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Surge pressures and adiabatic compression during priming of evacuated lines in propulsion and propellant transfer
systems has been considered. Test data were obtained for desaturated and saturated water for surge pressures and
adiabatic compression for various supply pressures and temperatures. Scaling of surge pressures at different
temperatures has been carried outwith the aid of Joukowsky model. The thermal effects associated with surge pressure
and the attendant adiabatic compression have been investigated with the aid of a sim plified analytical model, which
represents an extension of themodel developed by Lecourt and Steelant. It has been shown that the predictions from
the model compare satisfactorily with test data for a water/helium system, and existing test data for differentliquid/gas
combinations.
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Subscripts

ad = adiabatic

eq = equilibrium

g = gas

I = liquid

0 = initialstate

WH = waterto hydrazine (scaling)

I. Introduction

When propellant is primed into evacuated manifolds (or manifolds containing a low-pressure gas-vapor mixture)
of propulsion subsystem and propellant transfer subsystems (client side), flash boiling occurs near the propellant front,
generating vapor bubbles (Bombardieri et al.?). Dissolved pressurant gas (GHe, GN2, etc.) is concurrently released,
generating gaseous bubbles. Thus, in general, priming is accompanied by both vapor cavitation and gaseous cavitation.
When the pressure rises downstreamof the system’s cavitating venturi throat (pressure recovery region), some of the
gas bubbleswill collapse and be reabsorbed. The absorption process is known to be slow relative to desorption
(Bombardierietal ?).

Adiabatic compressionduring priming of evacuated lines has been analyzed. The associated thermal effects due
to pressure surges have been investigated with the aid of a simplified model. Predictions from the model have been
comparedwith existing test data for different liquid/gas combinations.

Il. Physical Processes of Surge Pressure and Adiabatic Compression

Figure 1 shows a schematic of compression when a high-pressure liquid travels through a nearly evacuated
gaseous manifold region. Thetemperature of the vapor-gas mixture increases due to adiabatic compression (Valencia-
Bell?). The direct contactbetweenthe propellant and vapor-gas mixture results in a liquid temperature well below the
adiabatic compression temperature of the vapor/gas mixture on account of intense mixing and heat exchange in
combination with the high thermal capacity of the propellant.
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Fig. 1 Surge pressure and adiabatic compressionduring priming (adapted fromValencia-BeF).

1. Analysis
A. Physical Assumptions

1. The propellant manifolds are assumed to be initially at near vacuum conditions (corresponding to an empty
client propellant tank and depressurized manifolds). The vacuous manifold represents the worst case initial



condition for adiabatic compression. Higher gas/vapor pressure or the presence of liquid propellant in the
manifold being primed would reduce adiabatic heating.

2. The pressure in the line manifold corresponds to vapor pressure of hydrazine at the prevailing initial
temperature. This expectation is consistent with the GSFC test data® on internal depressurization of water.

3. The surge pressure is obtained from scaled water test data in accordance with the simplified Jowkowsky

equation.

4. Theheat loss from the system is neglected. Thisassumption is justif ied since the time scales (durations) for
surge pressure and compressive heatingare relatively small (order of a second orso).

5. The complexeffects of bends, fittings, and flex hoses are neglected in the simplified model. In actuality, for
example, flexhoses mightact as surge pressure suppressors.

B. Simplified Modelfor Surge Pressure

A simplified model has been considered for estimating the surge pressures occasioned near theend oftheline. The
surge pressure is expressed by

Psurge = Ptank +Apsurge (1a)
where the surge pressure differential is expressed by the Joukowsky equation (Joukowsky °)
APgyrge = pCV (1b)

In Eq. (1b), pis the fluid density (990 kg/m? for hydrazine at 25 deg C), c is the speed of sound (2074 m/s for

hydrazine at 25 degC),and AV ischange in the flowvelocity. For initially stagnantconditions in the line, AV =V .
The presenceof bubbles in the liquid columnin the line likely helps decreasethe surge pressure through a decreasein
speed of sound.

The sound speed, considering tubeelasticity, is obtained from the relation (Prickett et al.®)

c= % (1d)

k)54

where ¢, is the speed of sound in liquid, 0 is the liquid density, E is the Young’s modulus of elasticity, D s the

tube internal diameter, tisthe tubewallthickness, £ is Poisson’s ratio.

In the present analysis, the estimated surge pressure based on Joukowsky equation is considered (assumed)
independentof the downstreamvolume.

Surge Pressure Scaling Based on Joukowsky’s Equation

Assumingthatthe line pressure is negligible comparedto thesupply pressure, thesurge pressurescale factor from
fluid 1 (substitute) to fluid 2 (actual propellant), S,, , is determined from®’
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In summary, the basic surge pressure is evaluated from the Joukowsky equation. Elasticity effects on the surge
pressure through the speed of sound are also considered. The scale factor for surge pressure from water to hydrazine

is accordingly determined.




C. Model for Adiabatic Compression

A simple model has been considered for predicting the propellant temperature rise caused by the adiabatic
compression that results from peak surge pressures (Lecourt and Steelant!). The peak surge pressures are based on
simplified estimates in accordance with Joukowsky equation (1b). The finite velocity of the liquid-vapor/gas front
(direct contact) approaching the primed manifold tubing end results in intense mixingand heat transfer between the
liquid and the gas. This intense mixing helps reduce the liquid temperature significantly.

An energy balance yields

mgchZ(ng _Teq)=m|0| (Teq —T|) (3)

where T, is the adiabatic compressiontemperature of gas, T, is the equilibrium temperature, m, is the massofthe

gasin the stagnationregion, my isthe mass of liquid, c,, isthe specific heatofgasat T,, ,and ¢, isthe specific heat
of liquid. The adiabatic compressiontemperature of gas is determined from the adiabatic law:

(r-1)ty

TgZ :Tgl( Pg2 / pgl) 4)

where py;, py, referto the initial and final pressure of the gas, respectively. This equation assumes thatnoappreciable

heat transfer to the fluid system walls takes place during compression. If the pressure rise is slow (that is, the flow
velocity in the flow line is small), then there would be heat transfer to the fluid system walls and the peak gas
temperature dueto compression will be reduced. Note, however, that even if the compression process is slow, the heat
transferto the system will be negligible if the fluid system walls are sufficiently insulated.

The equilibrium liquid temperature is estimated from

T, +T,
B ali—a I 2

where a = pyCoy | PICy (5b)

eq

Here, o, pq refer to the density of liquid and gas, respectively. Eqn. (5a) represents the primary basis with which

analytical results will be compared with the test data. The equilibrium (peak) liquid temperature is considerably
smallerthan the adiabatic compression (gas) temperature.

In view of the large temperature range of gas, the variation of density and specific heatshould be taken into account
since these two properties can vary significantly with temperature changes. In the present model, the density and
specific heatof the compressed gas/vapor is evaluated at the average temperature (between the initial temperature and
the finaltemperature of the gas after compression).

The presentmodel for adiabatic compression has beenvalidated by a comparison with existing test data for different
fluid combinations. See Appendix 1 for details.

IV. Test Setup

Figure 2 shows the schematic of the test set up. A typical on-orbit satellite refueling transfer manifold formed a
basis forthe water test setup. Test data for surge pressures were obtained in 2019-2021 in the KSC water test facility
(consideringwaterassimulantforhydrazine in flight). The surge pressures are measured by PT (low-speed) and HPT
(high-speed) pressure transducers. The adiabatic compression temperature is measured by TT-15 (tubing skin-



mounted thermocouple) and TT-20 (internal probe) sensor. Surge pressure and adiabatic compression temperature
data were obtained for both desaturated and saturated water.

TTL-03 PGT-08 TT-19
0-70 deg C I0_—60_0 psig 30-150 deg F
SLV1  HpT1
I Solenoid (D

= y " 3/8'x 0.035' @
VT1 ¥4 x0.028 HPT2
TT-15 FM-01
- ” Turbine

PT6
------ [ | os00 psig®—‘
wxos]

HPTS5

PGT-02 Temperature  y g0 psig HPT3
robe SLv8
O AR
" : 0
Fill and Drain PT3

Valve m

3" x 0.016"]

Vi TT-16 TT-17

. 1 x 0.085" PT7
] 0-500 psig m@z " ’_® 0-500 psig
Solenoid _® TT-13

;-@HPTA‘. 4% 30-150 deg F

3/8'x 0.035'
PT9 @ PT2 FH-16
0-500 psig HPT6 0-500 psig (in HMA)

Fig. 2 Schematic of the instrumentation for pressuresurge.

Figure 3 shows a photograph of the test setup. The priming volume is shown by the thick blue, green, and red
lines. The locations of the various pressure transducers are indicated. Solenoid valves (SV1, SV2), along with two
additional solenoid valves (SLV1, SLV8) to simulate latchvalves, arealsoinstalled. The testset up reflects a servicer
manifold volume of 310 to 345 cc (large and small volume), and a client manifold volume of 35 to 40 cc. Typical
propulsion systems may vary in their internal volume; however, the model is independent of the volume, and is
dependentupon the tubing inner diameter, wall thickness and material.
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Fig. 3 Photograph of the testsetup.



V. Results

A. Surge Pressuresand Adiabatic Compression at 150 psig Supply
1. Comparison of Surge Pressures in Desaturated and Saturated Water

A direct comparison of the measured surge pressure history for the desaturated and saturated cases (as measured by
HPT5 transducer) is displayed in Fig. 4. The peak surge for the saturated case is lower than that for the desaturated
case. Also, the rate of rise of the surge pressure for the saturated case is lower than that for the desaturated case. This
behavior is perhaps attributable to a larger release of GHe during priming with a saturated supply (which acts asa
surge arrestor). Similar trends were experimentally reported by Lema et al.® using water-GN2 system. However,
Bombardieriet al.? show data thatis contraryto the present trends. See Appendix B for more details.
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Fig. 4 Comparison of measured surge pressure history for desaturated and saturated waterata supply pressure of
150 psig.

2. Self-Scaling for Water Surge Pressure

Figure 5 presents the predicted self-scaling factor (or same-fluid temperature scaling factor) for water surge pressure
at 150 psig (164.7 psia) supply based on the measured surge pressure at a reference temperature of 20 deg C. The
reference condition at 20deg C isindicated by the purple dot, and the prediction is shown by thesolid red curve. The
reference condition refers to the line volume (SLV1 to Client) with an average surge pressure between Runs #26 and
#28. Basedon the water test data at 20 deg C, the self-scaling factor for water is obtained fora temperature range of
interest (10 to 40deg C). Note that the testdata for Run#63 corresponds to a different priming line (SLV8-FD2) with
a volume differing fromthat of Runs#26 and #28. The predicted scale factoris foundto be only weakly dependent
on temperature and is found to increase slightly with supply liquid temperature. Since the tests in general show that
the surge pressure is weakly dependent on the priming volume, the predicted solid curve is expected to ho ld with
reasonable accuracy forarange of priming (manifold) volumes considered here.
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Fig. 5 Self-scalingscale factor for water surge pressure for desaturated waterat a supply pressure of 150 psig.

The corresponding self-scaled surge pressure (absolute value) for water is presented in Fig. 6 for water surge
pressure at 164.7 psia. As mentioned in the case of Fig. 5, the reference condition at 20 deg C is indicated by the
purple dot, and the prediction is shown by the solid red curve. It appears that the self-scaled surge pressure in only
weakly dependent on the inlet (supply) water temperature. The predicted surge pressure for water is within about 5
psia of the surge pressure at the reference temperature (20 deg C). At 10 deg C, the scaled surge pressure is 192 psia,
which is 4 psia belowthe reference value of 196 psia. At 40 deg C, the scaled surge pressure is 192 psia, which is5
psia abovethe reference value of 196 psia. This variation of 4 to 5 psia is within the range of uncertainty (1%) of the
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3. Scaled SurgePressure for Hypergols (Hydrazine, MMH, NTO)

The scale factors from water to hypergols (hydrazine monopropellant along with MMH and NTO bipropellants)
surge pressure asa function of supply temperature isdepicted in Fig. 7. The fluid-to-fluid (water-to-hypergol) scale
factor is determined based on Joukowsky equation (1b) and is assumed to be independent of the amount of the
dissolved gaspriortopriming. It is considered solely dependent on the density and speed of sound differences between
the fluid. Note that the surge pressure for the saturated case is less than that for the desaturated for the same fluid
dependingontheamountofdissolved gas. The surge pressure scale factor from water to the three different propellants
decreases nearly linearly with temperature. The scale factor for hydrazine decreases from about 1.4 at 10 deg C to
about 1.26 at40 deg C. The scale factors for MMH and NTO are successively lower than those of hydrazine. The
predictions forMMHand NTO at 20deg C supply satisfactorily agree with thedata of Gibek and Maissoneuve® for a
straight pipe. Theyare also assumedto be independent of inlet pressure.
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Fig. 7 Scale factor fromwaterto hydrazinesurge pressure

There is relatively little data for the ratio of surge pressures for desaturated and saturated cases at a given supply
temperature. Our currenttests with water show that ata temperature 0f17.3 deg C, the ratio of desaturated to saturated
surge pressures is 0.88. Data of Bombardier? for ethanol show thatthe corresponding ratioisalso 0.88 at a temperature
of 20 deg C. Unfortunately, there appears to be no data available for hypergols such as NTO, which can hold a
relatively large amount of dissolved gas.

3. Adiabatic Compression Temperature for Water

Figure 8 shows a comparison of the adiabatic temperature rise for water surge at 150 psig supply. Calculations have
been made for the adiabatic compression with a constant surge pressure (independent of initial temperature) and with
a variable temperature-dependent surge pressure (based on self-scaling for water). The predicted temperature rise
with a constant surge pressure is close to that obtained with scaled surge pressure. Thisis to be expected since fora
given fluid the density and speed of sound changes with temperature are not appreciable. The predicted adiabatic
temperature rise decreases slightly with increasinginlet temperature. It variesfromabout 2.1 degC at 10 deg C inkt
toabout1.6 degCat40degC inlet (constantsurge). This level of temperature rise for the conditions considered here
is fairly insignificantand is of the order of the measurement error (~0.5 deg C). Typically, the range of heater set
pointsis higherthan this adiabatic temperature rise. The predictions are somewhat higher than thetest data by about
1to 1.5 deg C. The measured tubing outer skin temperature rise is about 0.4 deg C, which is nearly independent of
the supply temperature in a relatively narrow range of temperature (17 to 21 deg C).
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Fig. 8 Comparison of adiabatic temperature rise for desaturated water at a supply pressure of 150 psig.

The corresponding comparisons of adiabatic temperature for the desaturated waterat 150 psigsupply are indicated
in Fig. 9. The predicted adiabatic temperature with a constant surge pressure is very close to that with scaled surge
pressure (self-scaling) and increases linearly with the supply temperature. The predicted adiabatic temperatures are
somewhat higher than the measured tubing skin temperature but appear to follow the same slope. The predicted

adiabatic temperature for the desaturated and saturated casesat 150 psig supply lies within 1.5 deg C of the test data.
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Fig. 9 Comparison of adiabatic temperature for desaturated water at a supply pressure of 150 psig.

The adiabatic temperature rise for water at 150 psig supply is compared in Fig. 10 for desaturated supply and for
saturated supply at 150 psig inlet pressure. In both the cases, a constant surge pressure independent of the initial
temperature is considered. The release of GHe in the case of saturated water (in addition to water vapor as in the
desaturated case) results in a reduced surge relative to the desaturated case due to sound speed reduction in the two-
phase mixture (according to Joukowsky equation). The theory shows that the adiabatic temperature rise during surge
slightly decreases with anincreasein supply temperature. The predicted temperature rise for saturated water is about
0.4 deg C higher relative to the desaturated case due to GHe release in close agreement with water test data. The



temperature rise agrees closely with the test data at 150 psig supply within 0.2 deg C. The liquid bulk temperature
should be higherthanthetubing skin temperature, and thus becomes closer to the prediction.
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Fig. 10 Comparison of adiabatic temperaturerise for desaturated and saturated waterat a supply pressure of 150
psig.

Figure 11 presents the corresponding adiabatic temperature. Good agreement is noticed between the model
predictions and the data for the adiabatic compression temperature. For water, the model predicts that the effect of
saturationtends to increase theadiabatic compression by only about 0.4 deg C relativeto the desaturated case, which
is consistent with the temperature differencein the previously mentioned testdata. The predicted adiabatic temperature
forthe desaturated and saturated cases at 150 psigsupply lies within 1.5 deg C of the test data.
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C. Supply Pressure Effects on Surge Pressure and Adiabatic Compression

A comparison of the predicted surge pressure dependence on supply pressure with measurements for desaturated
waterisillustrated in Fig. 12. The measured surge pressure increases with supply pressure primarily due to increased
flow velocity. Itis seen that at increased supply pressure, the surge pressure deviates from linearity as indicated by
the broken (purple) line. The predicted surge pressure slope with supply pressure (based on the Joukowsky equation)
deviates considerably, although agreement is achieved near 200 psig supply. Other than pressure effects and
uncertainties in the flow-cross sectional area, complex effects suchas bends, branches, fittings, and the flex hose, not
considered in the simplified Joukowsky model, could possibly explain the test-theory deviation (in surge pressure
slopes). The model requires refinementin terms of appropriate correction factors.
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Fig. 12 Comparison of measured and predicted surge pressure dependence on supply pressure for desaturated water.

Figure 13 displays a corresponding comparison for the saturated water supply. Thesurge pressures for the saturated
case are based on a scale factor of 0.88 applied to the predictions for the desaturated cases. Unfortunately, only two
data points are available for comparison purposes. The main difficulty isthat it takes several weeks to fully saturate
the propellant with GHe in the current test setup with a 55-gallon supply tank and no mixing. The trends are similar
to those seen forthe desaturated case except that the surge pressure levels are smaller in the saturated case. Asin the
desaturated case, themodel requires refinementin terms of correction factors for bends, flexhoses, etc.
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Fig. 13 Comparison of measured and predicted surge pressure dependence on supply pressure for saturated water
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The dependence of adiabatic compressiontemperature rise on supply pressure for desaturated water, as predicted
by the present model, is plottedin Fig. 14. In the measurements the inlet temperature varied from 15to 20deg C. The
adiabatic temperature rise (based onthe measured surge pressure) increases linearly with thesupply pressure. Itvares
from 1.5 deg C at 100 psig supply to about 4 deg C rise at 300 psig supply. The test data show that the adiabatic
temperature rise is nearly independent of the supply pressure (about 0.5 deg C), revealing conditions closer to an
isothermal situation. These two curves probably represent the maximum and minimum bounds (adiabatic and
isothermal limits) on the temperature rise. The actualtemperature rise likely lies in between these two limits (which
are only idealizations), and thereis always someheattransfer during compression. Also, the complex effects of bends
and flex hoses, not currently modeled, could partly explainthe test-theory departure.
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Fig. 14 Comparison of adiabatic temperature rise with supply pressure for desaturated water.

VI. Conclusions

The surge pressure is lower in a saturated liquid relative to a desaturated liquid. A scaling procedure has been
followed for water-to-hydrazine (MMH, NTO) surge pressures based on Joukowsky equation, and for self-scaling
(temperature-scaling) of water based on a reference temperature. The scaled surge pressure in water is relatively
weakly dependent onthe inlet temperature.

At 150 psigsupply, the model predicts a 2 deg C adiabatic temperature rise for water at 10deg C supply, linearly
decreasingto about 1.5 degC at 40 deg C supply. This prediction is somewhat higher thanthe measured tubing skin
temperature Forwater, both the modelandthe data indicate that saturation of the supply liquid tends to increasethe
adiabatic temperature by about 0.4 deg C relative to the desaturated case as a result of GHe release during priming
(even though the surge pressure for saturated water is about 30 psig lowerat 150 psigsupply).

The test data and model show that the surge pressure increases with increasing supply pressure. The predicted
surge pressure dependence on the supply pressure reasonably agrees with the data in the supply range of 100 to 200
psig. At higher supply pressures, the data reveal a separate effect of supply pressure (superposed on the first-order

flow velocity effect). This aspect (phenomenon) requires further investigation.

In general, the departure in surge pressure slope (in the surge pressure vs. square root of supply pressure map)
between the theory and the data is likely due to the influence of the flex hose, bends, branches, etc., which were left
out of accountin the model based onthe Joukowsky equation. The real value of the simplified Joukowsky equation is
that it provideda sound scaling procedure for predicting hydrazine surge pressuresin a flight application (considering
its accuracyat 150 psigsupply).
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The predicted adiabatic temperature rise (based on the measured surge pressure) increases linearly with the supply
pressure, while the test data show a weak dependence (near isothemrmal conditions). The model predicts an increase of
1.5degCat10degC inletand 4degCat40degC inlet. The actualtemperature rise is expectedto lie betweenthe
adiabatic and isothermal limits, since these limits represent idealizations, and thereis always some heat transfer during

compression.

Furtherimprovements and validations of the adiabatic compression model are required at higher surge pressures
and elevated adiabatic compression temperatures. Also, the influence of the initial downstream line pressure on the

surge pressure scalingneeds to be investigated.
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Appendix A: Model Validation with Existing Data
A-1 Ethanol/GN2 Priming

Figure A-1 shows the test data on adiabatic compression of ethanol/GN2 priming (Lecourt and Steelant®). Each
curve inthe plot corresponds to one experiment (run). The test section geometryisa 2 m long straight pipe (made of
titanium alloy, TA3V) with 6.35 mm outer diameter and 0.41 mm wall thickness. Surge pressure (with an unsteady
pressure transducer) and temperature (with a thermocouple protruded into the module cavity) were measured in a short
measurement volume (40 mm long) near the end of the line (20 mm from the dead end). Data were acquired at a
frequency of 40 Hz. Thesupply pressure isabout 287 psia. The initial line pressure is 1.45 psia of GN2, and the initial
liquid temperature is 5 deg C. The measured downstream surge pressure is about 23.1 MPa (3350 psia). With this
level of surge pressure, the 40 Hzwas likely insufficient, and several of the peaks were not captured. The instant t =0
corresponds tothe openingcommand ofthe (isolation) valve.

Considerable increase in GN2 temperature is attained due to surge compression on account of intense mixing
between the liquid and GN2 in the narrow compression region. Consequently, there was a rise in liquid temperature
of about47degC (fromaninitial liquid temperature of 5 deg C to anequilibrium temperature of about52 deg C) near
the end of the line.
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Fig. A-1 Testdata on adiabatic compressionforethanol/GN2 priming.

Calculations based on the present model show thatwith the measured surge pressure (23 MPa), the present model
predicts an adiabatic compression temperature rise of 64 deg C (final temperature of 69 deg C), which exceeds the
measured liquid temperature increase of 47 deg C (final temperature of 52 deg C). At these surge levels, the
compressed gas temperatures are relatively high so that heat losses (from the system to the surroundings) would be
appreciable. Considering that themodel does not account for heat losses during compression, the agreement between
the predictionandthe data may be considered satisfactory.

A-2 Liquid N2H4 (10% GN2+90% N2H4 Vapor)

Test data were obtained by Hutchinsonand Schmitz® for GN2 and hydrazine mixture in the line. The test section
is madeof titanium tubingand fittings. Pressure and temperature transducers were located near the end of the line for
measuring surge pressure and adiabatic temperature. Data for adiabatic compression of liquid N2H4 with the line
containing 10% GN2 and 90% N2H4 vapor are presented in Fig. A-2. The supply pressure is 377 psia. With mostly
hydrazinevapor in the line at 14.7 psia, the hydrazine temperature increased from 40deg C to 60 deg C (temperature
rise of 20 deg C). Increased initial line pressures tend to reduce the surge pressure. Based on the measured surge
pressure of 882 psia and an initial line pressure of 14.5 psia, the present model predicts the equilibrium temperature
of hydrazine as57.3 deg C (temperaturerise of 17 deg C). This prediction is quite close to the measured temperature
of60degC.
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Fig. A-2 Testdata on adiabatic compressionfor 10% GN2.

The measured surge pressure appearsto be very high even though the line pressure isat ambient value providing
considerable cushion initially. Achieving a high pressure peak that is about 2.3 times the initial pressure with a
gas/vapor filled line maybe possible in a dynamic pressure event with a fluid onboth sides of a fastacting valve with
a low pressure drop. This situation is quite different from the dynamics event with a nearly evacuated line of interest
in our present study. There could likely be somehydrazine decomposition / thermal runaway that drove the pressure
and temperatureupandthenit subsided after the cooler propellantwas introduced. It is noteworthy that the test section
did not explode under these circumstances. Infact, detonation did occur in a separate testwith a supply pressure of 30
barandtemperature 0f 90 deg C,andtheline filled mainly with hydrazine vapor. As the surge pressure was about 80
barandthe adiabatic compressionreached 167 deg C, the test set upwas detonated.

A-3 Liquid N2H4 — GN2

The measured surge pressures, obtained by Gibek et al.X for N2H4 priming with GN2 in the line, are displayed in
Fig. A-3a. The corresponding data for adiabatic compression of liquid N2H4 are presented in Fig. A-3b. The test
section isa 2 m long straight pipe (made up of TA3V), with an outer diameter of 6.35 mm and a thickness of 041
mm. At the downstream end of the test section, an instrumentation plug measures high frequency measurements of
surge pressure andtemperature. The supply conditionsare 2.2 MPa (319 psia) and 293 K, andtheline pressure is 0.1
MPa (14.7 psia). The measured peak surge pressure is about 2.7 MPa (392 psia). The measured peak hydrazine
temperature rise is foundto be 6 deg C. Based on the measured pressure of 2.7 MPaandaninitial line pressure of 0.1
MPa, the present model predicts the equilibrium temperaturerise of hydrazine as 2.2 deg C (equilibrium temperature
of 22 deg C or 295 K). This prediction of 22 deg C for the equilibrium temperature is considerably lower than the
measured peak equilibrium temperature of 26 deg C, but still considerably low from a safety point of view. Note that
the peaktemperature and the peak surge pressure occur atthe first peak.
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Fig. A-3a Test data onsurge pressure for N2H4-GN2 system (Data of Gibek et al.™?).
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Fig. A-3b Test data on adiabatic temperature for N2H4-GN2 system (Data of Gibek et al.’?).
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The foregoing validations with existing data in the literature suggest that the current model for adiabatic
compression compares wellto some of these existing data sets atrelatively low surge pressure, butthere is appreciable
departure atvery high surge pressures. It is expected thatatvery high surge pressure, the trapped gas temperature can
become very high, introducing large changes in temperature-dependent properties such as density and specific heat,
so that theapplication (assumption) of an average temperature for the property evaluation can introduce considerable
inaccuracy. Furthermore, heat losses from the system at elevated temperatures can be appreciable. Additional
improvements to the model at elevated surge pressures are required. Nonetheless, in practical systems, the design
surge pressuresare kept below safety limits, so thatthe present model will be useful for prediction purposes.

Appendix B: Test Data on Surge Pressure and Adiabatic Compression
B-1 Surge Pressures

Figure B-1 displaysthe measured surge pressure history for Run#63 (dated 2-23-2021) with desaturated water, as
measured by the low-speed (50 Hz data acquisition rate) pressuretransducer (PT8) andthe high-speed (5000 Hz data
acquisitionrate) pressure transducer (HPT5). Ata supply pressure of 150 psig, the peak surge pressures indicated by
the high-speed and low-speed pressure transducers during priming are about 192 psig and 190 psia respectively,
showing very close agreement between the two measurements.
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Fig. B-1 Measuredsurge pressure history in Run #63 for desaturated waterata supply pressureof 150 psig.
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The measured adiabatic compression temperature as measured by the tubing skin and probe temperature history is
shown in Fig. B-2. The adiabatic compression temperature level is roughly measured by a skin temperature sensor
TT-15 mounted on the tubing. The bulk liquid temperature is measured by a probe TT-20, which indicates a lower
peak temperature (and a lower temperature increase) dueto adiabatic compression relativeto TT-15sensor.
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Fig. B-2 Measured adiabatic compression temperature history in Run #63 for desaturated water at a supply pressure
of 150 psi.

Appendix C: Vapor Pressure Data for Water and Hydrazine
C-1 Vapor Pressurefor Water and Hypergols (Hydrazine, MMH, NTO)
The vapor (or saturation) pressure curvesfor water is shown in Fig. C-1. For reference purposes, the vapor

pressure curve for hydrazine (Schmidt™) is also included, along with those of MMH and NTO. It is seen thatata
given temperature the vapor pressureis the highest for NTO, followed by MMH, hydrazineand water.
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Fig. C-1 Vapor pressure curves for water and hypergols.
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