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1.0 SUMMARY

Cryogenic ligquid hydrogen and liquid oxygen distribution systems appear
entirely feacible for the shuttle reaction control system and can very
likely be opsrated for a 7-day mission wlthoubt any boileff., They are
relatively cimple having only four active components; the ¢ .1 (2 low
pressure, slow response unit); e hydraulic motor; a relief valve; and

a bellows aconmulator., All of these units are well within the state-
of-the-art,

The only questionable area in using a liquid distrib.tion system for
the reaction control system is the ignition and pulse mode operation
of enpgines operating on cryogenic liquids. Bolloff of the cryogenics
in the dribble volume after each pulse could cruse freezing problems
under certain puise modes. Dribble volume losses in pulse mode opera-
tion will require about 29 pounds of reactants per thousand starts.

There is considerable additional effort required to refine the design;
i.e.,, recalculate the various parameters in a more exact method--with-
cut the consgervative assumptions. Tt appears--based upon the - onserva-
tive estimates, that the system might be operated cver a full 3C-day
mission without boiloff losses--especially if all propulsion = d power
requirements were included into this system, providing more flow of
cold fluid from the tanks and making the distribution system heat leak
more acceptable. Any bolloff might be used for life supnort and/or the
fuel cells,

The system dry weight can spparently be reduced by nearly 30 percent
from the weight inveolved with gas systems. The volume ¢ Je system,
exclusive of tankage, is reduced to about half of the gas .ystem because
of the relatively small liguid accumulator. The concept cffers the
advantage of eliminating the development cost and rellablility penalty
associated with the heat exchanger required for the gas systems. Also,
since the liquid accumuletors are relatively small and lightweight (500
psi operating pressure) the system weight is not perticularly sensitive
to pump startup time, thereby simplifying the pump development, With
the low pressure involved, the pump power is in the range of capability
of the onboard power units. The choice of vecuum Jacketed insulated
lines affords dual containment of the propellant~-s significant relia-
bility Jmprovement which eliminates the need for a large number of iso-
lation valves. Monitoring of the vacuum in the Jackel is an ideal way
of' verifying syctem containment in checkout and in liyht, The devel-
opment cost for this type system showld be a minimum and its inilight
performance sheould be near the maximum achievable which is consilstent
with shuttle design goals.



2.0 INTRODUCTTON

The National Aeronautics and Spece Administration is presently conduc-
ting feasibility and preliminary design studies of a fully recoverable
and reusable space transportation system, commonly referred to as the
space shuttle vehilcle, As presently conceived, the vehicle will consist
of beo separabe elements, 8 booster stapge and an orbitor otag . - uch

ol whieh o Sedvidnally recoversble, The space shubtls vehicele

I dosipned Lo provide low coost Lransportation Lo earth arbit fe

supporl, a varieby of miscions, dnclading: loplgbice redupply ol o apaee
ntution.

In order to achleve maximun cost eifectiveness, the space transporta-
tion system will be designed for up to 100 flights (reuses) over a 10-
year operational lifetime and will be capable of relaunch within 2
weeks after landing. The system will be designed to minimize required
postflight refurbishment, maintenance, and checkout.

The space shuttle vehicle will be launched vertically on rocket thrust
alone, with the booster staging-off and flying back to the recovery
site, The orbiter stage will proceed to orbit under mein rocket propul-
sion and, in orbit, will meneuver as a true spacecraft. At the conelu-
sion of its mission, the orbiter stage will reenter end also fly back
like a conventional aircraft.

Hydrogen and oxygen vwere initially chosen as propellants for the main pro-
pulsion systems of both the booster and orbiter stapges because of high
performance, relatively low cost, end nontoxic, noncorrosive nature.

These propellants have also been selected for other energy systems for

the same reasons plus edditlonal henelfits derdved from commonality be-
tweenl the main and auxlliary propulsion storage and feed systems.

These benefllts include possible use of main engine boost residuals for
reaction control systen (RCS) requirements and potential flexibility

in distribution of orbital maneuvering propellant between the main

engine and the RCS to provide capability for a wide range of missions.

At present, a variety of propellant feed systems are being studied for
the reaction control system. These systems differ greatly in configur-
ation and operaving characteristics. One common charaecteristic, how-
ever, is the dellvery of hydrogen and oxygen. Gas was initially selected
because of the anticipated difficulty of delivering cryogenic liquids
through a complex distribution system.

However, detailed studies of the gas type systems indicate that the
rropellant conditioning hardware and the associated inefficiency of
gasification in conjunction with larger vehicles and impulse require-
ments resuylts in a significant inert welght fraction on the order of 0.5.
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Weight penalties for the gas system can cnly be reduced at the expense
of system safety and high developmentc cost., A liguid distribution sys-
tem can operate Wwithout s turbopump, a propellant thermal conditioner
(i.e., heat exchanger) or & gas accumulator, reducing the weight and
cost and erhancing the relisbility, but poses the problem of liguid
distribution.

Crycpenic disbribution lin.s have characteristically been a proulem in
Lhe past beoonre almost invariably a pump has been located at the end
of the line, Any heat leask or pregsure drop in the line caused cavi-
bation problems in the pump--especially when the storape tank liquid
wvas near saturation with vapor. However, a speclal system using pumps
locuted near the tanks can provide sufficient heat capacity to avoid
boiling, thus making a cryogenic liguid distribution system ap,.ear de-
sirable for a reaction control system. This paper describes such a
system and its operational characteristics for use in a shuttle type
vehicle.



3.0 SYSTEM THERMODYNAMICS

The primary consideration for the concept of using a crycgenice liquid
digtribution system in the shuttle is the heat lesk situation. 4As in
every fluid system, it is most desirable te avoid two phase flow,
Actually, to guarantee single phase (liquid only) flow, the pressure
must be mmintained at & level Tar enough above the boiling point to
avold trunci-sat boiling during normal hydreulic transients. A pressure
about 25 to %0 percent higher than the bolling point is normally con-
sidered acceptable--especially in systems where hydraulic transients
are somewhat damped by fluid compressibility and/or the use of accum=
ulators,

Using this criteria, the thermodynemics of the working fluids can be
gvaluated. The primary consideration here is to determine the amount
of heat that the fluid can accept hefore developing a vapor pressure
which might cause a two phase situation. Then, an analysis of the heat
leaX into the system can be made to determine whether a realistic sys-
tem can be built within the limits of acceptable heating.

The key thermodynamic properties of oxygen are shown in figure 1.
{Pressure, temperature, density and enthalpy.) The thermodynamic pro-
cess begins with the fluld at about 30 psia in the main ctorage devar.
Here, its vapor pressure 1s 30 psia also, since it will likely he
boiling during most of the mission. It may be subcooled by hydrogen
beiloff in the pump area, which will improve the situation somevwhat,
but for this analysis the worst case situation is considered.

A pump pressurizes the fluid Lo system pressure after being triggered
by either a high temperature condltion or a low pressure condition.

In either case, as the accumulator fills, the pressure rises snd will
level off at 500 psia as the relief valve opens or vhe acceumulator fills,
At this state point, the liquid is considerably subcooled. Its tempera-
ture is 1.°R almost exactly the same temperature that it was in the
devar, and its denaity is about 69.5 1b/ft3 still about the same as it
was in the tank. Algo, the vapor pressure of the fluid is still only
20 psia. In this condition, the fluid can accept considerable heat
without boiling. In fact, it can be heated until it reaches 240°R and
still have a vapor pressure of only 300 psia. During this heating pro-
cess, the fluid dencity drops from 69.5 1b/ft3 to 55.5 1b/Tt3 and its
heat content increases by 28.6 Btu/lb. This is the heat the oxypen can
accept and still be able to drop in pressure from 500 psia Lo 300 psia
without boiling.

A similar analysis for hydrogen indicates that about 156 Btu/lb may be
accepted by the hydrogen. Actually above 187 psia the hydrogen is
supereritical, thereby always guaranteeing a single phase flow. The
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Figure 1 - OXYGEN THERMODYWAMIC PROPERTTES
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somevhat arbitrary limit of 780R and 2.0 1b/ft3 for the fluid is selected
here for the sake of analysis. Actually, further decreases in densizy
and additional heat leak may be acceptable, depending upon how ths flow
control is to be implemented in the using hardware.

It is interesting to note here that if two phase fluw does happen to
occur it will be in the oxygen side of the system, thereby alvays re-
dueing the O/F ratio momentarily--s fail safe condition.

A final note of interest is that the fluid in the distribution systewm

may be at either extreme of the thermodynemic conditions; i.e., oxygen
at 175CR and 9.5 1b/ft3 or 2LOCR and 55.5 1b/ftd and hydrogen at LLOR
and kU4 1b/ft3 or 78R and 2.0 1b/fu3.



4,0 SYSTEM DESCRIPIION

The first step in making a cryogenic liguid distribution system work
for a reaction control system (RCS) is tc put the pump at the upstream
end of the plumbing in or near the propellant storage tank. This reduces
or eliminetes the problem of cavitation in the pump and establishes a
thermodynamic condition in the cryogenic flulds such that a significant
amount cf' L 3t can be absorbed without any boiling cccuring in the lines,
The only question is whether the improved thermal capacity of fluid (re-
sulting from pumping) is sufficient to absorb the heat lesk into the
distribution system without ceusing bolling. Also, since any heat leak
will cause the propellant to increase in volume, some provision must be
made to allow thermal expansion; e.g., an accumulator. A liguid accu-
malator is desirable in any case to avoid starting the pump every time
the RCS is used. TFinally, if the duty cycle has a long period with no
activity, any heat leak at all, no matter how smsll, will finally cause
the fluid to expand to the limits of the accumulator. Therufore, a
relief valve is required. The vented fiuid should be dumped back into
the storage tank so that it can be -rented through the tank cooling sys-
tem; e.g., thermodynamic vent. For conditions of no flow, some circula-
tion in the dlstribution system may be required to avoid local boiling.
A fan system may be required unless adequate conduction along the pilpes
can be achieved and/or the duty cycle and heat leak combine to eliminate
hot spots,

A system for distribution of eryogenic liquids in an RCS for a shuttle
type spacecraft is shown in figure 2. It will reguire a main line about
120 feet long to reach near the ends of the vehicle. Also, an addi-
tional monifold will be required to further distribute the fluids to
individual rocket engines, About L0 feet of line will be required at
each end of the vehicle for this purpc-e. A schemsatic for thic system
i5 shown in figure 3. The components rcequired are:

a, Pumps

b. Pipes (thermally insultated and vacuum jacketed)

c. Accumulators

d. Relief valves

e. Recirculation lans

A description of easch of these parts follows, A discussion of the use
of this system is included in the next section,
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The pumps must be sized for enough capacity to operate the system at

the maximum fluw rate to be expected. The flow requirement during
operation of the propulsion system has been ewnuimated to be about 20
pounds per second total flow at an oxidizer to fuel flowrate ratio of
about 4:0., This requires four pounds per second of hydrogen and 16
pounds per second of oxygen. If a specific impulse value of 430 seconds
is achieved, this will provide a total equivalent thrust level of 8,600
pounds o be shared among the rocket engines inveolvel, For the purpose
of this pape=, a nominal operating pressure of 450 psia has been selec-
ted. The power required is outlined in appendix A at 28 horsepocwer from
the oxyegen pump and 112 horsepower from the hydrogen pump, The total

is 140 horsepower, and assuming positive dicplacement pumps operating
a8 94 percent efficlency, a pump power requirement of 149 horsepower
results,

A hydraulic mobor can be used to drive the pumps without a severe
weight penalty. Presently avallable hydraulic mobors can operate

2t about 93 percent efficiency, thus requiring about 160 horsepower
from the onboard power unit., The excellent life and reliability of
these units would make them a logical choice, This is well within the
capacity of the onbosrd povwer unit. The necessary motors would weig:
sbout Sk pounds (10 pounds for coxygen and 44 pounda for hydrogen) and
with redundancy, the total would come to 162 pounds, The pumps them-
selves would weigh about 3 pounds for the oxygen and about 10 pounds
for the hydroren giving a total with redundancy of 39 pountds. Ancther
h(5 pounds has been esitimated for the power unit and hydraulic lines
le supporh this approach., The power unit propellant concumption is

I 1b/hp-hr or 89 pounds.

The next elemen’; requiring detaill consideration ic the plumbing itoelf.
Assuming the above floWw rates, and a prescure drop of 20 psi maximun,
the oxygen line size is 1.8l inch inside diameter and the hydrogen line
is 1.92 inch diameter (see appendix B). Assuming that recirculation

is necessarys, the two oxygen lines need tc be 1.28 inch inside diameter,
These two lines would flow in parallel during system operation and
would provide counter flow during "off" periods. Hydrogen reguires 1,36
inch lines.

Several weys ol providing thermal insulation for the lines have been
considered, but the one offering the most interesting advantage is the
use of a vacuum jacket. Adequate thermal protection can be achieved
for both ground coperations and ir flight. Also, the vacuum jacket pro-
vides redundant containment as well as a semiautomatisc checkout feature
Tor containment in the system. This 1s the only really safe way to
implemaent hydrogen plumbling where only a minor leak can cause a serious
explocion hazard, A few layers of reflective insulation will be re-
quired to keep the vacuum jacket cool and minimize heat transfer by
radiation. Ten layers of aluminized mylar is included,
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The weight of this type plumbing system should be on the order of 0.862
pounds per foobt for oxygen, totaling 172 pounds for the installation in
a typical 200 foot long shuttle design. The hydrogen plpes would weigh
about 182 pounds because of the slightly larger size. This weight is
based upon the use of aluminum stressed at 17,500 psi. The welght would
probably double because of varinus supports, thermal expunsion jolnts
attachment, ebc. giving & plumbi-. weight total of Tilk ;-~unds. The
heat leak Tor this type installetion is typically 0.. st /hoir/ft2 for
both Mydrogon and oxyzen resulting in a heat leak of 157 ‘. /hour.
Other heat lesks must he added to this, however, TFour exsmple, the
valve electrical wires, engine interfaces, punping inefficiencies, etc.
These will be considered later.

The third item requiring consideration is the zecumulator. For the
purpose of analysis, a posltive expulsion device iz visualized using

a bellows, Although heavier than other possible devices, it is consi-
dered "state-of-the-art" equipment and will provide a most realistic
wvelght estimate. Helium is used as the presswr-izing agent. Several
alternatives exist as to where the accumulator s located. One alter-
native 1s to put it into the main tank which would eliminate the heet
leak problem. However, additional area of the main tank would te
involved for heat leak consideration., In order to avoid unnecessary
interfaces, a design with a remote accumulator and helium supply is
selected. Further, each accumulator has been divided into two parts
for the sake of redundancy such that onc unit 1s located at each end
of the vehicle. If the accumulator is lost, the number of cycles of
operation of the pump will simply double and the "yydraulic character-
icties of the system will degrade slirhtly on ope end of the system.
11" the second accumulator is lost, the system will continue to function
but rot with normal hydraulie transients and the pump cycles would be-
come excessive--a good reason to return. The weight, volume, and heat
leak of the accumulators required to support a 100 cycle type system
are shown in appendix C.

The results are as follows: 02 Ho
Weight 22,0 1b 139.0 1b
Volume 2.5 £t 12,5 £t3
Heat Leak 1.6 Btu/hr 4.8 Btu/hr
Diemethers 1.68 7t 2,88 £t

The total. for both accumildators for both ends of the vehiele are:

Weight %20,0 1b
Volume 30.0 ft2
Heat Leak 12.7 Btuw/hr
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A relief ralve is required to avoid overpressurization in the system.
A flow capacity equal to the pump flow rate is required. The unilt
should not weigh more than about 10 pounds even in a triple redundant
configuration. An alternate approach is to use a solenoid valve and a
pressure switch for contrel. Both concepts would weigh about the same,

One feature of the system that is very desirable is the use of vacuum
Jjacketed pipes. Although there are many ways to provide thermal pro-
tection, the use of a vacuum jacket provides redundant containment--a
feature always considered desirable in the past but never justifiable.
Redundant containment will eliminate the need for most isolation valves.
Hence, no isolation valves are shown on the schematic for the basic
distribution system.

Finally, circulation fans complete the instaellation. The need fcr
recireulation of the cryogenic fluids to avoid locel hot spots n.i
possible boiling, 1s determined Ly the duty cycle of operaticn and the
severity of the heat lesk. Alsoc, the conductivity of the pipes will
affect this consideration. TFor this study, recirculation is assumed
to be necessary and small fans are included for this purpose but they
ray not actually be required.

These fans could be mounted in the accumulators to circulate fluid
through the double plumbing with very low flow rates. In the event

of a flow demsnd, the fluid would flow backward through the fan so

that both legs of the system supply fluid. Four fans might be required
at about 2 pounds each. The conbined power of these fans could be
about .0219 horsepower, resulting in heating of the fluid at a rate

of 55.7 Btu/hr. These fans would circulate the entire volume of fluid
every 15 minutes with a head piessure of 1 psi. The fans would draw
0.32 watts of power. Detail study of this requirement is reguired.

The worst case type analysis shown here is for concept analysis only.

Another item affecting system performance is the heat leak and weight
involved with the connection to the RCS engine. The volume between the
system and the engines muut be minimized to achieve good thrust response
ond minimize dribble volume (the propellant lost after valve closure)
but the connection must be long enough to minimize heating. A design
for this interface has been worked out using a bellows connector with
1/4% inch convolutions spaced 0.050 inch apart; i.e., 20 convolutions
per inch. Three inches of this bellows is actually 30 inches long
thermally. Although not optimized for minimum dribble volume and mini-
mum heat transfer, this design results in 33.2 Btu/hr to the hydrogen
side and 9.4 Btu/hr to the oxygen side for a total of 42.6 Btu/hr for
30 enginss. The dribble volume involves a loss of 29.3 pounds of re-
actants per 1000 shutdown cycles. A shorter flex line would probably
be more desirable, or possibly one with a higher pressure drop (smeller
diameter). The design outlined here (all celculations are in appendix D)
1s based upon a 25 psi pressure drop and a wall thickness of 0.020 inch,
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neither of which have becn optimized for the application. The results
indicate that the volume and weight are acceptable, however. With a
detail design study, this tredeoff can be optimized.

The one consideration not completely analyzed here which could signifi-
cantly affect system weight is the compressibility of the flulds. Both
hydrogen and oxygen are considerably compressible at the thermodynamic
state points considered here. This would decrease the size snd weight
of the sccumulators required. It 1s possible that the hydrogen may not
reguire a bellows and helium pressurization--only a tank for enough
volume to achieve a "springy" effect. A pressure regulator would allow
appreciable pressure fluctuations without cycling the system pump. The
oxygen system is not supercritical (as the hydrogen is) but will also
benefit to some degree from consideration of compressibllity. Th's
analysis reguires the use of automatic compubtation to achleve ac urate
results,
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5.0 SYSTEM OPERATION

The system operates much the same as other systems flown previously.

The operation begins with a checkout to verify containment and functional
verification of the hardware. Containment is verified by monitoring

the vacuum jacket on the pipes. Proper pump, valve, and accumulator
funetioning is verified by special tests using pressurized gas as the
test fluid. The data from these tests would probably be analyzed auto-
matically.

Servicing of the system would begin with pressurization of the accumu-
lator with helium, The helium pressure would be regulated to maintain
a steady 450 psia on the backside of the bellows in the sccumulator.
Next, the oxygen and hydrogen tanks would be serviced and the system
pumps switched on. The system chilldown would begin. Any oxygen or
hydrogen boiled during system filling would vent back tu the main tank.
The pumps would run continuously until the system temperature level was
below the maximum allowsble wvalue of about 78°R on the hydrogen and
240°R on the oxygen. The helium would begin to chill down, and the reg-
ulator would maintain the 450 psia pressure. When the chilldown process
is completed, the helium servicing line can be disconnected and the sys-
tem is ready to fly. The time for chilldown is an automatic checkout
of the heat leak for the system.

In flight, the system pump continues to respond to two signals, presszure
and temperature. If the pressure falls below BOO psia, indicating the
accumulator is empty, the pump is turned on, Alsc, independent of the
pressure signal, the oxygen pump is turned on if the temperature goes
above 24OR in the oxygen or the hydrepen pump is turned on if the tem-
perature goes above 78°R in the hydrogen. The pump supplies cold fluid
(175°R oxygen) to the distribution system until the temperature is back
to an acceptable level of about 200°R. If this occurs when the accumu-
lator is almost emptg, the tempera*ure of the fluid may be reduced ade-
quately (back to 200 R) before the accumulator is entirely filled, and
no venting occurs. If this doesn't occur, the relief valve will vent
warm oxygen back to the main tank until the distribution system is again
back to 200 R. A similar operation will occur on the hydrogen side.

An alternate mode for cooldown would be to simply program a specific
pumping period for this purpose. Either way of operation would produce
the same results.

Under normal operating conditions, enough fluid would be used out of the
system such that no venting back to the main tank would be required,
Replacement of the expended fluid with cold fluid from the main tanks
would continuously provide a cooling effect to the systems, keeping the
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temperatures below the meximum of EhOOR in the oxygen and 78°R in the
hydrogen. This is discussed in detail under system thermal performance
in the next section.

Continuously during flight, the cold fluids would be recirculated about
the system to cool local areas where heaf leak is hipghest. This would
also provide mixing of the fresh cold Y4 R hvdropen with any warmed 78 R
hydr-.gen. Likewise, the 176 R oxypen from the main tank would bve mixed
with any warmed 240 R oxygen in the system, keeping the temperatures as
low as pogsible at all times and meking the heat leak more arceptable.

The flight meonitoring system would continuocusly measure the vacuum level
in the vacuum jacket, as well as the cycles of operation of the bellows
accumulators., Pressure variations in the accumulators would provide
accurate indication of the volume changes in the accumulator, indicating
proper stroking of the bellows. A leak in the bellows would simply f£ill
the helium side of the accumulator with fluid reducing its effective
volume and increasing the number of pump cycles for the mission. Fallure
would probably be gradual and definitely detectable., The compressibility
of the fluids would probably provide adequate operation even with both
accumulators failed completely, but may consume the life of the pump in

a single mission--requiring replacement of one unit before the next
flight. The bellows spring rate can be chosen to guarantee leakage of
the oxygen out of the bellows instead of the helium into the system.

Failure of the plumbing would result in pressurization of the vacuum
Jacket. This would be no problem, however, since the multilayer insule-
tion is exposed to space vacuum and would adequately jacket the system
from excessive heating., Leakage of the vacuum jacket can be monitored
by sensing the pressure level inside the vehicle shell. Assuming no
catastrophic rupture, the vehicle could be flown until the jacket indi-
cated expessive leakage; i.e., pressurization of the vehicle skin te
over 10 torr which would seriously reduce the insulation effectiveness.
Thig pressure can be achieved with very smell lesks even in a vehicle
which is fairly well vented. Return would be caused by loss of insula-
tion effectiveness~~not the loss of fluid,

The system would be used continuously throughout thr mission, supplying
attitude control and minor onorbit velocity correct. ns as required.

The most sgevere operating condition is an off situation where no warm
fluid is used, and no cold fluid is pumped into the system. In this
case, the vehicle suffers a boiloff loss corresponding to the total heat
leak. This is not excessive but must be traded against the alternative
of shutting down the system until it is needed again and then rechilling
the system. Extra helium for the accumulators would have to be carried
along because if the system is allowed to warm up, the helium must be
vented to prevent overpressurization of the sccumilator.
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Return and landing of the vehicle would be followed by venting of the
system and preparation for the next flight. In-flight data of pump
performance, valve operation, etc. would provide most data for pre-
Tlight analysis and support of flight readiness.
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6.0 PERFORMANCE AND WEIGHT ANALYSIS

The next consideration is to estimate the amount of heat which can be
expected to leak into the system. The calculations outlined in the
system and component descriptions establish the individual component
heat leakage as follows:

Total Btu/hr 0, Btu/hr  H, Btu/hr

Plumbing 157.0 78.5 78.5
Accumulator 12.7 3.2 g.5
Fan Energy 55.7 12.7 43 )
Solenoid 150 (average of two

50 watt operating 1000 sec) 94.8/miss. 47.4/miss. W7.4/

mlLsS.

Wire Leads (300) 5.8 2.4 2.4
Interfaces

30 Rocket Engines 42,8 9.4 23.h
Pump-Motor Losses 274.0 /pumping 106. 1£7.8

Note that the pumping losses are omitted from this total as are the
solenoid valve heating values. The pumping losses actually act to
reduce the heat capacity of the pumped fluid by increasing its heat
content. Therefore, the actusl heat capaclty of the fluid must be
adjusted accordingly. The values shown are based upon pumping for §
seconds or 80 pounds of O, and 20 pounds of Hg. The heat capacity of
80 pounds of pumped Op (580 psi 1750R) is 2288 Btu, from which ik,5

Btu must be removed, resulting in 2274 Btu/80 1lbs or 28.4 Btu/lb.
Similarly, the hydrogen heat capacity must be adjusted from 156 Btu/lb
down to 153 Btu/lb. These values are based upon a pump with 9% percent
efficiency and a motor with 93 percent efficiency--~an achievable value
for positive displacement machines. For example, a bellows pump powered
by helium can deliver pressurized propellant with practically no heating.
The only heating occurs from flow friction in these devices and they
may be weight competitive with rotating machinery for the amounts of
fluid involved with the shuttle. For the purpose of this anelysis, how-
ever, the conrervetive approach is taken. Hydraulic turbines may be
used which will be less efficient (about 70 to 80 percent) but as

shown above, this will not affect the thermodynamics of the system
appreciably.
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Using these heat capacity numbers and the above heating loads, the
amount of time to warm up one accumulator full of liguid cen be cal-
culated. TFor oxygen the time is caleulated as follows:

T = (80 1lbs)(28.4 Btu/ib) = 21.4 hrs.
106.2 Btu/hr
For hydrogen the number is:
T = (20 1lbs) £ 153 Btu/hr = 18.2 hrs.

167.8 Btu/hr

After these periods of time with no use of the fluid, the sccumulator
would reach full pressure of 500 psi (and maximum temperature) and the
pump would be turned on to recool the system. As the warm fluid is
vented back into the storage dewar, hoiloff will occcur. Present plans
are for the cooling of both storage dewars (H, and O,) to be accomplished
using vented hydrogen. Assuming s heat absorption by the vented hydro-
gen to be 156 Btu/1lb the amount of vented fluid to continuously main-
tain the distribution system in a "ready" condition is calculated as
follows:

Wt = 274,0 Btu/hr heat lesk = 1.76 1b/hr
156 Btu/lb vented

This same 274.0 Btu/hr can also be removed from the distribution system
by using the fluid in the engines instead of venting back to the storage
dewar. If the oxygen can be used at s rate of 3.7 lb/hr the cold fluid
pumped into the system to replace this expended oxygen will absorb the
106.2 Btu/hr heat leak in the oxygen system

28.4 Btu/lb {

on the order of about 1.0 lb/hr [ 167.8 Btu/hr = 1.10 ib/hr
153 Btu/1b

\
Use rates of this level are guaranteed in any normel duty cyele, If,
however, the system is completely isolated from usage, the 1.76 lb/hr
boiloff rate is not excessive.

(106.2 Btu/bhr = 3.7 1b/hr ) Likewise, the hydrogen flow rate must be

Consideraticn of the heat leak and the thermodynamics as outlined sbove
provide indication of the feasibility of the system. Consideration of
the weight of the system will reflect on desirability.
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A weiphl estimate summary for the system (exclusive of propellant and
tankape) 1 as Tollows:

Total Q2 Ho
Pumps 39 9 30
Motors 162 30 132
Power Supply Lés shared
Power Supply Propellant 89
Accumulators 322 Ll 278
Fans 8 L
Relief Valves 20 10 10
Plumbing 35k 172 182
Brackets and Mounts 35 172 182
Residuals 257 248 9
Total 2070 689 827

This welght estimebe 1s conservative in the sense that no compressi-
bility factors have been assumed for the flulds while sizing the accu-
mulators. Also, the fans may not really he regquired--especially on a
small vehicle,

A significant factor is whether all the 465 pounds of power supply and
hydraulic lines should be charged to this system. The regquired run
time is very short (about 500 seconds) and can easily fall within the
duty cycle of the power system. The required 100 additional starts for
the power system may require refurbishment more often, bub should not
actually impact spacecraft welght,



7.0 ©SYSTIM DESIGN, DEVELOPMENT, AND MAINTENANCE

A Tlight weight system for dlstribution of cryogenic liquids will re-
quire careful asttention to detail. No new design techniques or differ-
ent analytical tools would be required because previous experience with
rocket enpgine Teed lines is availleble, The most significant effort in
the design phase will be to optimize the various system parameters in
light of the requirements Involved., An extensive systems engineering
elffort will be reqgulired to evaluate all the contingency requirements
and design slternatives. A math model for system characterization
would certainly be a part of the design effort.

Special attention would be reguired for the extended life, repairabllity,
and weight limitation of the system. Cost effectiveness will set the
design in many instances, TFor example, turbomachinery can be used for
pumping hydrogen and a significant welght advantage results. However,
the comparative cost between the turbomachines and the hydraulic motor
driven--positive displacement pumps may significantly influence the
design decision.

Thermal expansion and contraction of the plumbing will be a very sig-
nificant factor in the deslign, Cyclic fatigue of the parts induced by
thermal stresses will be a major limlting factor in system life. Gpecial
attention to minimizing these stresses willl be required,

The system development should be fairly straightforvard., Ereadhosrd
systems operated on the ground should provide adequate resipgn &valustlon,
Of primary interest is the fact that only two factors need he measured--
heat leak and pressure drop. Dynamic transient pressures must be evalu-
ated, but should be nominal because of the large accumulators included
primarily to limit pump cycles. The controls required are simple--pres-
sure switches and thermal switches--and adequats design should be simple
to demonstrate,

The development system should be operated somevhat continuously through-
out the flight program to verify adequately the life capability of the
system. This will provide early indications of life limited components--
before they show up in flight, and will provide & facility for tralning
flight crews and investigating malfunction modes experienced in flight.

All ol the parts required for the system have been bullt previously for
use on obher cryogenic systems., The only posslble problem area is the
development ol a bellows Lype accumulator, Recent hardware tests of
these devices indicote, however, that better life can be expected at
cryogenic Lemperatures than when used in ambient temperature applications,
Positive displacement pumps for cryogenics have been built using bellows
lor active elements. Units of spproximately the proper size for the
shuttle accumuletors have been tested for use in flourine and hydrogen.
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The mainlenance ol the system can be miuimized by desipn. The ucs of
expendable clements (bellows-seels-motors, ete.) can be minimized and
vrobobly will be for the sake of cost effectiveness. The compatibility
ol the Ho and Qp with typical material of construction and the ease of
removal of residue propellants by venting maske the systems practieally
maintenance free. The small number of active components further mini-
mize the maintenance problem.
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8.0 SYSTEM INTEGRATION CONCEPTS

The shuttle spacecraft 1s planned to provide payleoad weight In orbit at
a cost far reduced from any previous vehicle., This c¢can only be accom~
plished by superior design derived by a cereful systems engineering ap-
proach to the task.

One of the primary tesks of the systems engilneering function is to pro=-
vide proper management o: ihe avellable energy. Hydrogen and oxygen

are one of the mosl energetic combinations avaeilable. However, misuse
of this e¢nergy potential cen result in serious system perf rmence degra-
dation.

Efficient energy management requires minimizing rejected heat, The use
of space rediators, wgter boiler cooling or other means of rejecting
heat to space is a definite inefficiency. This has been done in the
past because the systems and/or heat exchangers for conserving this
energy weighed less than the resctants to supply the losses.

However, in the case where cryogenic reactants are used, the energy
level of ‘the flulds is low enough to minimize the size of equipment re-
auired to accept rejected energy. This absorbed energy is then trans-
ferred back to the beginning of the cycle. Thus, we can see that the
cocling for the hydraulic systewms can be accomplished with the reactants
for the turbomachinery which produces the hydraulic energy. ILikewise,
reactants for the fuel cells can be gassified by th- waste heat from
the fuel cell operation. The oxygen requlred by the environmentel con- -
trol system can be vaporized efficiently and effectively Ly the metzto-
1lie heat load. The cooling required in rocket englines can he derived
from the low temperature reactants. The heat sbsorved on e regencra-
tively cwoled rocket chmmber and nozzle is carried directly back into
the combustion process. The result is that all energy or mass leaving
the spacecraft is for some useful end result; i.e., propulsion, power
generetion, etc.

Ancther concept of the integration of all onboard energy systems is the
minimization of complexity and weight. Each unit which uses reactants
reguires them at s fairly high pressure for the sake of unit efficiency.
However, for storsge efflciency, the reactants (H2 and 02) must be con-
tained in falrly l~w pressure light weight vessels (30 psi). Hence,
the fluids must be pumped to & high pressure. A single set of pumps
capable of supplyling the highest pressure required st the highest flow
rate required can serve all the systems. If five units are involved
each having triple redundant pumps, at least 15 pumps are involved, of
5 different configurstions., Spares, maintenance, checkout and genersl
logistics Tor this much hardware is expensive and Inefficient of time
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arel elTorbe A singele contlyaation wIith nnple o ooy eoldd improve
Lhee rellianility of the vehicle trenendously.
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TIN0T CONCLUSIONS AND RECOMMENDATIONS

A syostom Por dishribubion of liguid hydrogen and iqg:ld ozyesnn v the
shuttle vehiele reaction control system operating Ir o po.loe wmode: apyears
i b onbTrely Peastble, Liktle or no Loldeft of the TYota Tooenoned

by Lhe dizbetbobion system, and the mission duration limito ope cooor-
Linlly Ghowoe imposed by the storarc ol cryopenic Lligaidn in Lhe main
Lanki.

The liquid/liquid distributicn system could offer excellent integration
possibilities for the shuttle concept, each system sharing the burden

of the pumping and distribution system welght penalty. While no specific
consideration has been glven to the various interfacing cystems, there

is no obvious problem with operating on flulds as delivered in the liquid
or supcrcritical condition. One possible exception is the attitude con-
trol system rocket enpines which operate in a pulse mode duty cycle.
While there are no spparent thermal problems with attaching this unit

to the distribution system, there may be problems with ipgnition and

heat transfer iIn the engine itselt'-~an engineering problem deserving
ecarly attention., The mainterance, ‘epair, and pgeneral logistics of the
system appear to be consistent with the reusability ohjectives for the
shul.ble spaceeral’t, The development cost for thic typr of oyoem should
be o mIndmn and 1Lo Inllipht performance should he near the naziman
ucehilevable,  Above all, the systom of'fers oimpliciby Por reliability

and inhierenl salety as reguirod Tor manned vehlceles, Thene lenburos

are conslotent with the space shultle concept and chould he concidered
further in more detailed studies and in preliminary hardware testing.



APPENDIX A - MOTOR AND PUMP PERFORMANCE CALCULATICHS

A Preasure X Flow Rate
Density

FPump Pover

i

= (W70 1b/in2)(16 1b/sec)(2h in2/rt2)
T 63.5(1b/ru3)(550 1t tb/see tn)

1t

28,3 horsopower

il = (W70) (L) (1hh) = 11 horuonovwnes
(!!‘leu: o) TS O3 %)

TOAET i)
A

Posier

Tobtal pover required from the motor must include the purn inefiiclency

Efficiency = output pover
input power

or

Input power =  oputput power

cfiiciency
Power(oxygen motor ) = 28.3/.94% = 30,1 horsepuver
Pover = 112/.94 = 119 horcepo-r

(hydrogen motor)

The pover reguired oy Lhe moltor must dnclude Lhe hydarauiio metor {02
effie’cney. A value of 0,95 1o assumed for Lhe motore,

Puwer(oxvﬂcn) 50.1/0.95 = 0.0 hernepever
Power(hydrogen) 119/0.93 = 127.9 horscpover

The pump motor heat losses are calculated from the inefficiencies and
the 5,0 sec requlred per pumping cycle,

Heat 1088, o) = (32.4 hp - 28.3 hp)Eg6zgcgé5?i2)3tu/hp~hr) - 4.5 Bbu
Heat losso = (127.9 -~ 112)(5)(2545)

“hydrogen 3206 = 56,2 Bbu
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APPENDIX B.- DISTRIBUTTOW SYSTEM LINE SIZING

0o Linec Sizing

Pa = heo paia :> AP = 20 psi
Py = 380 poia

T = 2250R

m = 6.1 x 1077 1b/fL-cec

B = 99.2 ib/rt?

& = 16.0 1b/see

L = 100 1t

D =

[((1728)(52)\%2 ]1/5 - 5.9 1 2/
e 70 /.5. 7B

f = .00k + ,135

HRp = DG = Lo.2 % 105

[x D
iteratively o Lved
D= LuoyY
Tor L.5T7" lines
Vol =‘ﬁ (1.57)° 200 (12)

= 2323 inJd = 1.34 £t3
1728

% 69.5 lb/ft5 = 93 1b max. residual

Two lineg having the same flow ares require diameters of:

D= L.O7Y = 1.,11"

<

' &b = 4.0 1b/sce



and o
Fis

T
L

D

NRE

Pa

Pb

Pa - Fh

TLeratively dolved

Tor 1.67" lines Vol

il

Two lines having the same

n

n

1l

D

R.2
380
S
201
1.0 I
1.13 £ /Y

1.005 X 107
i)

34" for single engine feed lines

Line Sizing

oo psia

1

20 psi
380 psia

T0°R

0.2 x 1077 Lbm/TL o
2.25 1lbm/ft3

4.0 lbm/sec

100 ft
. 2
w

2fL-1nFb
ﬁﬁggc D Pa

0.001h + 0,135

Re 0.32
-5
WM d = 217 x 10
nBy D
= 1.67 in

x (1.67)(100)(12)

2628 = 1,521 Tt7 X 2,25 = 3,423 residual
728

flow area require diemeter of D =1.67 = 1,18"

VE



iteratively solved for the

Pa

=

=)

small flex line to an engine

380
>
355

= 1.0 i

]

1§

25 pei

i}

)

1 1b/sec
= +2 (using bellows hose)

= . 925 it

B3
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APPENDTY C.~ ACCUMULATOR SIZING

The accumulators are sized to provide five seconds of full flow rate
(80 pounds of oxygen and 20 pounds of hydrogen).

For oxygen using 1 ft5 of active displacement, cycling between 400 and
500 psi, b £t3 of helium volume is required for a total volume of 5 T3,

WL = PV = (500)(1h8)(E)}(4) = k.1 1b
R S ¢ o

A precsure vescel for 500 psi and 9 ft3 welghs about 19 pounds.

A bellows weighs about the same as a 500 psl eylindrical stalnless
steel vessel of equivalent volume--1 £t at 10 1b/ft?. This unit would
weigh about 10 pounds.,

The vacuum Jjacket and insulation for the shell would weigh about the
same as the shell - 15 pounds.

The total is then:

W

W Oz accumulntor shell * whelium * wbelloWs + wﬁessel and jacket

total

n

15 + 4 + 10 + 15

]

Ll ins

0:y aceumlator size for dual installationc

= Vol = 4/% nx2
r = EVTESEETSS /%
o = 0.8%2 f Dia = 1.68 %
Surface area = bor™
= (5)(3.2%)(0.8k2)2

= 8.91 £t2 each
Tor the hydrogen accumulstor 5 Tt2 of active displacement is required,

Cyeling between 400 and 500 psi, 20 £t of helium volume is required for
a total volume of 25 ftJ,

Wt helium = PV = (5002(14&%(20)(4) = Th.6 lbs.
RT 1545 )50
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A pressure vessel for 500 psi service and 25 cuble fwet volume weipghs
about 75 pounds.

A bellows would weigh about the same ags the 500 psi cylindricel stain-
less steel shell of equivalent volume (5 ££3); i.e., 50 1lbs.

The vacuum Jjacket for the unit would weigh about T5 lbs for the jacket
and 3.4 1bs for the insulation. (insulation weight of .13 1b/ft2 for
26.0 ft2),

Wshell * Whelium + Wbellows + w:Lnsulation

Il

wfotal Hé accumilator

1

75+ 75 + 50 + 78
278 1bs

I

Hydrogen accumulator size for a single unit

Vol = 4/3 nr2

ri}/———(\fol) (3 = /(25)(3)
s T

I = 1181 ft Dial = 5-62 ftl

]

Accunulator for dual installation

r=3 (12.5)(3)"
TC
r = 3.27 ft Dia, 2.88 ft

Surface area

I}

bar® = 4(3.14)(1.14)2
= 26,0 ftg each

The esblimale of heab lesk for the accumulators 1o dilficult hecoune of
the unlmovwn effect of the helium separating the cold bellowuy Trom the
warm tank wall. TFor the purpose of this paper, the accunulators are
assumed to be hydrogen dewars of eguivalent surface area. Based upon
data from existing tanks as documented in the Handbook of Ixternal
Refrigeration Systems NAS9-10412, February 22, 197, an 8-t sphere
with 1100 1bs hydrogen capacity leaks 36,5 Btu/hour or .182 Btu hr-ft2,
Another example from the final report on NAS9-10583, July 2, 1970, re-
ports as little as 0,0325 Btu/hr 12, Using the more conservative value
our heat leak results as:



Q@ = A X Rate = (52

Q

]

I

(hyazogen) * 92-8(oxygen) ) (+162)

9.5 Btu/hour (hydrogen) + 3.2 Btu/hour (oxygen)

12.7 Btu/hour (total)
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APPENDIX D,- FLEY LINE HEAT LEAK AND DRIEBLE VOLUME

Assume thal the line size required is 0.5 in for the oxypen and 1.0 for
the hydrogen.

(see the camlculation in Appendix B)

Using a 10/1 bellows; i.e., heat path length is 10 times the actual
length, with 0,020 wall thickness a coavolution spacing of 0.050 inch
results with an I.D. of .5 inch and an 0.D. of 1.0 inch.

Area for conduction = nD (thickness)

where D is the average diameter (assumed to be .T5 in)

A = (3.18)(.750)(.020) = .OMT in®
If the length is 3,0 inches (or 30 in. conduction paths)
Q = KM@ = (8 Btu/hr ££2)(, 04T ine)(aoooF)(5Q)
T (ILEY(in2/T62)(2.5 1) T
Q@ = 9.4 Btu/hr for 30 hoses

The estimate for hydrogen simply requlres increasing this value by the
proper ratio of temperature and size:

%2‘=9A(;E)-(L)
300 5
temp 4if dis
ratio ratio

Qup = 33.2 Btu/br

The estimated dribble volume for these lines is:

m%”%=umgﬂw=@mﬁ
Vollip = nDiL =A§5.1h)£12)(§) = ‘2.56 in3
Weo, = i%%s (70)(1000) = 23.9 1b/1000 starts
Weg, = g%gg (4)(1000) = 5.46 1b/1000 starts

29,3 1b/1000 starts TOTAL



