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Numerical Modeling of Pressurization of a Propellant Tank

Alok Majumdar* and Todd Steadman’
Sverdrup Technology Huntsville, Alabama 35806

An unsteady finite volume procedure has been developed to predict the history of pressure, temperature, and
mass flow rate of the pressurant and propellant during the expulsion of the propellant from a tank. The time-
dependent mass, momentum, entropy, and fluid specie conservation equations are solved at the ullage space. The
model accounts for the change in the ullage volume due to expulsion of the propellant. It also accounts for the heat
transfer from the ullage gas to the tank wall and propellant and the mass transfer from the propellant to the ullage
gas. The predicted pressure and temperature of the ullage, the temperature of the tank wall, and the pressurant flow
rates into the tank during pressurization have been presented for a simple test case. The results of several test cases
were compared with a published correlation of pressurant requirements for a given displacement of propellant.
The agreement between the predictions and the correlation was found to be satisfactory. Inclusion of mass transfer,
in general, improved the comparison between the numerical prediction and the published correlation.

Nomenclature

area, ft?

surface area swept by liquid free surface during
expulsion, ft?

ratio of wall to gas effective thermal capacity
mass concentration

constant pressure specific heat, Btu/lbm - R
equivalent tank diameter, ft

Grashof number

gravitational acceleration, ft/s?

conversion constant (32.174 1bm - ft/lbf - s2)
propellantheight, ft

enthalpy, Btu/lbm

heat transfer coefficient, Btu/s - ft2 - R
mechanical equivalent of heat (778 ft - 1bf/Btu)
flow resistance coefficient, 1bf - s2/(Ibm - ft)?
heat transfer factor

conductivity, Btu/s - ft - R

length scale, ft

resident mass, Ibm

tank wall mass, Ibm

mass flow rate, Ibm/s

Prandtl number

pressure, Ibf/ft?

constants of Epstein and Anderson’s correlation®
ratio of total ambient heat input to effective thermal
capacitance of gas

= heat source, Btu/s

= heat transfer rate, Btu/s

ambient heat flux, Btu/s

modified Stanton number

entropy generation, Btu/s - R

entropy, Btu/lbm - R

temperature, R
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u = velocity, ft/s

\% = volume, ft

v = specific volume, ft*

w) = pressurantmass, lbm

B = coefficient of thermal expansion, 1/R

AT = temperature difference, R

AV = expelledliquid volume, ft?

Swall = tank wall thickness, ft

0 = angle between branch flow velocity vector
and gravity vector, deg

Or = total liquid outflow time, s

n = viscosity, Ibm/ft-s

0 = density, Ibm/ft*

Introduction

HE purpose of the pressurizationsystem is to control the pres-

sure in the gas space of the propellant tank (known as the
ullage space) and the propellant mass flow rate to the engine. A
mathematical model is required to predict the ullage and propellant
conditions to ensure that pressure and temperature levels inside the
tank remain within acceptablelimits and that the propellantpressure
leaving the tank satisfies the net positive suction pressure (NPSP)
requirement of the pump feeding the engine. The pressurization of
a propellant tank is a complex thermodynamic process with heat
and mass transfer in a stratified environment. Ring! described the
physical processes and heat transfer correlation in his monograph.
Epstein and Anderson® developed an equation for the prediction
of cryogenic pressurant requirements for axisymmetric propellant
tanks. Recently, Van Dresar’® improved the accuracy of Epstein and
Anderson’s correlatior? for liquid hydrogen tanks. However, a gen-
eral purpose computer program that could model flow distribution
in the pressurantsupply line, pressurization, heat transfer, and mass
transfer in the ullage volume and propellant flow conditions to the
engine was not available. In this paper, we describe a finite volume
procedure to model pressurization, heat transfer, and mass transfer
in a propellanttank. This procedure was subsequentlyimplemented
in a general-purposecomputer program to predict fluid and thermo-
dynamic parameters during the pressurization process.

A schematicof the considered propellant tank pressurizationsys-
tem is shown in Fig. 1. It is assumed that initially the ullage space is
filled with pressurant at the propellant temperature. As warm pres-
surant enters the ullage space, it mixes with the cold pressurant
already present and the temperature of the ullage begins to increase
due to mixing and compression. Initially, the walls of the tank are at
propellant temperature as well. Heat transfer from the ullage gas to
the propellant and the tank wall and mass transfer from the propel-
lant to the ullage start taking place immediately after the pressurant
begins flowing into the tank. Propellant flows from the tank to the
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engine under the influence of ullage pressure and gravitationalhead
in the tank.

The finite volume procedure described in this paper models the
following physical processes: 1) change in ullage and propellant
volume, 2) change in gravitationalhead in the tank, 3) heat transfer
from ullage to propellant, 4) heat transfer from ullage to the tank
wall, 5) heat conduction between the ullage exposed tank surface
and the propellant exposed tank surface, and 6) mass transfer from
propellant to ullage.

Governing Equations

Numerical modeling of a pressurizationprocessrequires the solu-
tion of unsteady mass, momentum, entropy, and fluid specie conser-
vation equations in conjunction with thermodynamic equations of
state. The mass, momentum, entropy, and fluid specie equations are
first expressed in a finite volume form in an unstructured system of
coordinatesas shown in Figs. 2 and 3. Figure 2 displays a schematic
showing adjacent nodes, their connecting branches, and the index-
ing system used by the numerical model. A schematic showing a
branch with upstream and downstream nodes is shown in Fig. 3.
To solve for the unknown variables, mass, entropy, and fluid specie
conservation equations are written for each internal node, and flow
rate equations are written for each branch.

Mass Conservation Equation
The mass conservation equation is
j=n

My Al . .
= m;; + M; source (1)
At — /
j=

Equation (1) requires that the net mass flow from a given node
i, shown in Fig. 2, must equate to the rate of change of mass in
the control volume. The mass transfer from propellant to ullage is
represented by the external mass source term 7, yource-

Momentum Conservation Equation

The flow rate in a branch is calculated from the momentum con-
servation equation [Eq. (2)], which represents the balance of fluid
forcesacting on a given branch (Fig. 3). This formulationcan model
several kinds of fluid forces as shown in Eq. (2):

(m”‘[ +ar m”r)

+—(u;; —
8:AT 8

uu) = (pt - p_[)A

pgV cosb L
+—— — K;ymy;|my;|A 2)
The two terms in the left-hand side of the momentum equation
represent the inertia of the fluid. The first one is the time-dependent
term and must be considered for unsteady calculations. The second
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Fig. 2 Schematic of numerical model nodes, branches, and indexing
practice.
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Fig. 3 Schematic of a branch showing gravity.

term is significant when there is a large change in area or density
from branch to branch. The first term in the right-hand side of the
momentum equation represents the pressure gradient in the branch.
The pressures are located at the upstream and downstream face of a
branch. The second termrepresents the effect of gravity. The gravity
vectormakes an angle 6 with the assumed flow direction vector. The
third term represents the frictional effect. Friction was modeled as
a product of K ; and the square of the flow rate and area. K is a
function of the fluid density in the branch and the nature of the flow
passage being modeled by the branch.

Note that the inertia and gravitational terms in Eq. (2) are not
required for modeling pressurization and were not considered in
Eq. (2). Instead, the gravitational effect was accounted for by cal-
culating pressure at the ullage and propellant interface as shown in
Eq. (9).

Entropy Conservation Equation

The entropy conservation equation for node 7, shown in Fig. 2,
can be expressed mathematically as shown in Eq. (3a):

j=n

(misi)r+AArT_ (m;s;). — Z {max[— 1, O]s max[m,l, 0]s;}
=
max|— m, i, 0] Qi
+Z{ |J }Stjgen—i'_T (33)
mi; i

j=1
The entropy generation rate due to fluid friction in a branch is ex-
pressed by Eq. (3b)

& mtA ij,viscous K mt 3
Sij.gen = L i L = f(l L |) (3b)
pll 7"” J pll 7"” J
Equation (3a) shows that for unsteady flow, the rate of increase
of entropy in the control volume is equal to the rate of entropy
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transportinto the control volume plus the rate of entropy generation
in all upstream branchesdue to fluid friction, plus the rate of entropy
added to the control volume due to heat transfer. The max opera-
tor in Eq. (3) reflects the use of an upwind differencing scheme
that has been extensively employed in the numerical solution of
Navier-Stokes equations in convection heat transfer and fluid flow
applications. When the flow direction is not known, this operator
allows the transport of entropy only from its upstream neighbor.
In other words, the upstream neighbor influences its downstream
neighbor but not vice versa. The first term in the right-hand side
of the equation represents the advective transport of entropy from
neighboring nodes. The second term represents the rate of entropy
generation in branches connected to the ith node. The third term
represents entropy change due to heat transfer.

Fluid Specie Conservation Equation

j=n

(M;Cix)e v ar — (MiCig)e .
+AAr = Z{max[—m,-j, 0lc;x

=1
— max[m;;, 0] ¢} + Six @)

Equation (4) requires that the rate of increase of the concentrationof
the kth specie in the givennode i, shown in Fig. 2, equals the rate of
transportof the kth specie into the control volume minus the rate of
transportof the kth specie out of the control volume. S; ; represents
the source term for the kth specie in the ith node.

The physical processes observed in a tank pressurizationsystem
are expressed mathematically hereafter.

Change in Ullage and Propellant Volume

Because of the discharge of propellant to the engine, resident
propellant volume decreases and, subsequently, ullage volume in-
creases.

Mprop AT
_ "prop
d Vullage -

=—dV,, (5)
/Oprup pro

At all times the following geometric condition is satisfied:
Vullage + Vprup = Vtank (6)

Ateachtime step, propellantand ullage volumes are calculated from
the following relations:

T+0T T
Vprup — " prop dVPTUP (7)
TH+6t __ T T+ 6T
Vullage - Vullage + qullage (8)

Change in Gravitational Head in the Tank

With the change in the propellant volume, the gravitational head
H inthetank decreases. The pressure at the tank bottomis calculated
from the following relation:

Ptank bottom = pullage + (pprung)/gt‘ (9)

Heat Transfer from Ullage Gas to Propellant

The heat transfer from the ullage gas to the propellantis expres-
sed as

Qprup = [h(‘A]ullagefprup(Tullage - prup) (10)

Ithas been assumedthatthe heat transferis due to natural convection
with the heat transfer coefficient expressed as

he = KyC(k;/1)X" (11)

where,
X = (Gr)(Pr) (12)
Gr=(I}p8/1AT1/ u}) (13)

Pr= Cpf/,Lf/kf (14)

Gr and Pr are the Grashof number and the Prandtl number of the
ullage gas, respectively.

According to Ring,! C =0.27, n =0.25, and K (heat transfer
adjustment factor) is set to 1.0. The length scale in Eq. (13) is set to
the diameter of the tank.

Heat Transfer from Ullage Gas to Wall
The heat transfer from the ullage gas to the wall is expressed as

Qwall = [h(‘A]ullagefwall(Tullage - Twall) (15)

It has also been assumed that the heat transfer is due to nat-
ural convection and the heat transfer coefficient is expressed by
Eqgs. (11-14). According to Ring,! C =0.54 and n=0.25 for this
case. The diameter of the tank was again consideredto be the length
scale used in the heat transfer correlation.

Transient Heat Transfer in the Tank

Wall temperature has been calculated from a transient heat con-
duction equation:

aTwa A
rnwallcp.wall_11 = Qwall - Qcond (16)
ot
where
Myan = /OwallAullage to wall‘swall (17)
Qcond = klankAcond(Twall - Tprup)/(H/z) (18)

The model accounts for the change in the heat transfer area as the
ullage volumeincreasesduringthe pressurizationprocess. However,
the area was calculated assuming a cylindrically shaped tank. The
tank diameter has been assumed to be the length scale in both heat
transfer correlations [Egs. (10) and (15)].

Mass Transfer from Propellant to Ullage Gas

The mass transfer rate from the propellant to the ullage gas is
calculated from the heat transfer rate [Eq. (10)]. It is assumed that
the propellant is vaporized from the surface and the heat transfer
from the ullage only contributes to the vaporization of propellant.
The mass transfer due to vaporizationis expressed as

m;rup = Qprup/[hfg + Cpf(Tsal - Tprup)] (19)

The saturation temperature in Eq. (19) is calculated using the vapor
pressure relation

&’”psal = A + (B/Tsal) + C E"VTsal + DTsal (20)

where A, B, C, and D are fluid specific vapor pressure relation
constants. Table 1 lists the values of the vapor pressure relation
constants for the propellants considered in this paper.

The enthalpy of vaporization in Eq. (19) is calculated using the
Clapeyron equation:

dpP
hfg = sal(vg - Uf)d_T » (21)
where v, is found using the Lee and Kesler modified Benedict-
Webb-Rubin equation as described by Reid et al.* and v is deter-
mined from the following correlation:

Ulf:C0+C1T+C2T2+C3T3+"' (22)

Table 1 Vapor pressure relation constants

Fluid A B C D

Oxygen 81.66 —2857.0 —13.05 0.0310
Nitrogen  67.79 —-2156.0 —10.97  0.0327
Hydrogen 11.40 —-211.9 —1.228 0.0405
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Table 2 Liquid specific volume correlation constants

Oxygen Nitrogen Hydrogen
Co —0.34614 —0.01204 —13.132
Cy 0.011286 0.00061 1.7962
C, —0.00013837 —4.23216E—-06  —0.094964
Csz  8.2613E-07 1.06765E—08 0.002464
C4y —2.4007E-09 — —3.1377E-05
Cs 27247E—-12 — 1.5712E—-07

where C, C,, C,, etc. are curve fit constants. Table 2 lists the values
of the correlation constants for the propellants considered in this
paper.

Numerical Model

A pressurization system numerical model was developed to test
the implementation of the pressurization option using the Gener-
alized Fluid System Simulation Program (GFSSP).>:¢ The system
considered consists of a vertically mounted 71.5-in.-diam cylindri-
cal aluminum tank with a wall thickness of 0.375 in. and a volume
of 500 ft*. The pressurantis helium and the propellantis liquid oxy-
gen (LOX). The tank initially contains 475 ft> of LOX with a 25 ft®
ullage space that is filled with helium at 67 psia and —264°F. He-
lium at 95 psia and 120°F enters the ullage space through an orifice.
LOX exits the bottom of the tank through a restriction and flows to
the engine inlet, which has a pressure of 50 psia. The restriction be-
tween the tank exit and the engine inlet is set to limit the propellant
flow such that the tank is completely drained in 200 s.

Result and Discussion

Figure 4 shows both the ullage pressure and tank bottom pressure
histories for the test model. After an initial pressure rise due to a
ramping up transient effect, both pressures begin a slow but steady
decline for the remainder of the run. Note that tank bottom pressure
was calculated[Eq. (9)] by adding ullage pressure with pressure due
to gravitational head. Figure 4 shows that as the gravitational head
decreases, the ullage and tank bottom pressures slowly converge
until all propellant is drained from the tank. The slow decline in
ullage pressure is mainly due to the expanding ullage volume.

Figure 5 shows the histories for the ullage temperature and the
tank wall temperature. Figure 5 shows that the tank wall temper-
ature rises 34°F over the course of the model run, revealing that
the 120°F helium gas entering the tank has an increasing effect on
the tank wall as propellant is drained from the tank and the wall
surface area exposed to the warmer ullage gas grows. This effect is
somewhat dampened, however, because the heat gained by the wall
is conducted to the portion of the tank that is submerged in LOX,
which acts as a heat sink. The ullage temperaturerises 208°F during
the first 60 s of tank pressurization before beginning a slow decline
for the remainder of the simulation. This large initial temperature
rise is primarily due to the mixing of hot helium gas with the rela-
tively cold gas present in the ullage. The decline in temperature is a
result of expansiondue to continuousincrease of the ullage volume.

Helium flow rate into the tank is shown in Fig. 6. The helium flow
rate was found to drop initially as the start transient takes place,
which is consistent with the ramp up effect noted in Fig. 4. Then
the flow rate begins to gradually increase as ullage pressure drops
due to the expanding ullage volume. The ullage volume increases
linearly throughout the run. All 475 ft* of LOX is discharged from
the tank during the pressurizationprocess. The LOX flow rate curve,
not shown here, mirrors the ullage and tank bottom pressure curves,
rising through an initial start transient to a peak value and then
declining for the remainder of the run as tank pressure drops.

Figure 7 shows the mass transfer rate of gaseous oxygen (GOX)
into the ullage space over the duration of the run. The mass transfer
rate curve mirrors the ullage temperature curve, which is what one
expects becausethe mass transferis based on the ullage to propellant
heat transfer, which is based on ullage temperature.

As a validation, finite volume procedure predictions were com-
pared with a published correlation of pressurant requirements for
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Fig. 6 Helium flow rate into the tank.

a given displacement of propellant as published by Epstein and
Anderson.” The correlation calculates the collapse factor, which
is defined by Van Dresar’ as a ratio of the actual pressurant con-
sumption to an ideal pressurantconsumption where no heat or mass
transfer from the pressurantoccurs. This correlation takes the form
shown in Egs. (23-27):

wp/wg = {[(TO/Y}) - 1][1 - exp(—plC"Z)][l - exp(—mS‘”)]
+ 1} exp{—ps[1/(1 + OP[S/(1 + $)}7 @7 } (23)
where

wh = pg AV (24)
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Table 3 Pressurization validation results

Collapse factor Discrepancy(%)
Epstein GFSSP GFSSP  Without  With
and without with mass mass mass
Fluid Anderson?  mass transfer transfer transfer  transfer
Oxygen 1.58 1.35 1.44 14.56 8.86
Hydrogen 1.57 1.42 1.39 9.55 11.46
Nitrogen 1.67 1.37 1.49 17.96 10.78
0.045
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\
~ 0.035
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'j: 0.015 /
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0
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Time (sec)

Fig. 7 GOX mass transfer to ullage.

_ (’OC?’ 6) wall TJ

= = (25)
(pcp)((J; Deq TO
hoy T,
=——t (26)
(pcp)G Deq TO
q0r
0=——F—+ 27
(pcp)((J; DeqTO

Van Dresar’ later modified this correlation by redefining D, as
shown in Eq. (28):

Doy = 4(AV/Ay) (28)

The validation exercise consisted of comparing pressurant mass
predictionsfor three differentpropellantswith helium as the pressur-
ant in each case. The three propellantsused were oxygen, nitrogen,
and hydrogen. Table 3 shows the results of this validation exercise
for GFSSP predictions with and without mass transfer. For oxy-
gen and nitrogen, there is a definite improvement in the agreement
between GFSSP and Ref. 2 with the addition of mass transfer, re-
ducingnitrogen’s predictiondiscrepancy by 7% and that for oxygen
by about 6%. However, the predictiondiscrepancy for hydrogenac-
tually grows with the addition of mass transfer, increasing by about
2%. The reason for this behavior has to do with the densities of the
propellantswith respectto the helium pressurant. GOX and nitrogen
are more dense than gaseous helium, and so, all other considerations
being equal, their presence in the ullage will increase GFSSP’s pre-
dicted pressurant mass usage for the case with mass transfer, thus
increasing the collapse factor and bringing it closer to the Ref. 2
correlation predictions. Hydrogen, on the other hand, is less dense
than helium, resulting in a lower pressurant mass prediction in the
ullage for the mass transfer case and, thus, a lower collapse fac-
tor, increasing the discrepancy between the Ref. 2 correlation and
GFSSP.

Several parametric studies were performed to gauge the sensitiv-
ity of the pressurization process to parameters such as subcooling,
ullage pressure, and heat transfer adjustment factor. These studies
showed a more significant influence by the heat transfer adjustment
factor than subcoolingand ullage pressure. The heat transfer adjust-
ment factor study was performed by varying K for the baseline
case by £0.5.

100
95
20 =
Ol
H
~
y 80
3
H
g s ——KH=1.0
rrrrrr KH=0.5
70 --<-KH=1.5
65
60
0 50 100 150 200
Time (sec)
Fig. 8 Ky parametric study ullage pressure comparison.
0
-50
\
e T et S —
. -100 L S e
4 a T
T
g -150
8
g —KH=1.0
ER0 | KH=0.5
i -— KH=15
-250
-300
0 50 100 150 200
Time (sec)
Fig. 9 Ky parametric study ullage temperature comparison.
0.25
0.2 —
. i
3 -
£o15 <
§ a
0.1 va -
H )
2 /
0.05 —~ —KH=1.0
------ KH=0.5
----KH=1.5
0 1
0 50 100 150 200

Time (sec)

Fig. 10 Ky parametric study GOX mass concentration in ullage.

Figure 8 shows a slight effect of K on ullage pressure, in which
it varies the final predicted ullage pressure from 88.8 to 90 psia.
The ullage temperature historyis shown in Fig. 9 to be significantly
affected by the change in Ky, with final temperature predictions
varying over a range of 74°F. As a result, GOX mass concentration
in the ullage, which is shown in Fig. 10, also shows a significant
variation for changes in Ky, varying from a prediction of 11 to
19.5% GOX by mass in the ullage at the end of the run. Itis believed
that the sensitivity of the pressurization process to this parameter,
which is difficult to calculate accurately, is the major cause of the
discrepancy between the Ref. 2 correlation and GFSSP’s collapse
factor prediction.
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Conclusions

A finite volume procedure has been developed to model the pres-
surization of a propellanttank. A simple model has been developed
to test the numerical stability of the algorithm and physical plau-
sibility of the results. The prediction of pressurant requirements
compared favorably with the Ref. 2 correlation. Inclusion of mass
transfer in the model improves the comparison with the Ref. 2 cor-
relation for propellants heavier than the pressurant. A parametric
study on the heat transfer coefficient reveals that uncertainty in the
heat transfer coefficient may contributeto the observed discrepancy.
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