, 4,26, 4y bk, 4,02, 3,97, 3,91, 3,39, 3,73,
So71, 3,64, 8,56, %4k 1,09, 2,29, 3,17, 3,r2, 2,85, 2.5 /
ess GAS CCONTUCTIVITY ( QR o« RYL/FTehRe(R )
SATA (CTCT s lzleS) 7 35,,147,,240, /4y NCC /7 3 /,
¥ (CoClysf=l,3Y /7 ,0062,,0327,,7644 ¢
tws GAS VIGCOSITY ( 2R e LR/FTenR )
DATA (UTC1)3122017) /7 3304000850052 008000714065 00001491380,9200, ¢
S VSIS 152,13) /7 00216, ,00270,,L0% 000086040043 ,,00485,
L0877, ,3060470 30791, ,014" / 4 NYV /4 10 /
sax GAS SFECIHIC LEAT  ( 2R,PS1A « RTL/Lbegh )
dAT“ LF / 2.55.4-510?.50.?.49ob*2.45a?.4902.51.?;5502.6002.77.2.97
00-¢10uon2‘f.5?-«.67o2 6" .,.’0.2 54'-|8302|b?'g!51'3*2|5002|41|
alv”lto bvc.blnd 77!? G~ .-.(1 0.0 v/ 96’2 70 2y bﬁ!? 6?’2,‘8p2 5¢
16455,2.%4,2, 550¢'r 52.2.5“ Tk, 2, 5)02|78 2, 90 342240 ,1803,28,
24 V'neorzoc 73;«.6302 640(.5102.590:.57!2.55p?v5732o59¢?.64o2.79
1 3000,3,24, .4*4,2G.3,49,.’,1u,2,9?.;,92-2.75,?.69.2.b‘:,2,6$,2,.:0
124 CL.(.‘cuZ.ﬁbo?.Elps.Cl.1.rdn3.05".60'3.55g3|1°02.9501.84n2.77
'2|7Z.;.6802.°4'?.6302.65.?.('8.2.820"'(72'3.0-%.0! /l TCP / 25.,30.
135,040 ,,4%,,80,,%€ 060 18% 0700780 €00090400100,0110,4120,0140,0
1€ aAB0 al, 79 PCP 7 444707 ,35514:0742904094,1958,.8 /
DATA NCFP. w(PY / 64 19 /
A I

2 P Wt T e

T NI D eI
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T SUBROUYTINE EXTRT

Coeen

CALCULATE EXTRANEGUS HEAT TRAMNSFER THRQUGH TANK TOQP
COMFON /7 01 7 TE)THR, T, T14DNsEL CTUBE, P, TSE, QR QEXT EMD ) THEX, Y

T A TYV YY T AT Y AR I T ARY Y PY Y RTR ACT RT y XC  XF, DT PHEX , CHIFAC, RETA

172

1°4

ot

Conny

11 s 1

1% & W2

T2 8 T3 3 T4 3 ITLeT5Ye, 8
SO 1C1 1 31,8

CALL FRECTY ¢ AL, (Ty#T2)»,%, AHWS(TieT2)s P )

A3 & AKYY 7 ¥fm v 12, ¢ v o o

CALL FRECTY ( A4, (Td4+15)+,%, AHS(TA4eTSY, PTT )

IF ¢ 171 6T, 0, ) GO ™0 102

T2 = (AJSA43TICATE(AI4RAVETIT / (BL5ATSA18A4+4A3+A4)
Ta 8 12

Gt 1y 1903

CONTINCF o T e e

Az 3 AKIT / 111 + 12,

T2 8 (AZoA3*AdeTHOALIE(A20AT4ASA44AT+14)9TY) /
¥ (CATSAZ2)SCADOASHACHAGFANAGINAZIVZOLAZOAL))

T3 8 (a3mA4+*TReA2w(AT¢Ad)*TZ) / (A2%AT4AZ%AG+AZ+A4)
CONT I

T4 8 CASUTHHATSTS) 7 TAZeA4)

SEXT 8 A3 ¢ ¢ TS « T4 ) % ATY

CONTINLE

HETLRN - - T T e e

({97

SUBKGUTINF FRECUN U WH, DTy X RRT,BET,CP,0CN, VIS )

CALCLLATE FREF CONVECTINN CCEFFICIENT AT TANK wWALL

COMMON /81 /7 TE,TH2, T, T1aDNeFLsCTURE, P, TSE,,QR,QEXT EMD, THEX Y
T TN  IT L A ARIY AKEY ,PYT ) FTR ACC ) XT ) XC XF, DY PHEX,CHiFAC:PETA
uil 8 RAMC#»2 » BET e ACCw1,266F407 ¢« DT s Xes3 / VIS*e?

Phos CF » yls / COK

Hh 3 C,T5«C0N/X * ( GR » FR ) s ,25

rETURN
-tLD ) .
THE
orguucIBILITY OF
N LGINAL PAGE IS POGR
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SUBKQUTINE FRPECTT ¢ FR,YF, TY, FE T
Ceeswe CALLULATE FREF CUNVECTINON CCEFFICIENT AT TANK TNP

LOMMEN 2 01 / TEaTH2, T, T1)CCoEL CYURE P, TSE QR TEXTIEMD ) THEX, Y
T TN TTL,ATY JAKIT,AKTY  PTT b T ACC ) K1) XCyXF,DT)PHEX,CHIFAC/RETA
COMMUN 7 €3 7 VPK(Z20),TSAT(20) " IVFR, TV (20),HV(20),NKV,
S TR (20 DN (20 s NN, NEG, TS0 ), CY 0L VY, VS0, VT(10)
S ZC0EC120),1CFR(20),PCP LAY NP, NCFT,CPL20),CF2(20)

VAT 1k, ivelC / iey /

JATA  wiK / d,iB0} /

REC 3 WLCR » PG /7 TF

LeTt 3 4, / TF

CALL GprTak ¢ TFy CPuy 8, I¥y T2k, CPy, ANCPT

CALL GFNTAB ¢ TH, CO+G, 3» 1C, 7T, C3, MCC )

CALL CT*Tak ¢ The VIKG. 30 IV, VI, Y5, HVV )

Fh 2 (SesCONG oK es 2wy ETialP e ACC 1 ,290E*07/(VIOGILONG)e DT ) we, 333
RETU RN

D

SUBRCULTINE GEATAH ( Ty F, Lo 1y Xy Yo 0 )
Cowes GLNLKAL TAELL KEA ER (L INFAR TLTERFTLATIC:. DR STEP FUNCTION)

JIMERGIEN S X(1)e Y(1)
IF O T « ¥(1) ) 120, 2c4, 1M1

1oc IF €1 ,BG, 1) G TO ¢ 174, 254, 106, 104, 106 )y L
] 81 » 1
iF CT w xgly ) 270, 134, 13

174 IF C 1 JkGy t ) uC TN € 104 1N4, 10%, 105, 104 )y |,

l =21 +1
IF 7 =~ %Iy ) 122, 1c4, 1rl
1¢ 1l =1 «1
123 0 TC ¢ 14, 106, 100, ACr, 1.8 )y L
104 K 8 V(]
e TLRA
1:5 1 81 =}
106 % o8 YOUI) ¢ (1-XC1)) /7 ¢{(Jed)=p(1)) & (VIIel)e¥Y(]))
Wi TLWA
(A
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SlbholYing FyrbER ¢ VB, To, T0 )

—— Geen—iih | +«+hs+£-eﬂb&+4ﬂ+r%+~e+-vwﬂe«~~tkt-+b+¢&+ﬁ- =
WEME SN 0y 2 T T T YL, D% L s LT By b, 15,47, ]hXTaFNu.THExuV
.11P,'r1,ﬂr?.aaz AL TY b T Y TR GO VY XU G RE a1 PEX , CHIFAC, 2B TS
TUMMER 4 € 7 \PP\zﬁ).TGATch),MVFR.T**tE“).HV(?O).NuVo
T OTLACZ ) BN (20 ) s (Ut G NCCHCSEL )W CTCICY VY, VSIL0),vT(10)
" oCP(lcC).TLF(?').’Cp(ﬁ).hfPFn'C”T Cr1¢ei),CP2¢20)

MAaTA L L W S B

Xk Bl ‘ufl‘ 4 .ll‘ r
LETL = ¢,y
DT =& [~/24,
C wee  1GHER TERBERATURE 2EQI0N
TLF 3 (TM ¢ TH2) * %
Call GEdTap ¢ TLEs “LFs 3. 10, TLNy U ' A7)

— e A 50—
wISL 2 2,0C0%ez = 1, 11Ee3 & ( TV e 40, )
SINL 3 &,37kal o 7/ 30Fed o ( TLF e 30, )
Gabl FRECON ¢ BLyASS¢T4aTH2 Yy LXT ) TLF ) ~ETL,CRLICONL I VISL )
C sex OWER  TEFPERATURE REGION
TLF & (THZ+TC) ¢ o5

- b2 F 3 — AR
"*L“E‘*a.lﬂ‘(ﬂ.f’-?ﬂ.)
SUANL B (. 175a? + 7,%0Fed » { TLF e 20, )
visl = ,xGL-r = 1,11Fed » ¢ TLF e 43, )
uebl Fu FCON ( B0 SeTH2eTCY o " XToLLFy (ETLoCPLICAINL,VISL )
C »o  AVEFACE HEAT ThauSFER COEFFICIEMT
— ..L__'_L ui & :_; }Aig

.o‘

< 1\ F!r\
0 T

_usiuiTY OF THE
QBKHNAL,PAGEISIKxni
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- SUBROUTINE WOUTER—t HE;—TCi T X —  —— "~ -———" -~ =~
coese HEAT TRANSFER COEFFJCIBNT CN OQUTER WALL (GAS ONLY)
COMMON 7 04 7 TE2TH2:T)T1CO0LEL,DTUBE.PoTSE/ORIGEXToFNMD)THEX,Y
S CTTMaTTI o ATT e ARIT ARTYT, PTT  HTR ACC/RT W XCsXF D1, PFEX,CHIFAC,RETA
COMMON 7/ 03 7 VPR(20),TSAT(20) ,NVFE,TEV(20):HV(20) 4 NHY,
T TDONC20)+DNC20),NDNINCC,CS(10),CTC20),NVV,VE(10),VT(40)
B LCP(120),TCP(20),PCP(6)NCPP,NCFT,CFL(20).CP2(20)
DATA WQR /7 0,1880 ¢/
DATA 1M 1D IC)IV,IK # 5 s 4 /
KF 2 0 ’ oo
TWs(ITMeTC) s B
IfF ¢ TWw ,GE, TSE ) GO TQ 101
C wee¢ CONDENSATION HWEAT TRANSFER
KF 3 1
XLF s Dg/12,
TLF = { TW « YSE ) ¢ .S
CALL GENTAB ( TLF, DLFs 3¢ IDs TDN» Dhs NDN )
CALL GENTAB ¢ TLF, Hs 3, Ihy THY, HV, NHV )
CONL % 0;177Ewd ¢ 0,20%E-0 & ( T(F = 0. )
VISL 3 8,34E=6 = 3,075B«7 & ( TLF » 40, )
HE = seoo #( ACCODLF*s20H*CONL**3 /7 (4 *XLF*VISL*(TSEnTW)) )*®0,25
REYURN
C *es FREE CONVECTION MWEAT TRANSFER
101 CONTINUE
1F ¢ (TM=TE) LT, 0O, ) GO TO 102 o
C *o FOR WALL REGION WHICH 1S AEQVE EXTERNAL TEMPERATURE
DXt = Dg/24,
TF s (TMeTE)¢,S b
CALL GENTAB ¢ TF, CPG, 3, IK, TCP, CPl, NCPT )
CALL GENTAB ( TF, CONGs 3+ ICs» CT» CS, NCC )
CALL GENTAB ¢ TF, VISG, 3» IV, VT, VS, NVV )
BETG = 1|/TF
RHOG 2 WOR » P / TF
CALL FPRECON ¢ H1,{TM~TE),DXT,RHOG,BETG,CRG,COMG,VISG )
C ** FOR WALL REGION WHICH 1S BELAW EXTERNAL TEMPFKATURF
TF 2 (TE+TC)»,S
DT =z ABS(TE=TC)
FF 3 1,
GO T0 103
102 CONTINUE ' B
C *+ ENTIRE WALL COLDER THWAN EXTERNAL TENMPLRATURE
DXT = HWYK
HL =« 0, )
*F © 2,
TF s (( YE ¢ Tuw ) » .5
DY =2 TE o TW
103 CONTINUE
CALL GENTAB (¢ TF, CPG, 3, IK, TCP, CPL, NCPT )
CALL GENTAB ¢ TF, CONGs 3¢ ICs» CT,» CS,» NCC )
CALL GENTAB ( TF, VISGs, 3» IVve VT, VS, NVV )
BETG s 1,/TF . _
RHOG & WOR = P 7 TF
CALL FRECON ( H2,DT,DXY,RNCG,BETG,CPhl,CONG,VISG )
€ *s AVERAGE HEAT TRANSFER COFFFICIENT
HE 3 ( WL o FFoH2 ) & .8
RETURN
END

. - . ' -
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~ SUBROUTINE NTUBE { MT—1C, K 4~ ~—— — == oo o oo
Cesee HEAT TRANSFER COEFFICJENT INSIDE TUBE
COMMON / 04 7 TE TH2: Y9 TIoLO0.EL DTUBE P TSE/OR.QFXTEMD, THEX, Y
$ }TYMcYT!oATTiIK!T?lR?T7?TT}HTKTIUCTXIFXC?XF}UTIPFEXTCHTFICcRETA
COMMON 7 02 / AKILsAKTA HEL JUL, HFL HTL ENL» TALTCY)TMLVELL,QTL, TS
$ 2AKI2)AKTQ,HE2 U, HF2)HTR,EN2, TAR,TC2,TH2,EL2,072,TS2
COMMON ¢ 03 / VPR{20),YSAT(20),NVPR, THV(ZU),HV(20),NKHY,
$ TNM{20),DNC20),NDN.NCC,CE(10),CTC30),NYV,VB(L0),vT(10)
$ LCP(120),TCP(20) PCP(6)INCPP,NCPT,CF1¢(20),CP2(¢20)
DATA 1P IW,IRVIH,IC,IV 78 1 /, ROR 7 O IPBD 7/, P1 7 3,141%99 /
CALL GENTABR (¢ THEX, WNIVY, 3, IH, THV, HV, NNV )
EMD = ABS(OT1) 7/ ({(XCeX])®pTVT)
CALL GENTAB ( THEX, VISG, ¥, IV, VT, V5s NVV )}
IfF ( K ,EQy, 2 ) GO 70 101
C oes REGION 1 » ANNULAR FLOW
C *s FORCED CONVECTION COMPONENT
CPL 2 i.z ¢ 0007 e THEX b4 200 )
CONL 8 6,37E*2 ¢ 7,39Em4 * ( THEX = 30, )
VISL & 3,00E«2 » {,41Ee3 * ( THEX » 40, )
PR o CPL o VISL 7 CONg
RETA ® 48, & EMD 7 ( P] « VISL » D] » Y )
MC = 0,276 o CONL 7 Dl » RETA®»0,8 » PR*n0,4
€ s¢ BOILING COMPONENT
CALL GENTAB ¢ THEXs PHEX, 3. IP: TSAT, VPR, MVPR )
RHOV 8 WOR « PHEX / THEX ' ‘ ’
CALL GENTAB ( YC , PSW) 3¢ lwse TRAT, VPH, NVPR )
DP = ABS( PSW « PHEX ) & 144,
CALL GENTAB ( THEX, RWOL., 3, IR, TPN» DN, NDN )
DY = ABS( TC = THEX )
GE 3 ACC » 1,296E407
SI6 2 1,6E=04 « 0,D8Eal4 & ( THEX » 32, |
PREOEF s ( RHOL/(WOROPHEX/THEX) )ee0,5 * [VIBGL/VISL)»»0,
F ot 1, ¢ 2,25¢CHIFAC*PRCCEF )o»0.8
Ss 4,/ 04§, & ,J05Ca0% ¢ ( Feel 25 » RETA Jwoi, 1% )
HB 3 §%,001229CONL*s,79¢CPLos 45sRN0L**,49/VIEL"e ZOe(GEsDPesd/
% SiGee2)es 258(DT/HTVYT/RHCV)®», 24
C *s COMBINED HEAT TRANSFER GOEFFICIENT FOR REGIOF 1
HT s HB ¢ F » H(
Go To 102
101 CONTINUE
€ #ee REGION 2 o DROPLEY FLOQW
CPG = 2,0 ¢ 0,05%6 » ( VHEX « 20, )
CALL GENTAB ¢ THEX, CONG, '3, IC, CT, €S+ NCC )
PR = CPG » VISG 7 CONG
RE = 48, » EMD 7 ( Pl & yISG » DI » ¥ )
HY & 0,276 « CONG / D] # RE#u0,8 « FRweD,4
102 CONTINUE )
HT =2 AMAXY ¢ KT, 0,1 )
REYURN
END
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——SUBROUTINE TNPUT— -

Cesas

101
118

100

110
C eas
104

114

103

C wue

. THe

$
$
$
$

"AKY}

INPUT, INITIALIZE AND PRINTY DATA

COMMOM ¢ 04 7 TE,TH2o Ty TIoLO0,EL NTUBE)P» TSE:OR+QEXT)EMD, THEX, Y
ST TM YT L AT T W AR T S AKY T, PTT, RYK ATC R IG YT XF, DT, FREX, CHIFAC,RETA
COMMON ¢ 02 7 AK11,AKTL,HEL, UL, HFL,HT1,ENL,TAL,TCL,THML,ELL,07L,T5)
1 AK124AKT2 HE2 U2, HF2  hTR,EN2,TA2,TC2,TH2,E1 2/0T2,T852

COMMON / 03 / VPR(20),YSAT(20),NVFR,THV(20),HVT20),NHY,
TDNC20) 4 DNC20) o NDN/NCC,CS(10),CTC10) ,NVV,VB(10),VT(1D)
«CP(120),TCPt20),PCPLO)INCPP, NcPT.C!ltap),cpaczo)

‘DIMENSION VI(Z3), 0(2%)

o e v————

DATA AST, BLA 7 qNs: oM /s V 7 250 /,

FORMAY ( 13,E12,7 )

CHIFUNCA) 8 ( A / (1.0A) Yeonp,0
CONTINUE

KSF =z 1

ICH! = ¢

EMD = O,

DO 110 ] = 1,10

0t1) = 0,

READ DATA

CONTINUE

READ ¢ 5,101 ) 1l,Vv

1

IF ¢ 11 ,EQ, 0 ) GO TQ 105
i
8

: VYV

ottty s ¢,

KSF = 0

GO T0 104

CONTINUE

WRITE ( 6,115 )

GO T0 100 )
CONYTINUE™ ~ ‘
ASSIGN VARIABLE VALUES
Do = v{1)

EL = V(2)

Y g V(3

DIUBF = V(4)

TWIR s VI8) o T
DI = DTUBE « 2,9TWTH

T z V(6)

T 8 V(7)) T -

ATY = V(@)
TTH =z V(9)

178 Loy~
HTK & V(11)
AKTT a V(12)
AKT1 3 EKT?T
AKT2 3 AKTT
AKIT = V(13)
“AKIY
AK12 & AKIY
TE V(i4)
TSE = V(1%)

P V(16)
V(i7)

193

'EQD 0 OAND| KSF OEQ. h ) STOf
.EQ, 20 ,0R, 1! ,EC, 21 ) ICH] =

. — -

IS 7 17/
FORMAT ( 43KOw o o » THE AEQOVE CASE DID NCT PUN # # » » /)



102

107

106

108

ite

113
111

C #so

PTT
X1
{
XF
ACC

IF (¢ TSE ,GY. 0,

v(is)

VLey -

V(o
v(21)
Ve22) » 32,48
CALCULATE OR ASSIGN DEFAULT VALUES
IfF ¢ Y LEy 04 ) ¥ ® 8,

IF ¢ 0tg6)

CALL GENTAB ¢ P, TSE., 3,
CONTINVE
IF ‘ TE oLEc ol

IF ¢ 015) ,

IF ¢ P ,GT, 0, ) GO TD 307

IF ¢ Q€45 ,

CaLl, GENTAB ¢ TSE, Ps» 3, IS, TSAT, VFF, NVPR )
CONTINUE '

GTl 0. , 0‘15,

GTy 0, ) 0€14)
GT, 0, ) 0t16)

) TE = 71sE

) GO Y0 102

LI

s 3,
s 1.

IF ¢ tH2 ,GT, 0, ) GO Y0 106
1F ¢ 2¢18) ,
CALL GENTAB ( PTT, T¥2, 3

CONTINUE

Gty 0, ) 0€17)

z 1.

IS, VPR, TSAT, VPR )

1S+ VPF, TEAT, NVPR )

¢ ¢ PTT ,67. O, ) GO 7O 1°8

IF ¢ 017}

.GT. 0.

) 0€18)

CALL GENTAB ¢ TH2, PTT, 3¢
CONTINUE
IF ¢ X!
1F (¢ XF

IF ¢ ACC

OLEQ

LE

0(1) s BLA
Go 10 111
0¢1) s ASY
CONTINVE
PRINT INPUT
CaLL W ( o+
CALL W t &M
CALp W ( 6M
CALL W ( 6H
CALL W ¢ 6H
CALL w { 6H
CaLL W ( 6H
CALL # ( &M
CALL W ( 6M
CaLL w ( éH
CALL w ( &M
CaLL W ( 6H
CALL w ( 6&H
CaLL W ( 6HT
CALy w ( 6HY
CALL % ( 6HP
CALL W ( 6HT
CALL W ( 6HP
CALL W ( 6HX
CALL W ( 6HX
CALLL W ( 6HX
CaLL W ( 3HaA

0, ) XI = 0,05
LE, 00 ) XF 3 3,

s 1.

1S, TSAT, VPR,

s 0, ) ACC = 52.16
MARK NEW INPUY VALVUES
00 111 1 = 1.22

IF (0(1)) 112,112,113

DATA
DO [} DU [
EL ] EL ’
Y N Y (]
DYUBE, DTUBE
TWTH G TWIR
7 | ’
T! » T! ’
ATT , ATT ’
TTM » YYM [ ]
Ty o, 17} '
HYK , HTK
AKY ’ AKtl ’
AK! ) AKII [ ]
E » TE ]
SE ’ TSE ’
, P ’
H2 » TH2 ’
T ’ PTT [
l [] Xl ’
C » xc ’
F N XF ’
’

CCs» ACC/32,16

6KIN
6HFT

6H

6KIN
8hiIN
6HIN
6KIN
6KHS0 FT
6MIN
6KHIN
SUFT
6HB/F D}
6HB/F Dk
6HDEG R
6HDEG K
6HPSTA
6HOFG R
6HPSTA
6

6K

6K

6+G

184

- ™ W W M W W W WY WM " V" WU W WG W W W V" W W™ ™

C1)
02
Ges)
Ccay
(I L-3)
Ceo)
L7
0(8)
G(9)
(10)
JES )
¢12)
C(13)
C(14)
€(i3%)
Ct16)
a7
0(18)
ce(19)
((20)
veey)
Ct22)
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Nt Wt Wl et wh ul et i

NVPF )



C o9e

109

C wse

105

IF ¢ TE .LE. TH2 ) GO 70 114

I U XCHLE, XY GO YO I8 o T
ASSIGN INITIAL VALUES T0 STARY ITFRATION

TMe s 1,01 » TH2
™2 s The

TCYL = 0,99 » TH2
Tce s TCI

THEX 9 TCL = 1,0
181 = 0,
182 = 0,

tF ¢ Y1 LE, 0, ) GO TO 109

1S4 = ( TSE « TE ) » 0,5

Ts2 s 181

CONTINUE

EL. 3 AMAXL( XCes3, 0,1 )

EL2 = E{ = EL1

CALCULATE OTHER QUANTITIES USED IN SOLUTION
CALL PYABLE ¢ P, CP1 )

CALL PTABLE ( PTT, CP2 )

CALL EXTHT

CALL RADHY

1F ¢ ICH! EQ, 0 ) RETURN

H'e ( XC = X1 ) 7 300,

X g X%}

YSUM 5 0,5 & CHIFUN(X)

DO 105 1 = 1,99

X g X ¢ H

YSUM & YSUM ¢ CHMIFUNIX)

IF ¢ XC LT, 1) YSUM =z YSLM ¢ CHIFUN(XC)»0.5
CHISAC = YSUM 7/ 100,

RETURN

END
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SURRILTINF CUTPUT
., Couene Yi AT SCLLTION DATA
; COMMON 7 0L 7 TEaTH2, T 11 a0 FLCYUREF, TSE)QR ) DEXT £ MD, THEX, Y
TN T AT ART T AT PTT 1TK,)aCC ¥ X0, XF, D1 ) PHEX,CHIFACRETA
1 COMMLN 7 02 7 AKT1 0 AKTL, W1 U1 g HF Sy kT ENT TAL,TCL, Tl ,FL1,6T1,TS1
K .Ahl?‘pAKTaaHl:ZQL& ' lFE."‘T?a(’.ﬁZ.T‘F.TCZ.T”-?,E‘L?oQT(.TS?

o TLRMAT ¢ 1k )

; GG PURMAT ( Sk .-.7(“".----.,/ )
1Ty ( 6, 96 )
CALL ® ( 6REL" » FME v AKLF/HR 1k )
CALL w ( FpTREX ), THEX 4 &HIER R 4 1tk )
CALL W ¢ éFFREX  , PREX  , ERISTA  , iM )
CALL & ( ER3EXT  CEXY 4 AKTTH/RR, {W )
CALL A (¢ &k2R s Ok s ARFTO/RR, ik )

CALL widZ ¢ 3Inil o FL1, FL?y 6AFT )
VALL w12 ( 2n6Ty 7L, QT24 AKTTU/RP )
WALL W1l ( 2W18) 181, 1520 ER}EG R )
(
(

v e g me g oarp

~

CaLL w17 ¢ 3w1C 4 =1, T(C%¢ &HLFEG R
CALL wiz STV ,  Thi, THZ, EYLFG F )
cRITe (6, G9 )

Lall wle ( Skkk 9o MHEL, rkse HEZFZDH )
CALL w17 € 3WkF o HFL, HF2, 6UB/FZD: )
CALL wlo ( JerY , HTL, HTS, EHB/FZLW )
CALL wiz ¢ 34 Ui, U2 EMBZFZDY Y
CALL WiZ ( SHTA o TAL, TAZ, &HLCEG R )
LALL Wiz ( Swnel FM3, tND, &Y )

ALL Fiyae
SFITE ( 6, 90 )
fETLRN

- elD

Ty OF THY
N u‘.;‘\—l“’l ‘ OF

RGOl 7AGS I KB

196
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T SURROUTINE PDROP T T Tt
Cese* CALCULATES PRESSURE DROP IN THE TUBE (FUR QUTRUT OANLY)

COMMON / 04 7/ TE.TH2oToT1sL0,EL DTUBE P TEE-ORIQEXY ) FMD, THEX) Y

S LTTMI YT AT ARTARYY, PV RIR, ACC T R XU XF DT, PREX, CHIFAC,RETA

COMMON / 02 / AK110AKTL,HEL UL, HFL1, HTL.END, TAlaTCloTMIoEL10071 1S3

$ ,AKlzoAsz.HEz.uz HF2,MT2,EN2,TAR,TC2,TM2,EL2,Q72,T782

COMMON 7 03 / VPR(20),YSAT(20),NVPR, TEVI20),HVIZ20),NHV,

$ TDN(20),DNC20),NDN/NCC,CS€210),CT(R0),NVV,VE(10),VT(20)
$ .CP(120)oTCP(20)oPCPCb)ahCPP NCFT) CF1(20)oCP2(20)

DAYA 1D/ 1/ Tt T -
RHOV = 0,1880 s PWEX / THEX

CALL GENTAB ( TWEXs RWOL, ¥ IDs» TDNy DN, NDM )

FL = 44, / RETA

IF ¢ REYA ,GT, 3000, ) FL = 0.316 / RETAes0,.25

(4,¢EMD/Y/ (3, 14159-cnl/12.)--2> Yen2 /7 ( ACC#1,296E907 )
E*FL /7 ({ 2, » RHOL * D1/12, )

A * ( RHOL/RHQV = 1, )

€ / ( RHOV & PHEX®144, )

8 ALOG ( 1, ¢ C & (XCeX]) / (1,+CX]) )

DELPF 8 EL/(CO(XCoX])) & ((AeBeX1)*DeL/Cu(C*(XCrX])e(g,»CeX])®D))
DELPD s PHEXs(RHOV/RHQOLw1,) » D

CALL W12 ( &HDP F D, DELPF/144,, DELPD, 4HPSIA )

RETURN

END

oD D> m

SUBRCLTINE PTABLE ( Fo CEX )

Coeus GENEMATE & TaplE OF SPECIFIF HEAT AS & FLNCTION OF TEMPEKATURE AT

C

TR
€r»C2
owu

[LPUT PFESSULRE P FROM 4 T#0eVARTARLE (TEMPLRATYPE,PRESSUKE) TARLE
CCMPGON / CX 7 VPR(2D),PSAT(20),IVFR, TviV(ZN) KV (20) NIV,
T PLNCZC)oDAN(ZC) o DMy NECE, 08020 ),CTEL10YaNVV,VS(10),VT(10)
S gLPULEUY P TOF(ED) PO 6y INCPE yICKFT,CP1(20),CP2(20)

DIMENSIeN  Ux(20,2),CFXtY)

ECULVALENCE ¢ CP, CX )

PIF 3 3,
0 163 1 = 2, CPP
11 = 1

IF C FCP(TY ,LTs P ) GO TC 10

PIF 2 { P = PCPCI=L) ) /7 ( FCF{1) = FIP({I~1) )

IF ¢ FCF(1) ,cEy P ) HIF =2 n,

ulh T 406

CONTINUT

CUNTINUE

Peo1p7 o= 1,0CPT

CEXCL) =2 €1, 11e1) & PIF &« ( CXC1,11) = OXCL,11"1) )
KETLRA

)
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e e ) A e

SBUEKCUYINE RAPWT
Cooan CALLLULATE RACJATI N kAT TRANLSEK
COMMCN 7 01 Yo Th2, T, T 00N ot LoCTURE (P, TSE, OR  OBXT oMU, THEX, Y
T OTTEoTTloﬁTTo‘K1T.AKTT.VTToPTK.ACC.Y[.XC,XF.DI.PHEX.CPIFAC.GETA
Y IO '
b TLEA
L p

SUFRCLTINE ¥ ¢ T, D, U, £ )
Coses RITE SINCLE CLTFT ninapk
1.0 PORMAY € Ax A1 ght ) 3m & (55 430X A6 )
1 3 FORMAT ¢ 4X)Aa1908430: = RV, Pa Xy AE )
bo® outy (L)
IECA (LT, 2,0 ,00, & Lk, 1030, ) 4 17 122
AITe ¢ 0,138 ) 0, T, (. U
HETL RN
L1z CONTINGE
SFITE ( 5,101 ) 0, T, 2, U
NETLh
gt o

TY O 2
prPRODU C??'J:I‘w v POV R

Py
108



-~ —-SYBROVTINE WIZ T o DI DR T Y —

Cesse
104
102
103
104

10%
106
107
108

WRITE TWO OUTPUT NUMBERS (LSUALLY REGJON 1 AND 2)
FORMAT ( 5X,A0,3H 3 +F9,403X,F9,4,2X0A6 )

FORMAY ( BX A& 3H T HEY, 27X FT 4 BX0AD Y~ R

FORMAT ( 5X,A6,3N & ,F9,4,3X,E0,2,8XA6 )
FORMAT ( SX,A8,3H s .EO.Z.ZX.E9.2.2X.A6 )

N eyt o I o

A e ABS ¢ D1 )

lF ‘ A .LT. 0001 00R0 A oGE' 10000 ’ '\ & N b ’,
BgABS ("D )Y — "7 7 T o T
iIF ¢ 8 ,u7, 0,0, ,OR, B ,GE, 3000, » N ® N *+ ¢
G0 10 ¢ 10%, 106, 107, 108 ), N

WRITE ( 6,101) T.D%,D24 U

RETURN

WRITE ( 6,102) T,Di,0D2, U

RESURN ~ — ‘ 8060 Y

WRITI ¢ 6,303) T,DL,N2, U

RETURN

WRITE t 8,104) T,D1.,02, U

RETURN

END
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Appendix G
IDU/TVS PERFORMANCE COMPUTER CNCE TEST CASES

A listing of the input deck for the test cases is given in Table G-1.

Definitions are given in Table E-1. A complete set of input data is given in

the first case; each subsequent case includes only the data to be changed from

the previous case. Each case is terminated by a blank card; an additional

blank card ends the run. The end-of-file note on the listing is for clarification
only and is not a part of the deck.

In these cas<s, the external temperature is varied over the values 40, 45, 50,
60, 80, 100 °R for two intern:1 pressures, 20 and 25 psia. For the conditions
of the last case of this series (100 °R external and 25 psia internal), the
transition quality in the tube flow is given values of 1.0 (no mist flow
regime), 0.05 (no annular flow regime), and 0.0501 (negligible annular flow
regime).

The tank configuration consists of two wall-mounted tubes, each 35 feet in
length and spaced 2.5 inches apart on the tank. The tube outside diameter is
0.25 inch and wall thickness is 0.032 inch. The tank height is 2.8 feet and
the erea of the top is 4.4 square feet. The wall thickness is 0.5 inch and

the top thickness is 1.0 inch. Insulation thicknesses are 0.25 and 0.5 inch on
both wall and top. Conductivities of the wall and insulation are 90 and

0.01 Btu/ft-°R-hr, respectively.

For all cases, the external pressure is 15 psia; the external saturation tem-
perature is taken from the vapor p-essure table. The internal LH2 temperature
is also taken from the vapor pressure table, at the internal pressure. The
transition quality in the two-phase tube flow is 0.85 for the first 12 cases.
Default values were used for tre initial and final quality in the tube and the
acceleration level.

The output from the above cises is given in Table 2; cases | through 13 are for
the 0.25 inch insulation, and cases 14 through 28 are for the 0.5 inch insulation.
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Table G-1
TEST CASE INPUT DATA LISTING

1 3.5 14 40.0 -
2 35.0 14 45.0
3 2.0 14 50.0
4 0.25 14 60.0
5 0.032 14 80.0
6 0.5 14 100.0
7 0.25 18 25.0
8 4.4 14 40.0
9 1.0 14 45.0
0.25 14 50.0
2.8 14 60.0
90.0 14 80.0
0.01 14 100.0
15.0 20 1.0
0.85 20 0.05
20.0 20 0.0501
END OF FILE

201

et ke Théa



0Dt veay oedgueas e
viSd yse3300¢ 33%1° "0 4 dd
iacg" 283 . N3 -
¥ 930 ¢er9'dg 6923°38 o L £
nQ2 479 - ¢pel’ 256¢° . ]
HI24/9 §46£6°53 £¢s3't2 . EL)
n32a/4 958t 9s592't 2 EL]
¥ £33 ¢€o66°9¢ 2v92°'3¢ » Wi
4 937 o¢5g°3fp 9292'a0 » i

YHZNLA  899L°ST C263%¢g s 43
44 9923°'9% [ T3L)3 s 13
- me— e W4/943 " .. ud --
447019 T3t s 1x33
¥iS9 9323'T % x3Hg
L - e e Lo
44787 (985 . gd3
e ¢ e 9 0371°% ] 2y -———
$313't . i
N33 . i
Sogat > $t
Yis4 224332 e dld
4 9031 G(iv'ag @ 244
- — e e— - ]34 6913°'ST = 4 —
8 943 (§93%48 e %4
u;umu mumu”un . 3le
ey v t Ral g
43473 2309°08 e Lwv
by 32.3'2 ] TL ]
R TY S
L TYY
3 41y
M 1
9 wiul
*-3anit-
e A
e 13
— &

Tw &
e8osapswnen LTS . YY) —_—— Py a P
s ViRd 60e3¢306 @ne3G3's @ Q-4 d1 - ¥iS4 yleduley  £le313'2 e g 3 43
agad’ 1AL o N3 6tq2’ gyt . N3
¥ 037 Stegae Targtag  » vi —— SR 6 S A ———
#aB 4Gyt r5opt -». 1 na24/3  peife LN . n
r32as9  goe2°ty P0L3* 94T @ a4 nQdeg/8  e928'E Tadg'Le » An
nG23/3 T(20°9% tri2tiz s 4 = - #028/9 0269'CF - £492%¢T e 4 o
o= h024/9 29¢2°Y- - - Gep2t - e- - 3n HOZ4/8 936" 68%4° . 34
¥ €30 es16°9¢ LELEAR T Al ———— 3P e — ST e
B B & 1 2 L e T e ¥ — ¥ 830 cgeev’dp gI92%a0 » 34
¥ 030 29gT'Cy £aft'cy L] si ¥ D30 G8Lv°sE T250 40 L Si
UH/NLY  gL69°9 6392°9y e S - YHINLY  2acett 6221°9T » it
et T B TUI AL §269'0%- ®— - 13— &4 9s98°P2 {21 33 S 13
¥u/44a AL LM Y4794 3 ) e s . -
u4/nd3 byia'a L %33 —HiLadd—b 523 & % 3
H-54-—pa3 3 e T8 g 3ehd ¥iSd 2v23'sT ®  x3ug
g 933 e36ttap & X34y ¥ 933 63682°20 8 x3W¢
ui/8% Tyt L 143 u4/871 2993 L] an3
9 0303°3 ) 20v 3 Cera 1 33y
05333 * 4X $gaats - 4%
8333° * L £333* . Ixe N .
0257 s Ix 259 . Ix
visd 0331032 @ ild - S viSd €lixte . iiae g
4 93d S¢(Te'aQ - -8 Zyp—— 8 933 S¢To'st @ 244
¥§Sd4 0pu)’st 8 d ¥1Sd 3:.1'3T e de
4 93] (393'40 L] 384 H—833—£535 VL9 pn 351
—myd e JJIHLG s, Ite 8. 831 Gl e e
43477 %312 ] 1oy 431473 05113 o 1%y o
43474 C€273'98 s }wv w3473 00336 e iy e
s = e - 34 00¢3°2 -8 WY - — L4 C3u3'e T yd e - -
Ni  J982!¢ s il NI 2133 . il e
NI daeh's L LFYY 0332 ——stit—w
+-d—05—09391p it ¥ L4 05 C3dv'y t iiv e
AT T4 e i NT o 0363¢ ] il o
41 0Jus® L] 4 NE Sodst [ il e
- -Ni-—02¢2"- L Sl FLTY LHEE- -1 43y 8 JqiMy e
oonuum s A :Jua.w 8 A
+d—368544 — 33 44 233)3°¢e L] M . - —
Nt 0g0g'e . 11} NI 3095%¢ s 0%y
e h ol 1
. 2 agn T.35% ' . -y m
.w &
]
'8 -
SIMNSTY S0 VELAIN0D FIRVIIONMEd BAL/AQAT '/ . ;- : “mw
2+d 91a9y ] (- .
) M
?
.whmw
. - . %
. ¢ 4

et o s e o e = e - -

. ey



obeosssves ees *oGGgwy aseossves
v1Sa om;mwa.o LTSRN e d 441
SO0 & AN ]

L 937 Cezf'se L] Yi
n024/73 <pref’ . n
»g2478 TCTL'Te . "
n024/9 1654°6G2 . 34
na24/8 2969°'°% . EA

¥ €31 6iL°8¢ ’ dd

¥ 93C epsi‘ic s i

Y B4l $8CE°% L4 84
8M/N48 2980 °8g AL YA TA Y]

a4 TLIVCIY ommm.qm L] JM

L s AARE ¥ 3 - hd e

[LTATCIE-T 4 Rl Y- T BY 314

73Sa Epb3'0T & x3Wg

- ——— - - - o 935 fo23'¢e s Xasi
CRTA RIS 3 44 . LE]

S——G6934-LF - 29¢

g3yt . 41

m“mm. b wx

- - = e - um..- 2 ]

vysd €3°3°72 ’ ild

y 933 mNuc.o» * 244

t5y—8o 244 GT—0 T

¥ 931 (393t . 383

¥ 933 <o3L%Le . 3l

e e W g8 02340 - - 8 - QWY -

23476 0301028 . v
14 mu«mnm LI Y

NEEE T
14 65 CSale'v L 1y

_—— - - - N} 0n§2' ---@—--j} -/
Nl 0353° . 4
Ny Capy!  wMiml
A mwwunm . mmn»m
9

. s 0300°s? [ ] 13
At sanalo Al
3 LAA4 IR hd L' AH

¥ {5d— e eod £434 G—4—dd
eves’ 25" s N3
4 230 Ce0°8¢ f38)'6¢ ] vi
— == n2478- ¢2,8° Go¢p! e f§ —
HO24/8 2629°2q 2L90'S?y 8 Iz
Hg2z4/8  ebes've £252'¢2 ® FL]
Iﬂﬂu~“ hC-ibﬂ ﬂﬂﬂ(-ﬁ - k- Lal
¥ 030 oC3L'7C C351'd0 @ LT
——— - ¥ b3k tToue'ef gLty ¢ - 3 —
¥ 030 crg6 ¢ T A . S
uN/NLE “nnnnw; m.mn"omn . 10
L X4 TLaUX k) Tuod¥ nl Ve
44/nia LD ¥9
g4/ni8 1L3°%0 W 1X3
e e e ¥{§d £2(°9T7 --8—XIHd ———
¥y 03] 03%s°48 8 x3AWU
¥4s87 T583'2 = QK3
9 037'% s agyd
doca'se . 4
e e e - C263* - @ X ——
€25 ® Ix
vi{Sa 02 s ild
Y b ¢ - Set:
1Sd  SCO . d
¥ 931 ¢» . 384
- v 833 C) s 3ie —
%l4/d 0 . 1wy
43473 €9 s Ly
$3—88 S f 3
N L2 LI ¥ !
NE6) LIV
e — e e 14 85 02 ® - LY ——
NEO3D . 1d
Np02 L 4
e LY e 4
N—32 *——tui
AT+ s 33040
02 . A
TS 1 SR L B I
NTO02 . oa
$ 359 .

SLINSEM 0O VEIADHOD SORVIMOMES BAL/MT
(ponutiu00) 3-p AWy

" L]
viSd gCedlTt  6pi"* s 0 4 40
6968° g’ L] N3
wem -—-- ¥ 930 (Q9¢'8f - GsFetuR L w -
HaZ4/R  299F° oo’ L 1
uge4s8 ¢vsf'le Goig'elr @ i
PR VY. TV 1 - U LS I BRI - B A e e S
HO24/8 zesr'l 2cép'l . In
= - —- ¥ D3Q 2%29°'%p LeE29¢ [ nd
¥ 930 c0I9°9%c  ¥esT'es e %
¥ 030 «LRe'Pg 29:tlvc @ Si
— AL ARG — 0283 38— ——— 4
dd (TL9°ET £57¢p%2 L] 13
ud/nle LES ¥l
y4/nle  Eovp’ae  » Lx3%
¥1S8d 23L(*3T s ¥ 34d
¥y 933 03518 s x3W
Yo — P4 T
9 0339°'t . 293v
Caéy't . 4%
$osat . x
tys)! L] Ix
246d—eimM St ——f f
¥ 931 S¢(la'Wg 8 29y
ViS4 J11'sT ® ¢
w 930 L399'ee L ELTY
¥ 5§31 {21259 8 ETD)
N ABERLES LI ]
LJ&\.W Jﬂ..}ﬂw- .-‘h ry h:d
Ls S3ta'e . wiv
NP S5 L] 1id
NSt s Wil
14 €5 Co0p'y [ iy
LT s 14
:w .—und-‘- ' »
N1 L2y s wWin}
Nl J382¢ s 3un4d
Gauyte s A
id4 9%3°ge s 13
Nl 8JJ)g°¢ L g
@ 25V0

P



ALS. BBA s RO AARBAL A - LYV EN Sunnn
V159 eCe2pé%L ;329 e ¢ 4 a8
Lost’ LELN s N3
¥ 030 593103y 62°i°Cy = vi
M024/78 6lef* 6193 s n
ng24/8 v9s2 62 ovnu“aon . in

——il At e Bt e

*r

Ll bt I L L P P I P L L e T Y L Y Y Y Y Y T YT L)

“@2s/7€  gcoy'?t ecir's s EL]
4 830 g693°Cy 6aCa‘es = Wi -
¥ 635G 2C9t'0Oy 8s5LL'6; » a
4 g3a a.ou”nn £323'5¢ = Si
e 2. LT T S ¥ —
44 I8L9°C%3 632312 s 13
Uu/nie ‘0 » 114
Hu/nl8 69i9°R2 @ 1X30
{84 6&cfa‘'c2 ®  y3ug
4930 €589%0 8 x3my
Tt emees W8T (2640 e (W3,
9 0pfa's s 207
e e - £ 0k ER1 [ 4% -
45T L ] ax
89681 [ %
6eB943 GArs +id
¥ 931 CaCy' 1y L ZHL
¥3Sd  Cof5'sT e d
B e DI - BT« B £-1 10T [] 484 ~——
¥ 933 Ca(p*10 s
wlgse  S3TC L] 133 )
b bdl i Lalalds roy
LA L] hdC AR AN ) ary
14 Siiave s Wi
M3 Cng2e L] 14l
R . | B 118 1 | LT Y S
43 05 Dotpvy [] iV
N} Ccos2e . 1
N5k +
NI G220 s Mimi
Nl S5620 s 30040
— -— - £309%2- —® - -
44 Cord*se . 13
Ni  0gdg’s s 03
6 IV
b4 )

ALy o il Vi s 5o o e £t kae . -

Y139 pleS5301 221y 2 Q@ 4 g3 ——— e ViS4 ¢0e337%7%p - £3e3§3'5 @ g 4 93 -- -
ugy g’ 9ese! L] N3 - pait’ 2y L] N3
¥ rI0 50270y 9633 b [ ] ¥i 4 533 1663'0 3833 (] vi
M02478 218" 2242 . n i A €3t s =
e L e am e L e  —— H02479 424¢T'S vey%2¢t = i
MB247Y 2068°'5T (Z1 I 1 L EL] w0Zs/9 »5058°Ll 29132 s FL
nadz4/8  191p's £t . EL] e MERA/R -pgetti- - Bel0'T - o - o
4 036 o670y t33%et » L1 ¥4 237 5eod'dy 3963%6¢ @ ui
¥ 03Q¢ 32¢1°'Cy 9trates L] <K Y532 390 vy $rgoalap - -S4
y—-o34— -dJﬂ-hi 0¢mn-rv w 7 3 ¥ %3 hmmn.m' .hum-nt e Si
UM/NLE  £898°'C3 8432°2 s I U4/0LE 09263 Z35¢7 00 . 4
43 (TT19'9e £g02°9t [ a4 §4—1909°6L- - 61906 - - &——- Y3 -
o e ut/nis '3 M
¥i/8L9 ] X3
riSa . 34y
Y—o33 LELTY
LYCR g4d
-0 9 £3230% -— e-—-- 20y — 2 J3:2'F s 22¢
Civi't L] i 23333 ] "
cosa’ L s Can
$4£4L - L ix
YiS4 £INI'62 s » s
¥ 933 €3°0'%¢ s . 2Ny -
Y184 CHLY'GT --- @ . 1
b 935 (L993'9¢ [ [ 384
¥ 931 Cr62'.¢ = s 3o
Highir—f o34 s tny
Wli/8 C0C3*08 s g2 Lt 1
13 €aface LT Com e e — - — b4 BO202%2 - e hgH - -
— e e~ . N] (062" 8 Qg —e Np o S22 s il
Nl Consey . LT} © N1 0349t L Al
44 08 CiCyr'y s 1y 55— 3ty . Y B
ML 3532 s -+ N} S552° e il
Nl 0333 L I 41 231350 s 4
NI 0zi0¢ s Miml N3 Oz s wia}
- - —— Nl 05§2' - -e38Mig Nl 3253 * 38013
gatate . A 032 L] A
41 0303°¢e 13 4—5003440—n 33
Nl 0338°¢ . oa , ’ Nl 220¢°%2 (] 0g
g asvo LR/ s
‘ =y
Eg
GIMSEY SO0 UILAINOD EONVIRIONEd BAL/nAT Ce. mmw -
. , feemanioes) gp stam © :
/ N |
oay
T
w <
)
H - .
| 4 - . mmw



vis4 ¢2-35°%0 qeiz’ a 4 43
vo 2° yad3" [ §1
- .
v224/75 40 ©° el [ ] "
“l24/Y <7 .42 £40333'T &« (C]
»e24/9  G62°F? ge2'02 av
r024/75 4309°° 4TL9°C E] [}
il nuwwonw -m:w.bh 8
4 £33 wIultog L2 YN 14 L e
Y I 9669°'9y ¥543°90 L 84
UMD LR ‘0 MR TR iy
P B 'S £243'6¢ ? 13
RS LIV wy
- . B4/ a5 tpip'oo .
: Y[(Su RI4e°'$2 ®
: 4 937 §379°s8 [
y/81 (e ' L
9 I3 z 2%y
Cowits s *
€i e s JKe
ooy . Ix
ViSg Gnh21'4? [ 144
w ¢4 03 1'%y ) 244
ViSa on'ttal s 4
Do FET=UG Y.\ & Al
- v e 4 L3 -
y 923 T2.3%)2% s 3
434745 sT ¢ [uy
40478 TAu3' s [} LNY
b4 3I73'2 L] Yid
M 29590 [] 144
A2t} —tp————
4385 2wty s LV
M S . 1Y
.- - - N1 Sovg! . S
N C28) LIECTL N
NI 2362t " 38Nyl
3o bed——e- -
43 I35 [ 1M
NP 0295° . [:1+]
et IS0

viSu ple3vRYY 9¢: 2! s 0 4 d0
o ld o Agtpt d 3
H Iy gAeR'dy Lp73% Yy 2 vi
HICasl L oyt e 1
- - mMOZ2e/R eAl2' 2 644807y » in -
“Gear? eqel ?¢ c2Fl%L? . in
HMG2a/? eye'l 6283°T 2 EL]
8 40 ef2L'er Cvlytol w Wi
8 0IC o5u2°ly cp535°6¢ e 3l
S8 €496 tuwm!'Yg T3ty @ Si -
HMIPLY 259" 9% $59°°'29y s 43
41 yege'lr 8TL3'v2 o 13
_—  Tmiaa o Lo—g- i
¥4/l epfp®se . 1¥5%
Yifd b6l L XaHd
I - 8 431 Syep'ef 8 - x3A4L -
CLVZ R XY AR € LT
63 54+
S35, . 4x
359 L 9%
LRSI S €13 L Ix —-—
vity o9 . illd
s 89) £°. [ Zuy
5 —C - o
b £0 £33 ° LYY
y 32 2. . e
- - ddgry 691 a Ine - -—-
43474 Cle LIt )
iy Y s WK
532 st
NPoesT L Wil
L3 €5 230y L iy
B L T Y 1} B Rl ]
N eels L) &
N Gy e wirl g
NP 9552’ . mmayn‘r
Gaunte s A
L3 Cora'qe o a9
e e e e - N GQU4YQ - - 8 ——gG— ——
11 3asvd

SLTNSAY 2400 NALNIWOD FONVINOMIS SAL/NGI
(ponupaida) g-p stqey !

vy

WO N

¥ €3 YT L L
——— - ¥ 9% (4 FERX TN . LY
R ] g4t . St
HMIOLS 2833 Lg plii’pig ® M
—_——— e L G PR —
LAY O L | LM
CETATC I T Y TSR B § £ 14
- - - R ¥iSs (f'p'F? L] ¥y
Y 037 vt 5°af s ¥ide
pnsB7  2s2'2 [ [ EF]
9 Lli1't L 3
I LR 4 [} ax
- - Lrza ] %
TR . 1x
vies: li00's ] e
B3 H— vl B baf;
¥i8s .05 s o
8 a3 L¥99° 4 . BLYY
- - - W og3] 57w L] e
w3a/d L2020 s 1834
23479 CLa L iyy

N] Treze s 148
NT Snet L dll
44835 Cole . I¥8
ND o 2032 . 1 43
A% S+ s $
M—24 ey —
Nl 0282 ® 33043
€3 . A
Y 114} e 3
NI 0056 LIRS |
0T ISW



Table G-2 (continued)
1DU/TVS PERFORMANCE COMPUTER CODE RESULTS

[
CASE 13
> - -g————& 549 y
[ 2 D4 ] F 3
(AR L3 :BS.C"GQ tY
M 3 L
LTURE = veses  IN
TWTW = wdey In
T t o0l N
i -2 veroe—ik
ATT ] 4,4 G2 SL T
YT a 10000 1
IT1 H cezls  IN
hTK 2 ceb 0 Y
AKT = v, ran TR
s oS gt
Te 8 1l(,t°C3 TEG &
73 8 e pEn] Ueh R
E 8 15,0 i FSlp
?12 2 L RPNy, f,&'j i
FTT 2 ¢bausls sl
*; X .‘}::r.
* X z -7
X} 3 1,46.385
ACT s 1,630 K
'Lun * Kovuln Ll
ThEX e 3t oledr TEH H
PREX & 1k,tr63 Bola
CeXT 3 €9,4249 1 TuskR
- Gh - 2 -, A
38 2 1,44Fal ¢ 32,99~ Y
(N} = ) Tl A kel T /NE
Fa- R gyt
1C . R X NI ty F
Ty E WE G Fely d¢,887° L4 R
KE 2 1,6%¢0 1,671 /¥ 200
a3 3 N4 |6C59 .C\ﬁo'f:q.\s‘.‘ C/E2DN
3 —Eropdads o b -2 P
v s 79 8785y /E 20H
TA gz 47,6156 45,9679 LEGL K
‘F} ) L ."4‘:8'7 oshﬁ“
TP FDs NV R LI
- PPN PR oNne R B rPRY%aRearee Pyl e T prgraeoee W
L

" FPRODUCIBILITY

PIENAL PazR Rl

.;4 F(‘I’)R

206



(T LA X T XLl 4 Cr L1 T
viSa na.wwo.o “oue" s 0 3 432
x27 e ® N3
¥ e30 Teec’le L L » vi
wgzs/8 2002 par>’ . n
- 32478 2116'Ty T362°1L2 = ™
mC2s/8  (sab’ET £2517%92 s 4™
CT TPy, G TYTAR SR T £ 10 S D TR
L _4 =37 talG‘Ep 57z 'g¢  « Al
77 Tw 930 6et6‘de Sil ‘0 » k7
¥ 933 ?29al'% 9497%ge s [}
UN/NLE  eGGE'H 2397y @ 13
—_— 3 qaan.“n o hnwo.oma . 13
B4/0) s 1]
e by ALE Tasr's s ix3is
vitd peT246T 8 x3ud
¥y 9.1 6426t°a¢ . LELT
yny83 2633 s 343
5 Lount't s 39v
e Carnaly . I3 o
- cogal . x
[ ERN . 1%
¥§53_ oolsinz [ 114 -
w 034 3¢ae'ul  ® 244
YiSd 2001'GT . d
. . %631 Le3atys e EL T
¥ 933 9307%'06 s Jle
%3478 Caty? s 1wy
— 43474 (90294 [ vy
1 eala’e T wid
NT o 9bse » 7YY
NE Q000 Wil _
L4 0S5 207%‘y s iy
NI Ggus? ’ 13
znllm"_an. . L
N[ lziaf s wim}
Nl Casa¢ s 3818
_ - _Jo6o'z___ s A —
As Qo0d0'se® 13
Nl 800c‘e L] 0g
9t FsVd

visd <¢he3¢6%2 £3=3£9'¢ o 0 4 42
e _ gecg’ 2 6N » N3 R
¥ 530 wgTs’fp Solbg'ef 8 vl
»02179 1/a%° Leon? . n
WI24/8__tat2'C __ L3itti1gt_ » An
Rd2s/d Tastg ot Tetrls s "
Hdzs/se cpet’t 633¢°% . 3In
¥ 930 «¢tap‘és [ L5 T4 . Al
¥ 230 20s49°8¢ s1Cr'e¢ [ L7
—— M 230 2¢se'Te_ . welatle__* S
UN/NLE  v2a6°P 39392 L] i3
Ad 2018'l2 BratleT s 13
el weinw 9w . M3 o
W4/nin g291'g ] 1X30
visd 233:'6% L] X3IMd
¥ 031 _g82'9p__ @ L ECTY
e4,87 @6t L an3
e 9 CaCa'Y s 20
0099t s I
T FEN . ax
2n89* . 1x
ViS4 (9%0'02 s LicA
¥ 733 s/ip'us o 24l
YiSd (039'GT o d
. T ¥ 933 [e93t9op s ELPY
¥ 037 0200'Sy » Ile
4C47d f01n¢ . 1ny
4d3/68 037408 ] in¥
14 0glar2 ] Nid
NI 0603 ] 141
o ’ NI S4a1'l ® Al -
L4 BS Cliv'e s LLy
N[ 2005 [ ] 1
NI 93347 s 1
N 22200 ¢ wial
NE O 338! s 3aNLG
Tttt oo Go0n'2 . A
14 000n‘gy @ 13
N1 _000¢'S s o
ST F8VD

SIINSAY 3000 MALNIWOD FINVIMOLUEd SAL/NAT
(panutiuon) 2<p 9Taey

¥viSd 30e3¢PIT  Cheace't e 0 3 43
- 1992" #39;p° . N3
¥ §3C ajop’fe seSp'a¢ ] vy
nge4/@__e9al’ geet) . f
WA2478 wEatT'T Tev3'sel o in
nd24/8 2vcg’23 6605'9T  ® o=
.. W024/8 a7v6’' £3sa* . ™
¥ Y30 teay'Pe - ELRAE T ] 4
¥ €30 avcp’EC  Gacdtar e N
T g 83T ereé’éc aroifal  « S4
CUTOICIE L) 34 TEL3E s L8
A _eimiteoz (72'9 @ 13
- T wnined 57 e w3
¥e/fnig  £svt't s te3s
¥Y1Sd4 €a9z’'st . ¥3d4g
¥ 933 8a%;'eeT e %34y -
s"/87 £s33' . g3
ot o 9 Muua““ . J3v
0GH s x
||.ounu" . w‘-
¢189 L] X
Y1S4 CaC1"2 . Lide
¥ 031 6GiTp'uf ] 2uie
TTTTTTTTTT T 7T Twysg tolatst e e
¥ 0] (639'9¢ ® IS4
¥ 933 [ICa'ny _ » Iy
w3470 botarf " IxY e
42478 C082%94 ] FEL S
e L4 uo>u“m = wWd e
N arse .
zw uWuo." ] “»w ”
i3 umzumoWo.v 5___1iY .
- [ }
IR
e NP Cedn! ® wiNi o
. T L Mwwmnm e 33M13 o
] LJ A=
id 3903'6p o 13 .
N7 Gobe’e ’ ]
41 g5v2
]




0000 OnORbg et gongoligagd L L]

T T ey e LAY Y Y Yy LY LY L

visd muumwﬁn visd oa.._wn.ﬂ gadn® o g 3 40 $CePT8  palnt s g 4 d
¥ £30 _ sCz6°8¢ 50158, Fedes »__ N3 asft! Zredt . N3
— AT b2 ¥ 030 «atade EL YA I vi ¥ 030 ,2¢9'?¢ FETE L T vi
wI23/8 Teca'y H3Z2/8  occ2? tgoz2! . n +Q24/9_ 1002 2efnit . n
102478 naoo.nm H0Z4/3 c©6agi2e . 9avileZr e Iy, — M24/79° 95T 6% 3829202 & T in T
o 1147/ B 45440 Q2478 L6822 ¢s53'e2 = an M32479 Ovel’c2 AL YAR TN 44
24 ov0s HaZ4/8  Terr'l 2e0e't . M Ha24/78 222¢'°% 29223 0 34
|||||||||wummm||mwm~hanlnn.ma“n.cq s di w £30 CTeo'dg  coe2inr & Wl
3 3 d ¥ 830 /fog'f L2tes 8
u “mn nwum.ma M.Munﬂq . 5" ¥ 930 tat9'% Teet'se . i x.cwa-;onnn.mm . ._ u”
wH/NA8 .aoo.oo. uo . 4 @ Si 9930 nnounqn Calo've = St . ¥ 940 Tv00l°'%¢ s 7 s8¢ 7
-!.r.|o.n~o.nv oao-.non s _ M0 H/NIE  GTe'fe ( 2{TAS TA I 19 yM/nie  ARes’ 9T . 19
. ..\u» Tés um . 13 44 T432°ER 6033°t2 o 19 43 099L°ST [ 3
Y onmv.mnn s W CLTATY DL ¥ va/nid . 1)
——ViSa 0.9s°3T % "wuw z;“qmu Bepaler o 1 M4/NAG SrLatlD 8 i3
-2 AINd \J LAE} 4
(803 Gedsiie m x3dl w931 6.80'98 s x3wa SR AT I SR
yHs87  Zake't e _ Q43 __ _ uM/87  8p91't s GW3 uM/81 083t . g43
9 0001t ) 99y 0 0adptT . 44 gz
- ] JIV . k3
310a'8 e o« Covr's = e Tt e %
a3, . X z383¢ . x £aga’ . 5% 8
Visd 83390 . e —— 39647 . Ix 93g2° o T Ix T
" uu.u.um 8 dhd ViS4 90n%02 w Lid -~ ViS4 $aintez s ild
¢<amn uhwc.nn . 24d Yy 0331 GeEe'0¢ ® L LT ¥ 93] _Gefo'ed @ 244
1§14 ._.a.n . d ViS4 0009°67 e d Visa Coln¥si o d
M 93] 4399 9F _ e A C IR L ELL T e a3 w931 (093'9¢ e asy
uncwu .uma.ao s e w 5332 Cobo'0p » e w83 Coua'1e e e ___
10e/d mm%. Y . w3423 0% s iw - wdssd 30T3° . Qwe
43473 20 ...wnl.. A wCysu C309'CA o iwy T W04/78 €009'%¢ @ LNy
44 nomu.‘ L T | 14 Cata‘e 8 WM ad__%303'2 . yad
M no....n. s 14 ND €035! s il ni Seist s 144
NL_£009°% s __Hik T 2003TT ¥ Wil Nt do09°t o Wit
1365 oty TS 14 05 000s°y o 1.¥ 14 05 31%+'y LI ¥Y
vi 2065 . 1 i NI $20e° . 1 NI %30g* . w0
u_-. momn. s__ 4 NI Sdlg? o 4 T Nl 0003° . s
1 Q22 s uiml N1 Q220 s uim} Nl 2280 . wing
NP Qoga,, & el NI C9§2' e 38l NI 32827 o 3anad
T3I07°2 s Y ta6nte .
uu uaoo”mu ] 44 Co0n'se s 73 Y] nweo.nn . Jw
00¢°s . oa R | B -1 3 e _od _ Nl "0o0e's  »  oQ
61 390 gt gevd 21 3890
- =
ol
_ ey
[
STINEER OO MEININCO TONVIGIONES SAL/NIT &, &
\PIRUTIN03) 2D TR c M~
» o~
o
[l >
— Tt
Lol .m
g
. . S
L] - . B .nw
. N M




—_—

L} §T) s g 4 43
L N3
¥ 530 >arT'Sy £949'0¢ = Yo o
- 32476 766%° LT 2 n
=32476 Coar'dy Cr24ts0T = in
r323/9 cfol'PY S92 m il
#2478 237 ittt s ET
_ M 930 _ctyt°0y 923P3°%4¢ 8 Ay
¥ S30 €a93°ly £902°%6¢ . b 1
4 C3C #2T0°8y §R2'gy = sS4
— —BMIOLR  COoTLL pIvyile 2 43
A3 Tia0'9N 672v3'9T . 13
URLLIY: ‘D 0= M3
e __H9/nia rlrte . %30 i
Y1Sa (T(2'p2 @ x3vg
¥ 530 93{/'6F w LELTY
M8 9pg2? LJ q43
9 336a't ® k1)
-~ - . €221t s 5 .
932l s %
359 . tx
¥1S§d. _€301%6z__w (L4
¥ 031 591l e 244
vi1S4 £391°'s5t s d
¥ 9371 (393%9¢ s 384 —
4 931 JN'6 s le
—_ . 43474  S9Ta! T iy
43479 _2%209°C8 __ 3 1wy
s 190a%¢ s %
vl 20Cs? L] 1Y)
ST ELA . Wil o
L4 0S8 Cafle'y [ %7
vl Jdovs® . 1
Nl 2903 . i
Nl L2Ea? TR
- LI - 11 g s 38113
£oan'2 s A
— I3 BolqTef e 93
NE o 000g°S . [ 1]
& TV

Veetar e

e = ¢ o Nam LIV J10 35¥) 3A00Y ML & e o @

abesen Sssgansea®ghancs aesw
v1Sd <3=329°'T  £e39p'C e @ 4 41
atee’ [ R [ N3
¥ 30 /sced'le w3fn'0y . v
K32s/9 Teanl? f£3810° s n
n@22/9 caT4'G L283'2¢0Y o T
T RITAITTT ey 8T RITYINAT (L
Hd2s/3 t2e3°T Lepnts . I
¥ 930 ¢793'Ce ToTitet » Wi
¥ €30 etsl’Cy Lava'eg . 3
¥ 530 AT¢d'Pe yeg 'ee [ Si
TGRZTLT 700LiTET T La2'0 T @ A9
14 to0t£6°T2 €s9n'¢cT . 3
LR 0 s LE]
o H4/0iq T2Tate ] [ELH]
Y1Sd ¥e20'e? . LELT)
¥ n31_ 23%72%6f 3 x3Hd
w4787 3sot? s (EE]
9 05013 . 2%y
ST T T T 20991 s X )
€383 . 3%
[$14N » 1x
VIa T TACHIT T . Tid
w a3 Couvtoy 2 244
. Y1854 C357'GT s 4
T » 034 (J83'9p n 384
¥ 032 Gauntgy ° e
43478 _5ITn? s iwy
913747 00 TETT 3T 1w
¥ 3 WM
I § | . 142
N L Wil
14 38 ] 1y
Nl L] 1i
Nt 1) b
N ® uimMl
— _ Nt e 3aa4d _ ____
. A
Y] s 13
Ni_000g'S (] 0d

12 asvo

SUINGE BQ00 HEINAWOD TONWINOSIZS SAL/NAT
(ponuta002) Z+p TARL

9 0506 't L b L)
s 'S s 13 ﬂ
sas3t . %
EYTEM . mx
viSd %0C1°'37 e lide
o ¥ 933 $300'0y ® ZHle
T ¥iS3  SIU'ST e d
¥ 933 Laatye L] ELYY
E 033 22970y ] A
wigly  talae ® Inv
43474 23%1'08 @ LY
43 203t L wiv _
B T S D EN . t4s
ND 293 . . il
14 DS 20!y oAV
N17TLads! . 13
Nl so0s? L] b
1 C>30% _  » wimyp
o Caga! ® 3an43
taonte s A
43 0300%¢e @ 3
- N} Dolc’s ] 03 4
o2 /D



seeyg oas
visd gce2s872  9uno! .
. ounn“o “u"»uo .
¥ 230 /s06°'Co (9pldy @ vi
“lz2/8 ooce’ sola? O n
wG24/8 4962°Se LRty @ M
—_—ngR4/8__pastiv2 _ Cav3'G2Z ]
M023/78 coer't V5603 s M
—— 530 cop2'Ce___ _prScl6s s Hi
¥ 030 ¢ct2'ly Casater @ EYY
¥ 930 onre'ts 0203'ts » sl
—— 7T C S YA M 69%s’96¢2 & gp
44 wev0'2 9554°22 L] 93
/040 ‘= N3
H4/0A9 _§£9¢2°8q e  jx3n
¥iSd 4$92¢'C2 e x3ug
¥ 893G Torg'sf e  x3ny
uMs8T  L3T.°T e ____ QW3
9 (20a't . t1.17
89049°'t » ax
263 . 3x
'TELN ) 1%
YiSd 3%%9'G2 _s  f4d . __
¥ 933 20070y o tL 7Y
¥iSd $001°GT » d
M 93] _£999198 e ass
8 830 0000'N0T o e
w34/9 J0ta* LI § 1
wli/a C9C %06 _ e Ny _
14 £aCac2 3 WM
u“ nomn“n LI Y'Y
00p s _ Wil
13 0S 0Oode'y LYY
vt Cgos’ . 14
Nl Coog® . i
NP 6230 T @ wind
Nl 036t e 3an43
00d0°;: . A
44 0000'ce o 34
N! Q09¢°'S L oa
.l
<2 TV
L 3 )

o e s e A=

¥1Sd 04300437 2429 o0 §dd
a09¢"* g04d’ . N3
I N | S VIS 3 Ps22TIV 8 Vi
13249 02" pgo2? ] n
NG2473 ¢6i6'2p TeC2'gTy » i
HOZ4/8 0R6L'22 ?261%92 o F
M323/78 c22v°'?T 9¢2e'T . EL]
- ¥ 930 orat’Th 1178 A al
d 030 22.7°0y CeSrtes @ 7%
¥ 030 ¢T<c2'Yy, 6¢l2'ys, @ 8
YH/NLE™ acne’le ?390°04% @ 49
44 ¢Zaf°'C3 Le19°12 o 3
u4/n4g ___'9 s T
(IR G O L S £
YiSd 929¢°'t2 s x3ud
_ 4030 ecla'er e x3uy
T uds8 Lottt . gW3
9 {o0n't . v
4150 4 ® EL3
0oga’ [ 3
. Sogn’ s 1%
vise Q0Cn'g2 = ild
¥y 530 J009'0p » ELTY
Yisg__€a09'sT e '}
¥ 933 4993798 s ELTY
¥ 620 0o0Go'i9 3ie
3z 03%n* s__ wv
“igzn CHun®oa [} 1%
ba Goda‘2 WM
NI__S9uee o114
T FTT 4 * Wil
14 05 La6ey o i4v
NI Oonge LI ¥ O
NI Qo0Cs! . It
Nl G280 s winl
Nl 032! s_390j0
MITRA ® Y
L3 Q00n'se o 3
. .___._ Nl eco0g's od
%2 g5V0

STINGEE F0O MIZINAWOD TORVINIONES SAL/NGT
(eenuTanod) 2-p WA

viSd sCe306'2 2pl9* * Q44
ctel? 1638Y . CE]
¥ 930 cenl’Co 418t &« vl
ngzas8 q202° £263° . N
nQ24/8 R25'3 frea’gez v i
32478 ¢6of°l2 9alt%22 o m
ng24/8 _ %08t 2gha't . an
¥ 930 /0%T'3p 6603'6t di
¥ $30 _4TIT'0y {32atee & O
¥ §3G 2006'9¢ ga%a'ec o S
uMW/ML8  ot24°ST Sevatgo o A0
A Qané‘st votn'et o M
4"7nln B L]
y4/ni8  PTLIIT e (X390
71Sd 3190°»2 8 x3Iug
47933 9ouctef 3T x3wy
yi,87 Qasc’ ® W3
9 uowa"u » 29vi
AT
- T T (T . 1x
¥iSd Cofn'e2 i4d
¥ 931 0002'Cy o Wi
VE83™ BALe%dY & @
¥ 9533 £993'9¢ [ ELTY
¥ 931 %900%090 e e
T T T ad3/3 Gota! s 1w
Ml47d C£204°%08 @ inv
130319202 °_ WM
CT T LB * i
Nl [ ] Wit
13 0S5 Cote'y LI V'S SR
Nt s 16
NI ] 't
Ni 8 wisi
LG . wn_.:m
[ ]
A3 0 L I -
NE  C00¢°S . [ 1]
€2 gsv’




Sgeve ~® aed
visd ¢Oe-3telf £0=32¢‘s e d ¢ ol
. eGet’ 9ave’ s N3
_4 °30 0Cag‘ly (XL EALE T | 7 S
n32s/3 a9062° Ceva? . A
rA24/8 oonq.-v LT3R YT | It
n124/8 _ ¢568°02 9tR2'ce s An
W023/8 enap'l er0zit . E™
o £33 _eca0’ée £594°98 o LT S
s €33 evce’se §323'ys  » LT
4 230 ¢0a9'Ta T305't6  » sS4
yu/Ne8  eseet'Sof g2£a0 ) Rt
) 14 aced' vt §1236877 o 13
uu/n4d ' 0 ¥e
Ya/ahy £ol27T6 e 4x30
v1Sd sal/'6T = ¥3d4a
4y 933 Eevr'ae 2 LECTY
g/817  "383°T . a;w> ® e 6 0 Nonw L0V JTATIGYVT JA00V THL ¢ o ¢ o
Gona't . 29y L 9 SLoMa't . 99y
e 369t ] X cabn't . w
— T iy 381" . IxXe %3510 N IxXe
£agns . 1x L R | Ix
ViS4 :101'G7 e il T84 23714637« iid
w 4307 CA6A'C & 2uf 4 033 £1069°0¢ . 244
viSd CoLa'GT e d L LT IS DL LS} S 4
.. w933 caR3'ef e 3si . ¥ 833 L393'9C T e agy
¥y 933 2263°'02T . ETS ¥y 933 23061°'32% e e
wlgsy G092 ] 1wy 13479 29%9¢ . 1y
3474 £0L1°06  » 1y “T4sn Liuatlg e Iuy
°3iavg i3 S10a'2 [ R
tols’ . 144 _ N Sofg? . 114
_ 29600t LI 7Y ) . LTI e Wiy
s 14V 13 95 oGty =y
L 1L N Sacst [ [T
. L 1 S RN . 3
5 Wind N S28n¢ s Winmg
s 330,12 I i LHER T 1L A s 3an,Q
. L Sninte . A
[ 13 44 0900°se » 13
. 0a N1 _facgls [ [Tl
L2 35w

SIMNSE IO MEIAGHOO SNMVINIOSNE] BAL/NIL
(porataund) 2-0 dTA%E

P ge e
viSd eCe3eltl 2089 =g 3443
vaog* rers’ . N3
¥ £IC aAPS’ly 8483° 0 . vi
nazy/d__s0C2° _sot3? tJ 1
r@24/8@ £2031)'t o 4
nd24/8 »233'12 o 4
_MQZ3/8 eeay’'t LTI . E L i
¥ 930 efag'sSe ve6alsd . LTy
¥ 93¢ cmwm.omulntqauu ac__ & n
9 630 ¢hao’ly L363'ts” » Si
uM/NLE ' §561°62¢ ® i3
'Y 1 a0t mq s Y3
¥=+/niy e T omy
47049 na%s"«n . 1x39
ViSd ¢3Ir0'%02 . L ELL]
y 931 938/°'s = w3uud
yn/8% ¢£gt/'3 [ 043
) 9 3101t ] LRl
nuo;.a . 1
. );ﬂanﬂ ||I _ WI.IIIII.
215% . X
visSd 2301°g2 L] 40d
¥y 031 10 'Ce e 2wy
Y1S4 S3M1'3T e )
¥ 93] naao.oa ] 3Iss
g n33_ %9330t s 2
wl /0 23190 s Inv
wdsl4 3203%036 L[] I3 ]
L w“ mouunm 5wy
Moty e abt
13 0s__Ccle'y . 14y
NI T Ti3sC . 14
ND Boes? L] 4
_ NT o faga LI TL T
N mwwu.m e 3A033
8¢ ] A
Co0n'se o 193
zu LT O [T}
92 TJYO



Appendix H
IDU BREAKDOWN LEVEL AND FLOW LOSS PROGRAM

H.1 Breakdown Level

Sample oscillograph data obtained on liquid hydrogen breakdown is given in
Figures H-1 to H-10; the figures are annotated to illustrate liquid levels,
the breakdown points, flowrate, valve actuation, pressure difference between
the main tank and IDU, and temperature T4. Additional temperature data

for test J-39 are shown in Figure H-9. It is interesting to note that
breakdown in Test J-39 is closely correlated with the temperature increase
in the ullage due to the warm, incoming GH,, and occurs approximately five
seconds after the top of the LHAD is exposed to the warm ullage gas.
However, a more precise correlation between “he ullage gas temperature
increases and the breakdown point could not be obtained since the Dymec
system sampled 33 data channels in approximately 35 scconds. Therefore,

a given data point would be sampled every 35 seconds; within this time

gap, more accurate curves of ir'lage temperature could not be obtained.
Further, the actual maximum temperatures may not have been recorded.

Breakdown in all cases was determined by examining the continuous level
sensor voltage vs. time, and then determining the height vs. time by use
of Figure 4-1. Flowrates were determined by calculating the corresponding
flow area in the IDU, using the equations given in Appendix I. It should
be reiterated that due to the strong possibility of leakage out of the IDU
through PV2, the actual flowrate through the LHAD and out through PV1 may
have been less than mecsured 1nus, the discrepancy in agreement between
actual and predicted breakdown heights vs. flowrates shown by Tests J-11,
J-19, J-25A, J-27B, and N-11, may have been partially due to failure of
PV1 to open properly and PV2 to close properly.

H.2 Flow Loss Program
The flow loss program used to design the IDU LHAD, select the screen mesh,

and correlate breakde ':n data is given in Tables H-1 and H-2.
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Table li-1

IDU BREAKDOWN LEVEL AND FLOW LOSS PROGRAM

NOMENCLATURE

D3
T
L
F
Q
D2
D
B

E
N1
N2
U

PROGRAM

10
20
30
40
50
60
70
80
90

Outer Screen Diameter (Inches)

Annulus Width (Inches)

Screen Height (Inches)

Friction Factor For Flow Within Annulus
Flowrate (Lbm/Sec)

Liquid Density (me/Ft3)

Screen Pore Diameter (Ft)

Zcreen Thickness (Ft)

Surface Area to Unit Volume Ratio of Screen Wire (Ft'])
Screen Volume Void Fraction

Multiplying Factor For Pleating

Number of Screen Layers

Viscosity (Lb/Ft-Sec)

INPUT D35 ToL!

F =

025

INPUT Q, D2

INPUT EyBAL E

INPUT NI,NZ

Q=Q/D2

U=. 000008

A4 3 Jeld x ( D3 * T = T x T ) /7 144

Rl = A4 /7 ( 628 * D3 - 6428 * T ) % 12
100 DI = 4 % RJ

110 FOR G = o3 TO «9SSTEP .05

120 X = L1 % ( 1=-G )

130 A3 = 6,28 * X * ( D3 - T ) / 144 x N2

140 V= Q@ /7 A3

1SO N = V % D2 /sU/A7A/D

160 Fl = Be6 / N + .52

170 P} = N1 * 1.3 * F1 %P2 B * U % V /7 E /E/ D /7 32.2
18C VI = @ 7 A4

190 P3 = D2 % V1 %D1 / U

200 P2 = F *x ( LY =X /7 2) 712 7/ L1 % £2 = U] % V] / 2 / 32.2
210 F3 = D2 * VI % V1 7 2 /7 32,2

220 P4 = D2 * (¢ L1 - X )Y /s 12

230 PS = Pl+P2+P3+P4

240 PRINT X3 FI13P2; P32 F42FS3R3

250 NEXT G

260 END
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Table H-2
PROGRAM QUTPUT

CONDITIONS

250 X 1370 Screen
D3 =24"; T =1.5"; L1 =18,37"; Q = 2 Lb/Sec; D2 = 4,37 Lb/Fts;

D = .000026 Ft- B = .0004 Ft; A = 22773 Ft.]; E= .2809; N1 = 1; N2 = ]

SUBMERGED SCREEN DEPTH (INCHES)

PI-FLOM LOSS THROUGH SCREEN (LB/FT?)

P2-AHNULUS FLOW LOSS (LB/FTZ)

P3-DYNAMIC LOSS (LB/FT?)

P4-HYDROSTATIC HEAD (LB/FTZ)

P1+P2+P3+P4

REYNOLD'S NO.
IN ANNULUS _

J

o« PRI L 13D E T Ol =T LGNS Tl Ce0UAT? 2. 1R3RT 21T 7L
« T anT BN A e 31NN BT ARISF/ MR T e VAR NN Te2 1 T13476 1
SERRT L17NenA A NTeremids 2,200497=07 AL AT D.3%47 21747,
R R he N Rk Bl U RS SR BT I EONC I e TRt S0 S S IR0 B R ARG Snht LOASNNNNEY S A A
S1T330 0 W177700 1.00TIAESDA 3.AI0A0T-03 .%A477 2454537 21247.1
fDAGTY GRCD0 A A TR0, F. 734N 2404703 2.20045 0 21047,
« 1300 «2eD1 17 PR e B B I T N0T 07 e G128 4 Qo231 2131761
SARIRY 0TTEID 40T AD7AD=24 3.AD0A0TCT #.2A370 4. 50080 R1TA7.
TR0 JARD LT 2GINITE LN DL, E30A00=0T ALTI0T0 RJDC4AD T T
fAnEn Galn21” TeTANDITE=dA R.A25a00-02 0 S.01771 R.a3401 0 131761
ATAND TR FLLOTANRTAT TLADAACE=0T RL.38177 S 4TT7O 0 L4 Ted
T8RN LT723020 FL208277-04  2.490400-02 5463623 6641572 21547.1
T3700 1418707 R.7T330070-00 0 3.420340%-03 0 5.32077  T.120:20 0 3134761
D17RA0 VL TTOAN RLENTLTT=Ns 0 D AD040T-NT GJREBRE2S 0 2,.12712 0 313AaT.l
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Appendix I

INTERFACE DEMONSTRATION UNIT AND MDAC 260-GALLON
LH, TANK GEOMETRIES AND INSTALLATION CONFIGURATIONS

Tne rate of outflow frem, or inflow to, the IDU is derived from the liquid level
rise rate as measured by the capacitance liquid level sensor. The IDU internal
hardware and condition of the annular screen device (full or empty; determines
the effective free surface area of the liquid, which must be known in order to
determine volume flowrates of liquid hydrogen. The net free surface area as

a function of height measured from the inside bottom of the IDU is given in
Table I-1. A] corresponds to outflow with the liquid retained in the LHAD
annular region. A2 and A3 correspond to specific regions for which the area is
determined by the presence of hardware alone. A4 corresponds to refill or out-
flow when the LHAD does not retain liquid above the nominal 1liquid level.

Figure I-1 depicts the layout geometry and associated volumes of the IDU and
the MDAC 260-gallon tank.

225

1 § . 4 { 1 s FRieai.. LN WPV |



Table I-1
FREE INTERFACE AREA OF IDU

1. 0=2 =23 in. (prior to breakdown)

Mos F - 0" - 0% - 0’ - 0y - Bpg - 01 - g
A, = 498in.% = 3.458 ft?
2. 237 s24in.
Ay = F 0% - 0ge? - 0 P - Dy - 0l - Ay
A, = 584.8 in% = 3.811 ft?
3. 7224 in.
Ay = FI0r% - 0gc” - 0p % - Dpg BT - g
A, = 611.8 in.% = 4.25 ft?

4. 0 =17 =23 in. (refill with gas venting from top of LHAD)

2
SO

2

- DSIZ) = 604.4 in.2 = 4.197 ft°

>
"

A]-+§}(D

Nomenclature:

DT Internal diameter of IDU tank = 28 in.

DSO = External diameter of screen device = 24 in.

DSI = Internal diameter of screen device = 21 in.

DCC = Diameter of central column = 3 in.

DPL = Diameter of pressurization line (with Teflon insulation) = 1.5 in.
DPSL = Diameter of pressure sensing line - 1.25 in.

Dw = Effective diameter of instrumentation wiring bundles = 0.75 in.

ACP = Cross-sectional area of capacitance probe = 1.25 in.2
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THAN
15 < 29 —3 50 GAL
T Tt
6 %
_*_ D
e 28 —3
] l 1
33-1/2 36-124 MAIN
TANK
VoL = 69
23 A
VOL TO GA%
TOP OF
61 G EXTERNAL = 100 GAL
J INTERNAL = 90 GAL
20.6 ‘
. T
| ¥ ¥
L_; PV2
PV
VoL =
12-1/2 53.5 GAL
PV3
TOP —1
EDGE
35-1/2 1D
““ 36 00 —=
MAIN TANK TOTAL VOLUME = 260 GAL

Figure I-1

LAYOUT GEOMETRY OF IDU AND MAIN TANK
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Appendix J

PARKER 5640027 SUBMERGED LIQUID HYDROGEN SHUTCFF VALVE
OPERATICNAL ANALYSIS

J.1 INTRODUCTION

The Parker Submerged LH2 Shutoff Valve, shown in Figure J-1, is a 2-inch
diameter, pressure actuated, ball type shutoff valve. The valve was designed
for use inside a liquid hydrogen aircraft propelliant tank. The following
description is based on Parker Company Report SPD-132.

Its features include:

1. The design configuration which allows valve operation while rompletely
submerged ir liquid hydrogen, which lessens the LH2 boil off due to
external lines.

2. The valve may easily be converted from a normally open to a normally
closed ~onfiguration.

3. Internal sealing is provided in either flow direction by a specially
designed double ball seal.

4. The valve can be pressure actuated for both opening and closing.

The unit meets the following requirements (P/N 5640027)

Fluids Liquid or gaseous hydrogen

Iniet Pressure 0-50 psig

Flow Capacity 2.8 psi pressure drop at 30 1b/sec LH2
Temperature ~-423 to +165°¢

Actuation Fluid Helium

Actuation Fluid Pressure 500 to 750 psig

Leakage 10 scim typical at -420°F

J.2 OPERATION

The valve consists of a main valve mechanism, an actuator, and a position
switch assembly. Figure J-1 shows two of these three elements for the valve
in its normally closed position. The position switches, not shwon, monitor
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Figure J-1. VALVE SCHEMATIC

valve positions by means of a cam located on the ball shaft. To open the

main valve, GHe pressure is applied to the control port. The resulting pressure

difference across the piston opens the valve against the force supplied by the
return spring. The force supplied by the actuator is transmitted to the main
valve by means of a linkage which converts the linear piston motion to rota-
tional motion of the ball. As the control port is pressurized, the small bleed
orifice through the piston allows the prassure in the cavity to the outside
diameter of the bellows to increase. To ciose the valve again, control port

one is vented and the spring, along with the residual pressure acting on the
bottom of the piston, closes the valve.

The following analysis was performed to determine the cperating factors of
safety of the Parker Submerged Liquid Hydrogen Ball valves. This analysis is
based on a preliminary informal analysis obtained from Parker Aircraft Co.;
operating pressures of 500 and 750 psig are considered. The operating factor
of safety, FS, is defined as the ratio of applied actuation pressure to
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minimum actuation pressure required to (1) start acceleration, (2) complete
actuation, (3) .tart deactuation, and (4) complete deactuation.

A summary of the analysis is presented below. The valve schematic and appro-
priate dimensions are shown in Figure J-2.

J.2.1 Pressure to Start Actuation
A. With pressure drop across piston

FrR, + Fs, * PoA

A
p

Py =

(=]
~J
o
+

. (-50) + 130 + 50 (2.32)

= 176 psig

500 _
e = 2.8

750
176

FS

FS 4.3

B. No AP across piston

+F. +PA

-
-
N
>

670 + (-50) + + 50 (2. .
7 ( )2.3;30 50 (2.32) _ 373 psig

FS I3 1.3

2.0
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Figure J-2

PARKER

n

n

Piston Diameter = 2.5C In

Effective bellows Diameter = 1.72 In

Piston Area = 4,92 In2

Effective RBallows Ar » = 2,32 In2
Seal Friction Feice = 670 Lbs

50 to 75 Lbs

Cellows Force
Sprinqg Force = 130 to 305 Lbs
Pneumatic Pressure = 500/750 Psiq

Line Pressure = 50 Psiq

VALVE SCHEMATIC - ACTUATION CYLINDER
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J.2.2 Pressure to Complete Actuation

A.

With AP across piston

f + Fb + Fs + PZAb

2 2

%

670 + 75 + 305 + 50 (2.32) _ 549 psig

#

.97
500
Fs = 399 = 2.1
Fs = %%3 = 3.2

No AP across piston

670 + 75 + 305 + 50 (2.32) _
2.32

502 psig

500

oz = 1.0
_ 150 _
FS - '5'62‘ - ].5

FS
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J.2.3 Pressure to Start Deactuation

A. Line pressure 50 psig; P] = 0
oo TR, o F Po(Ay)
P. =
1 Ap - Ab
_ 670 - 75 - 305 - 50 (2.32) - .
= 97 - 2.39) 67 psig
B. Line pressure - psig; P] = 0
' _ 670 - 75 - 305 - 0 (2.32) _ 111.5 psig

Py = 492 - 2.37

Note that calculated pressure Pl is required to start valve to deactuate.
S

Hence, valve will not move unle P is greater than P, by the values noted
above. Also valve will not fully dla ]

ctuate unless Pi s greater than:
A. Line pressure 50 psig; P] = 0

* _ 670 + 50 - 130 - 50 (2.32) _

Py = 192 - 2.32 182 psig
B. Line pressure 0 psig; P] = 0
' _ 670 +50 - 130 - 0 (2.32) _ 227 psig

Py = 197 - 2.32

J.3 CONCLUSIONS
A. Successful deactuation of valve is dependent upon venting actuation
pressure (P]) quickly enough such that deactuation pressure (Pi)
exceeds P] by 227 psid.
B. The following conditions may prevent this AP from developing:
1. Restriction in pneumatic vent, i.e., obstruction in orifice or
screen located in actuation pneumatic port, slow acting or sluggish
solenoid.
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2. Ineffective seal on actuator i.e., damaged seal, damaged cylinder
surface, contamination, tapered cylinder.
C. The following conditions may require a higher AP to accomplish
complete deactuation:
1. Binding, i.e., contamination, incomplete temperature stabilization,
excessive seal drag on ball.

J.4 RECOMMENDATIONS
A. Provide a separate pneumatic "close" system for each valve. Reasons:
1. Full pneumatic pressure will be available for deactuation, i.e.,

¢ - 200
F.S. 227 - 2.2.

2. Leakage past damaged piston seal is not critical.
3. Operation of actuator is not time dependent.
4. Reliability of actuation increased greatly.

B. Add second seal to actuator piston to reduce piston leakage when actua-
tion (open) pressure is applied.

C. Plug orifice in actuator piston to reduce piston leakage.

D. Purging of the volume external to the valve ball should be accomplished
either by partially opening of the valve during the vacuum/purge cycle,
or by installing a separate purge system attached to the ball shaft boss.
Partial opening of valves may be accompiished by applying a reduced
pneumatic pressure to the open port.

E. Al1 pneumatic helium vents should be protected from breathing air by
trapping and holding exhausted helium at vent opening. An inverted
chamber (opening on the bottom) over a vent opening may be suitabie,
and/or a check valve should be used.
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