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This article presents analytical and experimental results on the priming of a propellant feed system with
initial line pressures of 0 psia and greater. The analysis employs the method of characteristics to treat one-
dimensional liquid transients in liquid-full segments, and the lumped-inertia technique to model the dynamics
of partially filled (or two-phase) segments. Fluid compressibility and piping flexibility are accounted for, and
the method of characteristics can undertake a complex system. The highly significant correlation obtained
between predictions and test results verifies that the methods are suitable for analyzing a complicated network
system.

Nomenclature
A = area of pipe
a = speed of pressure pulse
B = bulk modulus of elasticity of fluid
Cf = critical flow coefficient
Cv = flow coefficient for valves; flow rate is

expressed in gal/min of 60°F water with
a 1-psi pressure drop across the valve

c = dimensionless parameter that describes the
effect of the pipe constraint condition on
the wave speed

D — pipe diameter
E = modulus of elasticity
e = pipe wall thickness
F = pressure force
/ = Darcy-Weisbach friction factor
g = gravitational acceleration
H = piezometric head
K = minor loss coefficient in the formula,

A// = K(V2/2g)
k = specific heat ratio
n = polytropic exponent
P = pressure
Q = flow rate
t = time
V = velocity
V" = volume
X = length of the liquid column within a segment
x = distance along the pipe
z = elevation of the pipe above datum
a = pipe slope
A = difference between two points
p = density
r = percent opening of a valve
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Subscripts
B = barometric
C = point C in the xt plane of the characteristics grid
/ = friction
/ = segment number
P = point P in the xt plane of the characteristics grid
0 = previous time

Introduction

P RIMING a liquid-propellant feed system in orbit could
create surge pressures that could result in an explosion

or damage to the feed line.1 There are two mechanisms that
create hazards during the priming process. One is the rapid
compression of inert gas or propellant vapor that generates
heat and causes explosive decomposition of the propellant.
The other is the water-hammer pressure generated when the
liquid propellant impacts the closed thruster valve or other
dead-ended valves and fittings.

To prevent these two potential hazards, the solution is to
slow down the priming flow through the use of either a flow
restriction device or the gas cushion effect as demonstrated
in Refs. 2 and 3. However, the addition of flow restriction
devices may significantly increase the system pressure loss,
and also the compressed high-pressure gas, which eventually
has to be vented out, and may damage the downstream com-
ponents that were not originally designed to withstand a high
pressure gas fow. Apparently there is a need for analyzing
the priming flow phenomena and, thus, defining a method to
reduce surge pressure without compromising the system per-
formance requirements.

This article presents a comparison of theory with experi-
mental data for basic feed line configurations such as straight
lines, elbow, and tees; as well as for a network system. The
agreement in comparison ensures that the math model pre-
sented here can be used to predict the system performance
characteristics, to size a flow restriction device, and to produce
a safe and reliable system. Note that this article did not con-
sider any chemical reactions in the analysis because a reduc-
tion of water-hammer pressure will certainly eliminate the
potential of explosion.

Analysis
Two approaches have been used to analyze the adiabatic

compression associated with the priming process. One ap-
proach used the lumped-inertia technique that solves only the
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equation of motion.4 This approach considers the inertial ef-
fect, but the elastic properties of the fluid and pipe wall are
neglected. The other approach used the lumped-capacitance
technique that solves only the continuity equation. The mo-
mentum equation is treated as a simple steady-state pressure-
drop equation. This approach considers the elastic effects;
however, the inertial effect is absent.

This article describes a new approach that encompasses a
full treatment of the one-dimensional fluid transient equa-
tions, with the lumped-inertia treatment for two-phase
segments. The solution method employs the method of char-
acteristics that is suitable for solving a network system. In
addition, the fluid choking effect and a nonlinear character-
istics tee junction model are included. Previous papers4'5 ne-
glected the choking effect and concentrated on the friction
factor for explaining the discrepancy between the measured
and predicted fluid impact time. The tee junction model is
essential for the network priming flow simulation and plays
a vital part in directing the priming flow throughout the net-
work. Prickett et al.5 presented the network priming flow test;
however, in their network flow analysis, only symmetric flow
branching was discussed. The treatment of equal branch flow
is inadequate for a network flow analysis because the tee
orientation to flow direction, such as a branch-tee or run-tee,
and flow resistance of the flow path dictate the branch flow
rates.

Basic Equations for Liquid Transient Flow
The water-hammer phenomenon in pipes is commonly

described by a one-dimensional model with the following
equations6:

the equation of motion

dH dV fV\V\
-

and the continuity equation

a2 dV (dH . \ dH n— — + V \ — + sin a + — = 0
g dx \dx J dt

(2)
^ '

where the total derivative following the motion of the fluid
is given by

dt dX dt

and a can be expressed for a circular pipe as

a = B/p
I (BIE)(Dle)c (3)

Equations (1) and (2) can be transformed into a pair of or-
dinary differential equations, through the method of char-
acteristics, which are grouped and identified as C+ and C~
equations

(4)

(5)
2D

R s
Fig. 1 Method of specified time intervals.

rAx

Fig. 2 Treatment of two-phase segment.

In finite difference form, the characteristic equations be-
come

VP =

-: VP =

- C2HP

+ C2HP

(6)

(7)

where

3 = VR[l -

sino: - (fM2D)\Vs\] - C2HS

C2 = gla

ina - (fM2D)\VR\] + C2HR

By use of the specified-time-intervals method with condi-
tions known at A, B, and C (Fig. 1), a linear interpolation
can be used to find the conditions at points R and S. Then
Eqs. (6) and (7) can be solved for the unknowns VP and HP
at time t + Af from the known values at the points R and S
at time t.

Two-Phase Segment
The equation of motion is used to describe the dynamics

of a two-phase or partially liquid-filled segment. The equation
is solved simultaneously with the C+ characteristics equation
for VPJ and HPJ. The equations are

VPJ = C3 - C2HPJ

dV,
dt

(6')

(8)

With a second-order approximation, the pressure force
(shown in Fig. 2) equations become

(9)

(10)

(11)

(12)

(13)

(14)

F, = ipgA,(HPJ + HCJ)

, = ±PgA,(HPJ+l + HCJ+l)

Ff= (fpXV\V\A,t2D)

X = \(XCJ + XPJ)

V = \(VC,, + VPJ)

dV,
dt

(VPJ - VCJ)
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For the pressurized line, the gas is idealized to satisfy the
reversible polytropic relation

(Up = C (15)

For a perfect gas, limiting values of n hold for an isothermal
process n = 1, and an isentropic process n = k. The gas
volume V~is determined by

VPJ) (16)

Equations (6') and (9-16) can be substituted into Eq. (8)
to obtain a nonlinear equation in the variable VPJ. This non-
linear equation is solved by Newton's method to obtain VPJ.
The value of HPl is then calculated from Eq. (6').
Boundary Conditions

Wylie and Streeter6 describe the basic boundary conditions
for tanks, pipe ends, valves, and junctions. The water-ham-
mer pressure Fwh, when the liquid column is brought to a stop
at a dead end is determined by

Pwh = (pav/U4g) (17)

where v is the liquid velocity at the time of impact.
The following sections describe the valve boundary with

and without cavitation flow and the tee junction boundary
with flow-dependent branching losses.
Valve Equations

Equation (6), describing the flow characteristics upstream
of the valve, and Eq. (7), describing the characteristics down-
stream of the valve, are solved simultaneously with the valve
flow equation (Fig. 3). The three basic equations describing
the boundary are

— €3,1 ~~

V

Q = TCvV(AF62.4/pg)

(6")

(7')

(18)

Combining the above three equations results in a quadratic
equation, which may be solved to yield Q. The upstream and
downstream pressure heads at the valve are then obtained
from Eqs. (6") and (7').

For the choked flow situation, in which the pressure dif-
ference across the valve is greater than the product of the
square of the critical flow factor and the difference between
upstream pressure and vapor pressure, the following equation
is used in lieu of Eq. (18)

. 'Q = rCvC/V(APv62.4/pg)

where AFV is the pressure difference between the valve up-
stream pressure and the fluid vapor pressure.

i-1 i —— i+1 i+2
Fig. 3 Valve in line.
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Fig. 5 Pressure loss K-factor for tee junction.

Tee Junction Pressure Loss
The tee junction can be treated as a zero-pressure-loss junc-

tion or a junction with pressure loss generated from mixing
or separation of flow. With no pressure loss, three charac-
teristic equations are sufficient to describe the boundary

VP.I = C3,i - C2jHPJ (19)

* P,3 ~ '

(20)

(21)

where subscript 1 indicates the tee inlet conditions; subscript
2, the conditions at the downstream branch; and subscript 3,
the conditions at the lateral branch (Fig. 4). With the con-
sideration of mass balance at the junction, the above three
equations can be solved for the pressure head at the junction

(22)

The velocities VP ,, VP2, and VP3 are then determined from
Eqs. (19-21).

With flow-dependent branching losses, two equations are
needed to describe the relationships among HP a, HP2, and
Hp v Vazsonyi7 presented the pressure-loss equations for sep-
arating and uniting flows at the tee junction. These equations
were derived on a theoretical and experimental basis. Figure
5 presents K-factor vs flow ratio for the six possible flows at
the tee junction. These are the result of modifications to the
Vazsonyi equations in order to have agreements in the K-
factors when the flow ratio is approaching zero or unity.

The formulas used to generate Fig. 5 are as follows:

for separating flow from the tee

Fig. 4 Tee junction.

A//12 =

A//13 = (c3V2
PA + c4F2

P,3

and for uniting flow into the tee

A//12 = (c3V2
P, + (c3 - A12)

A//32 = (c3V2
P, + (c3 - c6A32

(23)

(24)

(25)

(26)
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Table 1 Summary of analysis

Test
section

Test
no.

Tank
pressure,

psia

Line
pressure,

psia

Valve
opening

time,
ms

Peak surge time

Test,
ms

Predicted,
ms

Test,
psia

Peak pressure

Predicted,
psia

Percent
difference

Vacuum cases
10-in. line
20-in. line
30-in. line
10- x 10-in. elbow
10- x 10- x 10-in.

tee (right/left)
10- x 10- x 10-in.

tee (bottom/side)
10- x 20- x 20-in.

tee (bottom/side)

21
24
26
65
36

47

51

435
413
407
416
415

411

412

0.0024
0.0019
0.0019
0.0019
0.0019

0.0019

0.0019

145.0
146.7
144.0
143.8
144.2

142.8

142.7

128.5
140.7
147.0
138.7
148.2, left
149.2, right
147.6, bottom
146.0, side
165.3, bottom
157.5, side

127.4
138.8
147.0
140.6
149.0
149.0
146.0
146.0
162.2
162.0

3965
5467
6450
5096
6090
6980
5120
6990
5600
6470

4725
5870
6400
5770
6190
6190
6900
7030
6860
6600

19
7

-1
13
2

-11
35

1
23
2

Ambient cases
10-in. line

20-in. line

30-in. line

10- x 10-in. elbow

10- x 10- x 10-in.
tee (right/left)

10- x 10- x 10-in.
tee (bottom/side)

10- x 20- x 20-in.
tee (bottom/side)

18

16

29

61

34

40

55

405

410

412

410

410

409

412

12.7

12.7

12.7

12.7

12.7

12.7

12.7

145.3

144.6

142.8

145.7

144.0

141.8

139.7

129.4

139.0

146.7

141.8

149.7,

149.8,

148.0,
148.8,
162.5,
164.5,

left

right

bottom
side
bottom
side

128.2
128.4
139.0
139.5
146.2
147.2
142.0
142.6
149.7
150.0
149.7
150.0
149.0
151.4
167.0
162.0

2241

3458

4016

2600

2750

2840

4180
5100
3000
2100

1670,
3170,
2467,
4320,
2922,
4872,
2150,
4043,
2000,
3823,
2000,
3823,
4000,
2700,
3370,
2340,

adiabatic
isothermal
adiabatic
isothermal
adiabatic
isothermal
adiabatic
isothermal
adiabatic
isothermal
adiabatic
isothermal
adiabatic
adiabatic
adiabatic
adiabatic

-26
42

-29
25

-27
21

-17
56

-27
39

-30
39
-4

-47
12
11
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where c, = 0.1714, c2 = 0.3428, c3 - 0.5, c4 = 0.4, cs =
0.2285, c6 = 0.3285, A12 is the area ratio of Al to A2, and
A32 is the area ratio of A3 to A2.

The two pressure-loss equations, either from separating
flow or uniting flow, and the three characteristic equations
[Eqs. (19-21)] can be reduced to two nonlinear equations
containing only the variables of downstream and lateral flow
velocities. These two nonlinear equations are then solved for
the two velocities. The main flow rate is then determined,
and the three junction pressure heads are calculated from
Eqs. (19-21).
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Fig. 7 Valve characteristics of Jamesbury ball valve.

Testing
Basic feed line configurations such as straight line, elbow,

and tee were tested in order to provide experimental data for
a math model verification. Figure 6 shows the schematics of
the test setup and seven test sections (consisting of i-in. stain-
less steel tubing), which include 10-, 20-, and 30-in. straight
lines; a 10- by 10-in. 90-deg elbow; a right/left arranged 10-
by 10- by 10-in. tee; and two bottom/side arranged tees: one
with a dimension of 10- by 10- by 10-in., and the other with
10- by 20- by 20-in. The test setup consisted of an accumulator
with a capacity of 4 gal, an isolation valve, and a test section
with pressure transducer(s) located at its dead end(s). The
isolation valve was a i-in. pneumatically activated Jamesbury
ball valve. Figure 7 presents the valve characteristics of the
flow coefficient (%C,,) and critical flow coefficient.8 The flow
coefficient is 8.3 at the valve's full open position.

Prior to the test, the system was filled with water from the
upstream side of the isolation valve to the halfway point of
the accumulator. The accumulator pressure was established
at approximately 400 psia, and the test section was then either
evacuated to a pressure as low as 0.1 torr or pressurized at
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ambient pressure (12.7 psia at test site) with nitrogen gas. By
opening the isolation valve, the high-pressure water will either
impact the dead end(s) of the test section (for the initial
vacuum case) or compress the inert gas inside the test section
(for the initial ambient case). The pressure profile(s) at the
dead end(s) and the valve opening time were recorded during
the tests. The surge pressures were measured by the high-
response piezoelectric dynamic pressure transducers (PCB).
The recorded valve opening time varied around 144 ms, which
covers the period between the instant when the valve opening
signal was sent and the instant when the valve position in-
dicator switch was activated.

Analysis and Test Results
A highly significant correlation between predictions and

test results was obtained as shown in Table 1 that summarizes
the analysis and test results for the initial vacuum and ambient
cases. The predicted peak surge occurrence times agree very
well with test results; most of the differences are less than 2
ms. The percentage difference between predicted and mea-
sured peak pressure ranges from -11 to 19% for the straight
line, elbow, and right/left arranged tee cases with initial vac-
uum. For the initial ambient cases, the peak surge pressure
measurements fell between the adiabatic and isothermal pre-
dictions. The adiabatic predictions were generally 20-30%
below the test results.

For the bottom/side arranged tee with initial vacuum, there
are good agreements (1-2% difference) in peak surge pres-
sure for side branch, however, for the bottom branch, the
predictions are 23-35% higher than the test results. By ex-
amining the test data, one may conclude that this is due to
the released gas bubbles during fill-up of the bottom branch,
that increase the fluid compressibility. For the initial ambient
case, the predictions deviated somewhat from test results by
the rapid flow oscillation between branches and by the fact
that the short branch gas volumes may not stay in places
during surge cycles as one may expect.

The following sections compare pressure histories for straight
line (30-in.), right/left arranged tee, and bottom/side arranged
tee (10- by 20- by 20-in.) cases. The 10- by 10-in. 90-deg elbow
case did show similar pressure surge effects, as compared with
the 20-in. straight line case, but only with diminished surge
pressures due to energy dissipation at the elbow, therefore,
a detailed comparison was not presented. Finally, test re-
peatability will be discussed along with the predictions of the
network experiment conducted by Prickett et al.5

Straight Line
Test results show a progressive increase in surge pressures

for the 10-, 20-, and 30-in. line test sections both for the initial
vacuum and ambient cases. This is due to the relatively slow
opening of the valve; only in the 30-in. line test case was the
ball valve fully opened before the peak surge occurred. An
excellent correlation between the measured and predicted
peak surge occurrence times for all three cases leads to the
conclusions that the ball-valve model was accurate in pre-
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dieting flow rate, and the valve flow coefficient became the
dominant factor on peak surge pressure. Note the valve open-
ing time should not affect the surge pressure further when
the manifold fill time is greater than the valve opening time.

Figure 8 compares the pressure histories for the 30-in. line
with an initial vacuum. The figure shows that the predicted
and measured peak surge pressures and occurrence times were
almost identical.

Analytically, when the one-dimensional water flow impacts
the dead end, an initial surge is generated instantaneously
according to Eq. (17). This surge pressure wave then prop-
agates upstream to stop the water flow at a speed depending
on the fluid's compressibility and the elasticity of the tube's
material as shown in Eq. (3). Since upstream pressure is al-
ways greater than downstream pressure before the impact,
the surge pressure will continuously increase in order to bring
the fluid flow to rest. This creates other surges on top of the
initial one when the wave passes through restrictions such as
valves. The duration of the peak surge measured at the pipe
end is twice the time required for the wave to travel from the
pipe end to the tank.

The test data shows there were small surges before the peak
surge, and the peak surge's duration was less than expected.
This is an indication that water flow did not develop fully (as
a one-dimensional flow) due to a short line length, the opening
of the valve, and a choked flow situation within the valve.
The vertical orientation of the test setup did not help either,
because gravity enhanced the separation of water flow. Thus,
the final water flow impacted the water already accumulated
at the pipe end, contributing to the shape and duration of the
peak surge pressure. As the water column bounced back after
the first peak surge and hit the pipe end for the second time,
the surge pressure shape and duration resembled the analyt-
ical predictions of the first surge.

For the initial ambient pressure case, Fig. 9 compares the
test and the analytical results for the 30-in. line test section,
which include the adiabatic and isothermal predictions. The
measured peak surge pressure fell between the adiabatic and
isothermal predictions. With ambient pressure gas in the test
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Fig. 9 30-in. line comparison (initially at ambient pressure).
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Fig. 8 30-in. line comparison (initially at vacuum pressure).
Fig. 10 Right-branch comparison (10- x 10- x 10-in. tee initially
at vacuum pressure).
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section, the surge pressure is expected to be less because the
inert gas provides a cushion for the accelerating water column.
One should expect the gas compression process to be close
to the adiabatic process in light of the ms time scale, however,
the mixing of water with gas (caused by a not fully developed
flow) and the possible loss of gas back to the accumulator
during the surge cycle will certainly contribute to the deviation
from the adiabatic process.

Right/Left Arranged Tee
For the right/left arranged tee, the water flow splits evenly

into each branch and impacts the dead ends at the same time.
This produces identical initial surge pressures (approximately
3000 psia in the solid lines shown in Figs. 10 and 11), which
are then amplified by wave propagations and interactions be-
tween branches, and lead to higher final peak surge pressures
for both branches (approximately 6200 psia). Figures 10 and
11 show that the predicted pressure profiles are close to the
test results for both branches. The predicted peak pressure is
11% lower than the right-branch test result, and is 2% higher
than the left-branch test result. Note that the average peak

8000
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Time (ms)

Fig. 11 Left-branch comparison (10- x 10- x 10-in. tee initially at
vacuum pressure).
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Fig. 14 Side-branch comparison (10- x 20- x 20-in. tee initially at
ambient pressure).
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Fig. 16 Side-branch comparison (10- x 20- x 20-in. tee initially at
vacuum pressure).

branch pressure of this tee configuration is close to that of
the 30-in. line case, despite the fact that the branch flow was
half of the main flow.

For the initial ambient case, the inert gas in the branches
provides two equal cushions for the water flow in the branches.
Figure 12 compares pressure histories for the right branch
(the left branches produced basically the same results), and
shows that the measured pressure profile fell between the
adiabatic and isothermal predictions. Because of the double
cushions, the branch pressures are approximately 30% less
than that of the 30-in. line case, both analytically and exper-
imentally.

Bottom/Side Arranged Tee
For the bottom/side arranged tee, the water fills the bottom

branch first and then the side branch, thus generating a flow
oscillation between branches. The branch flows and pressure
losses are decided by the K-factor presented in Fig. 5. Figures
13 and 14 compare the analytical (adiabatic) and test results,
respectively, for the bottom and the side branch of the 10-
by 20- by 20-in. tee with initial ambient pressure. The pre-
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dictions match the first bottom branch surge and the initial
pressure rise of the side branch. The subsequent surges de-
viate somewhat from test data due to the adiabatic compres-
sion assumption and the tee's K-factor used in the analysis.
Because the tee's K-factors are derived from steady-flow data
and the gas may not behave adiabatically throughout, the
predictions may deviate from test results.

Figures 15 and 16 compare the predictions to the test re-
sults, respectively, for the bottom and side branch of the same
tee for the initial vacuum case. The prediction for the bottom
branch was 23% higher than the test result and was only 2%
higher for the side branch. The large deviation for the bottom
branch may be the result of gas bubbles released from the
water during the filling of the bottom branch. As the surge
pressure wave propagates back to the bottom branch, the gas
bubbles act like springs in the water, absorbing energy and
reducing the surge pressure.

Test Repeatability
The tests were conducted at least three times for each test

article and at each test condition. Test repeatability was very
good for the straight line and elbow cases—a less than ± 10%
variation from the mean value. For example, the 30-in. line
test case experienced only a ±2% variation for the initial
vacuum case and a ±8% for the initial ambient case as shown
in Fig. 17, which plots test data along with predictions (adi-
abatic and isothermal) for different initial line pressures. The
percent variation increased as the flow oscillation between
branches came into the picture; there was an approximately
± 15% variation for the 10- by 10- by 10-in. right/left arranged
tee case as shown in Fig. 18. The increase was mainly caused
by the slightly uneven split flows at the tee junction. It should
be emphasized here that identical or near identical peak branch
pressures (i.e., even split flows) were recorded as shown in
Fig. 18. For the 10- by 20- by 20-in. bottom/side arranged tee
case, because of the rapid flow oscillation, the variation was
±25% for the initial vacuum case and ±10% for the initial
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Fig. 19 Predictions for Prickett's Test Run no. 5.

ambient case. For a full-scale network system where branches
are long, the large variation is not expected to occur.

Predictions for a Network Simulated Test Case
Prickett et al.5 present network simulation tests that provide

an opportunity to demonstrate the robustness of the analytical
techniques presented here. Figure 19 shows the predictions
for Test Run 5 (see Table 3, Prickett et al.5) which was chosen
for its typical network configuration, consisting of a bottom/
side arranged tee and a right/left arranged tee. The predictions
show the pressure profiles at HV11, P2, and P3 (see Fig. 3,
Prickett et al.5 for locations) and indicate that the water im-
pacted HV11 first at approximately 120 ms and then impacted
P2 and P3 at approximately 370 ms. The measured impact
times at P2 and P3 were 350 ms. The predicted peak pressures
at P2 and P3 were 2480 and 2250 psia, respectively, which
are 18 and 13% higher than the test results. The advantage
of the analysis methods presented here is obvious; it allows
the flow of a whole network to be simulated throughout the
priming process, and predicts surge pressures throughout the
system. Previous analysis methods4-5 allowed only predictions
of initial impact surge with no provision for the wave prop-
agation and interaction that may easily double the^nitial im-
pact surge as demonstrated in the 10- by 10- by 10-in. right/
left arranged tee case. Only with the full consideration of
momentum and continuity equations will the two main in-
gredients of the water-hammer effect, the inertia effect and
the elastic effect, be accounted for in obtaining precise pre-
dictions of surge pressures.

Conclusions
A comprehensive technique for analyzing a propellant feed

system priming process and a comparison of theory with ex-
perimental data was presented. The accuracy of the theoret-
ical predictions has been well-assessed by the measured data
both for the basic feed line configuration test articles and a
network simulation test. The employed analytical modeling
technique combined with the method of characteristics pro-
vides a full account of the water-hammer effect throughout
the priming process of a propellant feed system.
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