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During the solid rocket booster phase (stage 0) of the Titan IV Space Launch Vehicle K-9 � ight, an
anomaly occurred in which a burst diaphragm in the stage I oxidizer tank pressurization system ruptured
prematurely, resulting in abnormal stage I engine starting conditions. An investigation was conducted
and it was found that the most probable cause of the anomaly was oscillatory ampli� cation of the � uid
pressure in the pressurization system oxidizer supply line against a volume of trapped gas on the upstream
side of the burst diaphragm. This system was driven by liftoff acceleration that induced oscillations in
the main oxidizer supply system pressure. A model was formulated to calculate the oscillatory � uid
pressure at the burst diaphragm and an experiment was devised to generate data for checking the validity
of the model. The experimental setup included a � ight-con� guration pressurization system oxidizer supply
line and a � uid system for inducing pressure oscillations in the liquid column in the line. The pressure
of the trapped gas at the burst diaphragm was measured to determine the response to oscillatory � uid
pressure imposed at the opposite end of the line. Agreement between the model prediction and experi-
mental results is excellent.

Nomenclature
A = tube cross-sectional area
ax = vehicle acceleration component along tube length

direction
gx = gravitational acceleration component along tube length

direction
L = tube length
n = total number of segments
Pd = driving pressure
Pg = pressure at liquid-gas interface
P i = initial gas pressure
P1 = pressure at tube inlet
P2 = pressure at tube outlet
P3 = pressure at Freon cylinder outlet
Rmi = � ow resistance because of hydraulic minor losses
R9 = friction-loss factor
V = gas volume
V i = initial gas volume
v = liquid � ow velocity
g = gas speci� c heat ratio
r = liquid density

Subscript
i = segment number

I. Introduction

T HE Titan IV Space Launch Vehicle consists of a two-stage
core vehicle powered by GenCorp Aerojet liquid propel-

lant rocket engines with two strap-on solid rocket boosters.
Upper stages vary depending on the mission. The stage I and
II engines are turbopump-fed and utilize Aerozine 50 as the
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fuel and nitrogen tetroxide (N2O4) as the oxidizer. Ignition of
the stage I and then stage II engines occurs at altitude after
burnout of the solid rocket boosters.

Vehicle oxidizer tank pressurization during � ight is provided
by the oxidizer autogenous systems, which are identical in op-
eration for stages I and II. Gaseous N2O4 is produced by pass-
ing liquid oxidizer through heat exchanger coils in the engine
turbine exhaust duct and delivering the gas to the tank top at
a controlled � ow rate and pressure. The oxidizer supply is
tapped off of the oxidizer pump discharge and, at a predeter-
mined pump discharge pressure during engine start, a burst
diaphragm in the oxidizer supply line to the heat exchanger
ruptures, allowing the � ow of liquid to begin. Figure 1 is a
schematic diagram of the stage I engine showing the location
of the oxidizer autogenous system.

During the � ight of Titan IV K-9 an anomaly occurred dur-
ing the stage 0, or solid rocket booster phase, when the burst
diaphragm ruptured at vehicle liftoff from the launch pad
rather than at stage I engine start. Flight data showed out-of-
family high-pressure oscillations in the engine oxidizer feed
system upstream of the burst diaphragm. Although there was
no adverse impact to the � ight, the anomaly resulted in the
� ow of liquid N2O4 into the gas side of the autogenous system
and, therefore, abnormal engine and pressurization system
starting conditions, which were outside the Titan � ight expe-
rience. Analysis showed that the presence of liquid oxidizer in
the autogenous line downstream of the burst diaphragm prior
to engine ignition will result in a much higher transient pres-
sure in the autogenous line until the liquid is expelled into the
tank. The higher pressure signi� cantly increases the risk of
rupturing a � exible tube section in the autogenous line.

The premature rupture of the diaphragm was caused by the
oscillatory ampli� cation of the pressure of the column of liquid
N2O4 in the supply line against a volume of nitrogen gas
trapped at the upstream side of the burst diaphragm, resulting
in pressure peaks above the burst diaphragm rating. This gas
bubble is trapped during the � lling of the oxidizer system and
is present on all � ights. This system is driven by the liftoff
acceleration at solid rocket booster ignition, which induces en-
gine oxidizer feed system pressure oscillations. Figure 2 shows
the con� guration of the N2O4 supply line and the location of
the gas bubble.



636 NGUYEN AND HUFFMAN

Fig. 1 Titan IV stage 1 engine schematic diagram.

Fig. 2 Autogenous system oxidizer supply line.

A model was formulated to calculate the oscillatory � uid
pressure at the burst diaphragm. The model was validated us-
ing data from tests conducted at the National Technical Sys-
tems (NTS) facility in Fullerton, California.

Subsequent to the K-9 launch, several vehicles were � own
with a 0.60-cm (0.237-in.) ori� ce installed in the oxidizer au-
togenous line at the connection to the oxidizer pump discharge.
The damping provided by this ori� ce, along with a burst dia-
phragm with a higher burst pressure rating, provided an interim
solution to the pressure oscillation problem. The � nal solution
incorporated a recon� gured oxidizer autogenous line and a liq-
uid-functioned burst diaphragm located at the pump discharge
connection. This eliminated the trapped gas bubble and the
associated pressure ampli� cation.

II. Model Description
The oxidizer feed system is shown schematically in Fig. 3.

The pressure in the main feed line near the inlet to the autog-
enous line was calculated by Martin Marietta engineers for
statistically ‘‘worst case’’ conditions. In the present analysis
this pressure was used to drive the � uid system in the autog-
enous line and the resultant pressure at the burst diaphragm
was calculated.

A. Equations

A model was formulated for a � uid system in a line as
shown schematically in Fig. 4. The line is � lled with liquid
with gas trapped at one end. This liquid-gas system is driven
by a prescribed pressure at the other end. The line may be
composed of any number of tubes having different diameters.



NGUYEN AND HUFFMAN 637

Fig. 3 Oxidizer feed systems.

Fig. 4 Modeled � uid systems.

Fig. 5 Various forces acting on a liquid column.

These tubes must be connected in series. Newton’s second law
was applied to a liquid column in a segment shown in Fig. 5

dv
(P 2 P )A 2 R9 uv uv 2 rLAg = rLA 1 a (1)1 2 x xS Ddt

The left-hand side of Eq. (1) is the sum of all forces, in-
cluding pressure, friction, and body forces. The right-hand side
of the equation is the product of liquid mass and acceleration.

Equation (1) can be rearranged as

rL dQ
= P 2 P 2 R9 uQ uQ 2 rL(a 1 g ) (2)1 2 x x

A dt

where Q = Av is the volumetric � ow rate and R = R9/A3.
The equation has been written in terms of volumetric � ow

rate Q rather than � ow velocity because the former quantity is
the same in all line segments at any given time (continuity
requirement). This simpli� es the mathematical formulation of
the problem. Equation (2) is applied to each segment in the
line, resulting in a set of equations. Summing this set of equa-
tions results in

n n
rL dQi

= P 2 P 2 (R 1 R ) uQ uQd g i miSO D OA dtii=1 i=1

n

2 rL (a 1 g ) (3)i x xO
i=1

Equation (3) is integrated numerically to calculate instantane-
ous volumetric � ow rate. The volumetric � ow rate is then also
integrated numerically to calculate the liquid displacement in
the last line segment. V is computed from the initial gas vol-
ume and the amount of liquid displacement. The instantaneous
gas pressure is calculated assuming that the gas compression
and expansion are isentropic, i.e.,

gP = P (Vi/V ) (4)g i

B. Calculation Procedure

A calculation procedure was developed as follows:
1) Start with known values of pressures, volumetric � ow

rate, and volumes at a time t. The static equilibrium conditions
provide the initial conditions at t = 0.

2) Integrate Eq. (3) to obtain the time rate of change of
volumetric � ow rate at time t 1 dt.

3) Integrate volumetric � ow rate to obtain liquid displace-
ment. Calculate the amount of liquid in each of the line seg-
ments and the location of the liquid– vapor interface. These
calculated parameters were needed to update the values of liq-
uid inertia and � ow resistance used in Eq. (3).

4) Compute instantaneous gas volume using the liquid dis-
placement calculated in step 3.

5) Calculate gas pressure Pg using Eq. (4).
6) Increment t by dt and repeat steps 2 – 6.
Equation (3) was integrated using a predictor– corrector in-

tegration scheme. This integration scheme was tested to ensure
that no numerical damping was introduced into the solution.
The time step was chosen to be small enough that further time
step reduction does not change the solution. For all calcula-
tions presented in the following sections, the time step used
was 0.0001 s.

A computer program was written, using the previously de-
scribed model, to calculate the instantaneous pressure Pg. Input
to the code includes tube lengths, diameters and roughness,
liquid density and viscosity, gas speci� c heat ratio, and driving
pressure. The � ow resistance caused by friction is calculated
internally using the Moody friction factor correlation.1 The
� ow resistance because of sudden area changes is also com-
puted internally by the program using a standard minor loss
correlation.1

III. Test Description
An experiment was devised to generate data for checking

the validity of the analytical model. The experimental setup
consisted of a � ight-con� guration stage I oxidizer autogenous
supply line, including the engine oxidizer pump discharge at-
tachment � tting and burst diaphragm holder, a hydraulically
driven actuator used to induce pressure oscillations into the
test � uid and a control system for inputting the required � ight
pressure pro� le to the hydraulic actuator. A schematic diagram
of the setup is shown in Fig. 6.

Because of the hazards associated with the use of N2O4 as
the test � uid, an alternate � uid was required. Trial runs were
made using water, a desirable alternate because of its availa-
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Fig. 6 Schematic diagram of NTS test setup.

bility and ease of handling, but it was found that Freon 11
was a better simulant, because its physical properties are sim-
ilar to those of N2O4 and test results therefore correlate closely
with � ight data. To compensate for the low boiling point
of Freon 11, an insulating box was constructed around the
setup, other than the control and hydraulic systems, to maintain
test hardware temperature at 187C (657F) maximum. This
eliminated errors in test results caused by boiling of the test
� uid.

The control system shown in Fig. 6 consisted of a digital-
to-analog converter (DAC) out computer into which the � ight
pressure pro� le was programmed, a signal conditioner for the
three instrumentation channels, a data acquisition computer, a
digital hydraulic servo-controller and a hydraulic servovalve.
The DAC out and data acquisition computers contained the
Labtech Notebook 7.0 for DOS data acquisition and control
software program and Lotus 123 rev. 2.4 for DOS spread sheet

program. The servocontroller was set up to utilize pressure
feedback from the transducer at the inlet to the test line (P1).
This is the point at which the � ight pressure data was acquired.
P1 along with the pressure at the burst diaphragm holder
(P2) and Freon cylinder (P3) were captured by the data ac-
quisition computer during each test run for subsequent print-
outs.

The Freon system was � lled and bled prior to each test run
using � uid from an accumulator. With the system pressurized
to 570.2 kPa (82.7 psia), a nitrogen bubble was introduced at
the burst diaphragm holder to simulate � ight conditions. The
desired bubble volume, and therefore length, was obtained by
displacing an equivalent volume of liquid from the system as
measured on a sight glass. The system pressure was maintained
at 570.2 kPa (82.7 psia), because this was the pressure at the
inlet end of the autogenous system supply line at liftoff of the
K-9 vehicle.
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Fig. 11 Worst-case driving pressure POD.

Fig. 7 Comparison between calculated and measured pressure
P2 for test WN6T1 (bubble size 6.0 in., no ori� ce).

Fig. 8 Driving pressure P3 measured in test WN6T1.

Fig. 9 Comparison between calculated and measured P2 for test
W26T1 (bubble size 6.0 in., with an ori� ce of 0.233 in. diameter).

Fig. 10 Driving pressure P3 measured in test W26T1.

IV. Model Validation
Calculations were made for a number of tests conducted at

National Technical Systems. It should be noted that the test
setup has more connectors and � ow turns and, hence, a higher
resistance than the actual � ight hardware. The higher resistance
reduces the magnitude of the pressure P2. Therefore, test re-
sults cannot be directly used to infer the pressure at the burst
diaphragm. They are, however, valuable for validating the
present model, which is used to calculate the pressure at the
burst diaphragm.

Figure 7 shows a comparison between calculated pressure
P2 and measured data for tests WN6T1 with a gas bubble size
of 15.2 (6.0 in.), respectively. The driving pressure P3 is
shown in Fig. 8. Agreement between calculated results and test
data is excellent. It should be mentioned that no ori� ces were
installed in this test.

Figure 9 shows a comparison between calculated pressure
P2 and measured data from test W26T2, for which an ori� ce
having a diameter of 0.59 cm (0.233 in.) was installed in the
line adjacent to the point at which P1 is measured. Figure 10
shows the driving pressure P3 of this test. Again, agreement
between model calculation and test data is excellent.

The ori� ce was intended to increase resistance, providing
more damping to the pressure oscillation. For the � ight system
the resistance is very low without an ori� ce and it increases
drastically with an ori� ce. Subsequent to the K-9 launch, an
ori� ce having a 0.60 cm (0.237 in.) diameter was installed in
several vehicles in the autogenous line at the connection to the
pump discharge. For the test con� guration, because of the ex-
tra � ttings, the resistance is high even without an ori� ce. Thus,
the effect of the ori� ce is not so pronounced in the test con-
� guration.

V. Calculation of Pressure at Burst Diaphragm
The model was used to calculate the pressure at the burst

diaphragm of the K-9 � ight. The � ight data measured by a
pressure transducer located at the pump discharge was used to
drive the system. The bubble size was calculated by assuming
that during propellant pre� ll the gas trapped between the pump
discharge and the burst diaphragm is compressed from the in-
itial pressure of 101.3 kPa (14.7 psia) to the � nal pressure of
599.8 kPa (87 psia) and that the compression process is iso-
thermal. The bubble size was calculated to be approximately
20.8 cm (8.2 in.). The peak pressure at the burst diaphragm
was calculated to be approximately 2116.7 kPa (307 psia),
which is close to the 2068.4 kPa (300 psi) rated pressure of
the diaphragm. Calculation also shows that the value of pres-
sure at the burst diaphragm will be even higher with larger
bubble size. For example, the pressure was calculated to be
approximately 2516.6 kPa (365 psia) for an initial bubble size
of 22.9 cm (9.0 in.). The calculations suggested that dynamic
ampli� cation of � uid pressure played a major role in causing
the premature rupture of the burst diaphragm during the stage
0 operation of the K-9 � ight.
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Fig. 12 Peak pressure at burst diaphragm.

Fig. 13 Calculated pressure at the burst diaphragm under � ight
worst case conditions (bubble size 9.0 in.).

The model was also used to predict the pressure at the burst
diaphragm under ‘‘worst-case’’ driving pressure, which was
predicted by Martin Marietta engineers and is shown in Fig.
11. Calculations were made for a con� guration that includes
an ori� ce having a diameter of 0.60 cm (0.237 in.), with dif-
ferent gas bubble sizes at the burst diaphragm. As discussed
previously the ori� ce provides additional damping and thus
reduces the peak pressure. Figure 12 shows a plot of peak
pressure vs gas bubble size. The peak pressure is highest (in
resonance with the driving pressure), when the bubble size is
22.9 cm (9.0 in.). A detailed plot of calculated pressure vs time
is shown in Fig. 13 for the case where the bubble size is 22.9
cm (9.0 in.). The maximum pressure at the burst diaphragm
under worst-case conditions was predicted to be approximately
3206.1 kPa (465 psia), which is below the rated pressure
[3240.5– 3654.2 kPa (470– 530 psi)] of the diaphragm installed

on � ights subsequent to the � ight K-9. Therefore, premature
rupture of the diaphragm during stage 0 operation is not ex-
pected on future � ights. The calculated maximum pressure at
the burst diaphragm is conservative because a combination of
worst-case oxidizer pump discharge (POD) driving pressure
and worst-case bubble size was used in the calculation.

VI. Summary
A model was formulated to calculate instantaneous pressure

in a � uid line � lled with liquid but having gas trapped at one
end, under the in� uence of a prescribed pressure at the other
end.

The model was validated using data from several tests con-
ducted at NTS. Agreement between model prediction and test
data is excellent.

Calculations using the model suggested that dynamic am-
pli� cation of � uid pressure played a major role in causing the
premature rupture of the burst diaphragm during the stage 0
operation of the K-9 � ight.

The model was applied to calculate the pressure at the burst
diaphragm under the worst-case driving pressure provided by
Martin Marietta. The peak pressure at the burst diaphragm was
calculated to be approximately 3206.1 kPa (465 psia), less than
the rated pressure of the new diaphragm. Therefore, premature
rupture of the new diaphragm is not expected.
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