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Prediction of the Launch Pulse for
Gas-Generator-Launched Missiles

C. T. Edquist*
Martin Marietta Astronautics Group, Denver, Colorado 80201

The small intercontinental ballistic missile (SICBM) is launched using a cool gas launch eject system similar
to those used for Peacekeeper and submarine-launched missiles. The SICBM system is unique in that a
methanol/water mixture is nsed as coolant. A model of the breech fluid dynamics for predicting the launch pulse
has been developed and verified with Peacekeeper data. In order to apply the model to the SICBM, the
thermodynamic data for aqueous solutions of methanol of arbitrary composition have been studied and the
necessary information developed. This paper describes the launch model and gives comparisons of the predicted
launch pulses with both Peacekeeper and SICBM test data.

Nomenclature
A =area
a = acceleration
C, = discharge coefficient
¢y = coefficient of friction
d = diameter
E = energy
F = force
f = coolant to propellant flow-rate ratio
g. = standard gravity
H = enthalpy
h. = heat-transfer coefficient
J = mechanical equivalent of heat
L, = seal length
M = Mach number
m = mass
m = mass flow rate
Pr = Prandtl number
p = pressure
Q = heat lost
q = heating rate
R = gas constant
Re = Reynolds number
T = temperature
t =time
U = internal energy
v = velocity
W = work done
w = weight

x = distance

B8 = coolant flow-rate parameter
v = isentropic exponent
# = angle
u = viscosity
p = density

Subscripts

= ambient or air

= base

= coolant or canister
= edge

= friction

= gas generator
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Introduction

HE loads incurred during the launch phase of a canister-

launched missile may exceed those experienced in flight.
The launch phase must be thoroughly analyzed to predict
these loads accurately. Both self-eject and gas-generator
launch techniques are possible, and the gas generator concept
can be further divided into hot and cool gas procedures. With
the hot gas generator (HGG) method,! a rocket motor is fired
in the breech below the missile, and the resultant pressuriza-
tion forces the missile out. The cool gas concept adds a liquid
coolant chamber and mixing region between the HGG and the
breech, and the propellant products partially vaporize the
coolant. The resulting mixture remains relatively cool, i.e.,
below supersaturation temperatures as long as sufficient
coolant is supplied. The cool gas system leads to a less severe
environment for equipment in the missile base region. The
launch eject system (LES), i.e., the rocket motor and coolant
mixing device, is insensitive to breech pressure and operates
essentially independently of the conditions in the launch tube.
The details of its operation have been considered elsewhere.?
Assuming this independence between the LES and the breech,
the requirements for prediction of the launch pulse are a
knowledge of the HGG chamber pressure history, the propel-
lant and coolant properties, eject system flow areas, and mis-
sile and launch tube physical characteristics. A schematic of
the problem considered is shown in Fig. 1.

Analysis
Basic Equations
The basic equations required for the solution of a missile
launch from a canister are the conservation of mass and
energy, the equation of vehicle motion, and an equation of
state for the fluid in the breech. The present approach uses the
integral forms of the conservation relations which are

!

m,=m, + S (rh; — ) dt H
0

U =U,+E-E-Q-W
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Fig. 1 Canister launched missile schematic.

where

t
E = E (i, H, — the H,) dt @
0

!
Ey= S (g H, +m, H, +m. H.)dt
0

t
Q=qudt
0
A’
W =—\ pv,dt 3)
JJo

The vehicle motion is described by
Wil = (Pr — Da)Ap — Fy — Wy, sinf “)

with
t
Vi = gcj a,, dt
0

t
Xy = j vy, dt &)
0

Evaluation of Eqs. (3) is straightforward once the geometry
of the situation is known, tie HGG operating characteristics
are defined, and propellant and coolant are well characterized
thermodynamically. Instantaneous and complete mixing of
ambient, propellant, and coolant constituents is assumed with
mass averaged properties and no chemical reactions. At any
time, the properties are uniform throughout the breech. The
gases are assumed to obey Dalton’s law of partial pressures,
and the liquid and gas phases of the coolant are taken to be at
saturation. The ambient gas is characterized by a single value
of the isentropic exponent and gas constant.

Propellant Properties

The gas-generator chamber temperature can be found from
the known propellant fprmulation using established computer
codes.® Though a weak function of chamber pressure, the
usually quoted chamber temperature values correspond to
1000 psia. Also required is the isentropic exponent and the
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propellant gas constant. Selection of these values is important
as they directly affect the energy input for the problem. As a
consistent and reasonable choice, values found by an equi-
librium isentropic expansion from chamber temperature and
1000 psia to sonic conditions are used. These HGG throat
conditions occur just prior to the coolant/hot gas interaction.

Coolant Properties

The coolant thermophysical properties required are the sat-
uration pressure, the heat of vaporization, the liquid and
vapor saturated densities, specific heats and enthalpies, and
the saturated vapor internal energy, all as a function of tem-
perature. For water, the Peacekeeper coolant, these properties
are readily available.* The operational requirements for the
small intercontinental ballistic missile (SICBM) dictate a
coolant with a freezing point below 0°F. The theoretical treat-
ment of the properties of solutions has been well described,’
and those procedures have been applied to the aqueous solu-
tions of methanol. The resulting analysis was used to develop
the requisite properties for a 27.1% methanol (by volume)
solution, the coolant selected for the SICBM LES.

Energy In

The control volume used in the analysis procedure excludes
the hot gas generator and coolant chamber. That is, these
supply only input energy and mass and the energy losses and
fluid changes in the LES are not modeled. The mass addition
to the breech can be determined in three ways: both propellant
and coolant flow rates can be input from a separate LES
analysis; the propellant flow rate can be specified and the
coolant values subsequently calculated; or the HGG chamber
pressure can be input and both propellant and coolant flow
rates calculated therefrom. For the latter case there is, neglect-
ing the effect of gravity in the coolant chamber and for M = 1,

. 2 %: y |”
el (23]
e = (CA)-(201Ap:)” (V)
Defining the parameter 3 as
e

B="% @)

P

4 7+1>$ﬂ }%(cauc< AA)”
= |- L= )""RT| X% 8
8 [7( 2 €7\ 1, ®)

For a given propeliant and coolant, 8 depends primarily on
the effective flow areas at the HGG throat and coolant injec-
tor. This occurs since the pressure difference (Ap.) across the
coolant chamber is directly proportional to the HGG chamber
pressure (p,). The proportionality constant depends on the
design of the LES system. With given flow areas, 3 is, to good
approximation, constant during the launch pulse. Given an
HGG propellant flow rate, the coolant flow rate in the absence
of detailed analysis is then given by Eq. (7). The minimum
ratio of coolant to propellant flow rate thus occurs at the
maximum propellant flow rate, and the eject system is de-
signed to a given value of this ratio, i.e.,

f=¢3> -8 ©
mMp/ max M

P max

then

Having determined the mass entering the system, the energy
into the system can be determined to a first approximation by
assigning constant values to the propellant and coolant en-
thalpies in Eqgs. (3). The propellant value is determined as just
mentioned, whereas the coolant value is the liquid value at the
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ambient temperature. If the LES is designed for minimum
weight, then the coolant may heat during the launch pulse,
and the coolant energy into the system should reflect that
temperature rise. Coolant heating did not occur for the Peace-
keeper, however, for the SICBM significant heating does oc-
cur late in the pulse, and this is included in the model.

Energy Lost

Mass and its accompanying energy are lost out of the system
past the launch seal (see Fig. 1). This loss is described by
assigning an effective leakage area (from empirical data) past
the seal. The mass and energy losses are then a function of this
area and the pressure difference across the seal.

The high energy and velocity fluid in the breech leads to
significant heat transfer to the tube walls and base, the missile
base, and HGG components in the breech. This heating is
relatively simply described in the present model. A two-phase
heat-transfer coefficient for flow up a wall® is used for the
heating to the breech and tube components. This is

Cr\ "%
h., = 0.065u,\ pjor — (10)
Pr
with
1.957
SN V. 11
7= RS ab
and
Xy =X + X (12)

A turbulent gas phase relation is used in the vehicle base
region and is given by

0.0360 4 _ s
% = pp0533 x_b Re, (13)
with
Xp =dp/2 (14)

The effective boundary-layer edge velocity is determined
from the momentum of the entering fluid imparting a circula-
tion to the breech fluid.! The length scales are also geometry
dependent and the tube value varies through the launch pulse.
With the heat-transfer coefficient defined, a one-dimensional
slab conduction analysis provides the surface temperature and
heat loss considering breech, base and tube areas, and their
separate materials independently.

Friction Force

The model describing the friction’ assumes it to be com-
posed of two components, that due to the pads and that due to
the seal. The pad friction is composed of two parts. First, if
the pads must be compressed to insert the vehicle into the
canister, each pad will exert a normal force with resultant
friction. As the vehicle moves up the canister during launch,
the pads attached to the vehicle leave the canister, and the
total friction is reduced. The pad location and contact area
must be specified to monitor these variations. Second, for
launch angles other than vertical, the vehicle weight acting on
the pads causes friction. This component is independent of the
pad area in contact with the launch tube.

The launch seal also contributes to the friction force and is
a function of the seal geometry and the pressure differential
across it. The seal friction peaks at the maximum breech
pressure. The relations describing the seal friction are

[ 1

= —————— [F, 6, + kP 15
¢y, sinf, + cosb, [Fe cosbs ] 15

Fy,
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with

Rc —Rm

sinf; =
£

™
k= 2R, + R )R, — R,
& sing, 2R + R ) (16)

Launch Pulse

The launch pulse is found by a simple time-marching proce-
dure for Egs. (1-5) from the known initial conditions. To
determine the breech thermodynamic state, the mass and in-
ternal energy at each time step are found from the conserva-
tion equations. An estimate of the breech temperature is made
and an iteration performed until the resultant internal energy
meets the prescribed criterion. The vehicle acceleration is then
found from the equation of motion. Its solution requires the
pressure difference acting on the vehicle and knowledge of the
restraining friction force. With the acceleration determined,
the vehicle velocity and displacement result from the preceding
integrations [see Egs. (5)], providing a new breech volume.
The calculation proceeds until the seal passes the lip of the
canister. If desired, an approximate canister blowdown calcu-
lation can be made by using the prescribed leakage area to
approximate the opening of the canister mouth as the vehicle
skirt and nozzle pass by. The launch pulse calculation in this
case continues until the vehicle stops accelerating.

Results
Peacekeeper

The most complete data available for steam launch pulses
are those from the Peacekeeper Canister Assembly and
Launch Test Program (CALTP) tests. In particular, the
Minuteman Upper Silo Simulation (MMUSS) series of four
tests was well instrumented for launch pulse examination.
Three axis missile accelerations were measured as well as pres-
sures and temperatures at a number of locations within the
breech. The data have been used extensively to examine seal
leakage, muzzle blast, and pad release phenomena.? MMUSS-
1 and -2 used a composite material launch tube and com-
pressed lateral support pads such that significant pad friction
was generated during the launch pulse.” For MMUSS-3 and -4,
a larger diameter steel canister was used so that no pad com-
pression was required. This resulted in a much lower friction
force composed primarily of seal friction. In addition the
overall data retrieval seemed more successful for MMUSS-3
than MMUSS-4. For these reasons, the data from MMUSS-3
have been used to calibrate the present model.

Figure 2 compares MMUSS-3 axial acceleration data with
calculations. First, note the curve identified as 100% energy.
This variation results from application of the present model
with data directly from the test report and known physical

SOURCE

Acceleration (g's)

o e ! . l L
0.0 0.2 0.4 0.6 0.8 10 12
Time from Ignition (sec)

Fig. 2 Effect of propellant energy on MMUSS-3 missile acceleration.
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Fig.3 Effect of propellant energy on MMUSS-3 breech pressure.
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Fig. 4 Effect of propeilal;i energy on MMUSS-3 breech temperature.

data. The acceleration is overpredicted as is the breech pres-
sure presented in Fig. 3 and the temperature displayed in Fig.
4. In light of the preceding discussion of propellant properties
and also since the details of the internal LES operation are not
considered, a factor less than one was applied to the incoming
propellant energy, not the mass flow rate. After some itera-
tion, a factor of 0.75 was chosen as providing the best match
with test data as seen in the same figures where the agreement
with the test data is excellent. This factor represents the pro-
pellant energy remaining in the propellant mass after traveling
through the LES hardware. The lost energy is reflected in
increased hardware and coolant temperatures and is not usu-
ally recovered during the launch pulse.

For these results, the propellant flow rate was calculated
from the measured chamber pressure and the coolant flow rate
then found by specifying the parameter 8. Each of the preced-
ing three coolant flow-rate calculations was tried. Although
each method adequately represents the launch pulse, the best
overall fit to the data was provided by the simplest flow-rate
calculation derived from the chamber pressure and coolant
flow-rate correlation.

Using the pressure-based flow-rate calculation and retaining
the 75% propellant energy factor, the launch pulses have been
calculated for all four of the MMUSS tests and compared with
the available data. Axial acceleration, breech pressure, and
temperature for MMUSS-1 are shown in Figs. 5-7. Corre-
sponding graphs for MMUSS-2 are displayed in Figs. 8-10,
and MMUSS-4 in Figs. 11-13. As mentioned, MMUSS-1 and
-2 used a small diameter, composite canister so that friction
between the pads and canister was significant. The condition
of both the pad surface and interior canister surface affects
the friction so that modeling the phenomena is difficult. This
is evidenced in Figs. 5 and 6 where the acceleration is overpre-
dicted for the first 0.6 s, whereas the forcing pressure is well
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matched. Since the friction is the other major contributor to
the acceleration pulse, it seems the present friction model is
inadequate for MMUSS-1. The situation is better for
MMUSS-2 with generally good agreement between analysis
and data.

MMUSS-3 and -4 used a larger diameter steel canister with
resulting small pad friction but still significant seal friction.
Examination of the comparisons for these last two tests (see
Figs. 2-4 and 11-13) indicate generally excellent agreement
between analysis and data suggesting a good seal friction
model. The peak acceleration and maximum breech pressure
during the pulse and the missile velocity at exit are three of the
most important pulse parameters. The calculated and test-
derived values are compared in Table 1, where it is seen that
the results are within 2% for all of the tests except for the
MMUSS-1 acceleration.

SOURCE
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Fig. 5 Peacekeeper CALTP MMUSS-1 missile acceleration.
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Fig. 6 Peacekeeper CALTP MMUSS-1 breech pressure.
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Fig. 7 Peacekeeper CALTP MMUSS-1 breech temperature.
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Small ICBM

Having described the launch pulse model and its application
to the Peacekeeper situation, we now address the SICBM for
which this present model was developed. Although a number
of tests of the SICBM LES had been conducted prior to the
SICBM CALTP, none involved an actual launch. The previ-
ous tests provided information to improve the temperature
correlation.® Figures 14 and 15 show, respectively, the acceler-
ation and breech pressure comparisons with the CALTP-1
data using the pre-CALTP version of the launch pulse model.
Although the maximum acceleration and pressure compare
reasonably well with the data, the pulse shape is not satisfac-
torily reproduced.

SOURCE
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> AQF

Acceleration (g's)
w

o Lacnd | . . A L ‘
0.0 0.2 0.4 0.6 0.8 10 12 14
Time from Ignifion (sec)

Fig. 8 Peacekeeper CALTP MMUSS-2 missile acceleration.
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Fig. 9 Peacekeeper CALTP MMUSS-2 breech pressure.
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Fig. 10 Peacekeeper CALTP MMUSS-2 breech temperature.
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Fig. 11 Peacekeeper CALTP MMUSS-4 missile acceleration.
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Fig. 12 Peacekeeper CALTP MMUSS-4 breech pressure.
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Fig. 13 Peacekeeper CALTP MMUSS-4 breech temperature.

Table 1 Comparison of calculated and measured
Peacekeeper MMUSS launch pulse parameters

Peak acceleration, Peak pressure, Exit velocity,

MMUSS g psia fps
test Test Model Test Model Test Model
1 5.0 5.2 189 188 115 117
2 4.9 5.0 186 186 114 113
3 5.0 5.0 172 170 111 110
4 5.2 5.2 175 179 112 112
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Fig. 14 SICBM CALTP-1 pretest model missile acceleration.
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Fig. 1S SICBM CALTP-1 pretest model breech pressure.

Two regions of the pulse are of concern. First, the initial rise
is much delayed, and second, the secondary peak does not
appear. In order to improve the correlation, initially some
modifications to the breech, launch tube, and base heating
were made to better represent the actual processes that occur.
These changes did not produce the results desired. An exami-
nation of the breech volume prior to missile motion reveals
an extremely cluttered and disjointed arrangement. Partly
because of the scale change between SICBM and Peacekeeper,
the SICBM arrangement is more complex and compartmental-
ized than for Peacekeeper. This geometry acts as a baffle to the
injected LES products, not allowing the large velocity swirling,
high kinetic energy content described by the model, and with
only locally high heating rates prior to missile motion. As a
remedy to this problem, the kinetic energy term in the energy
equation has been eliminated for the SICBM situation.

The remaining issue is the absence of a second peak to the

pressure or acceleration pulse. Examination of data from the
tests!? of the Simulated Breech Assembly Test (SBAT) shows
that the coolant is heated by the injected propellant in the
coolant chamber during operation of the LES. Figure 16!°
presents the coolant temperature at various locations in the
coolant chamber during the SBAT-1 test. Gauge T45LA mea-
sures the temperature near the coolant chamber outlet. The
previous model assumed the injected coolant to be at ambient
temperature. In addition, the model assumed only 75% of the
propellant energy was active during the launch. The remaining
propellant energy is lost to the coolant and the internal por-
tions of the LES and does not contribute to the launch pulse.
In refining the model, part of the lost propellant energy is now
regained by heating the coolant. With the data of Fig. 16 as a
guide, the injected coolant temperature is increased linearly
during the time period from 0.7 fpay tO Znay, the time of peak
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HGG chamber pressure. The coolant temperature is held con-
stant before and after these times at their respective levels.

With these two important changes and the propellant energy
fraction now taken to be 0.74 allowing for slightly more
energy lost in the LES, a comparison of the analytical results .
with the CALTP-1 data is given in Figs. 17-19. The correla-
tion can be considered excellent.

Two more SICBM CALTP tests have been conducted.
However, no more model changes have been introduced. The
comparison of the CALTP-2 data with the present model is
displayed in Figs. 20-22. The model predicts the data reason-
ably well, but the correlation is not as good as for CALTP- 1.
The temperature rise seen late in the pulse for the SICBM is

700
SOURCE
141t (Top, Inner)
600 | T45LA (Bottorn, Inner)
T34L (Lower Mid, Center) _
~ 500 F
L
b
~
400
2
3
& 300 |
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§
= 200 }
100 |
0 I ; . L . . L " L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 a.7 0.8 0.9 10

Time From Ignition (sec)

Fig. 16 SBAT-1 coolant temperatures in the chamber.
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Fig. 17 SICBM CALTP-1 missile acceleration.
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Fig. 18 SICBM CALTP-1 breech pressure.
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due to local superheating near the gauge location at the LES
exit. The gauges are on the missile base for Peacekeeper, and
so are far up the canister at comparable times.

For the first two tests, a mass simulated missile (MSM) was
used that matched the SICBM in mass and, in general, the
stage I base and nozzle geometry. For CALTP-3, a ground test
missile (GTM) was used for the first stage thus duplicating the
SICBM as to the parts exposed to the LES. The motor case
volume is larger than that for the MSM, and this leads to a
somewhat altered pulse shape as seen in Figs. 23-25. The
model to data correlation for CALTP-3 is, in quality, some-
where between that for the first two tests.
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300
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Time from Ignition (sec)
Fig. 19 SICBM CALTP-1 breech temperature.
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Fig. 20 SICBM CALTP-2 missile acceleration.
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Fig. 21 SICBM CALTP-2 breech pressure.
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Fig. 22 SICBM CALTP-2 breech temperature.
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Fig. 23 SICBM CALTP-3 missile acceleration.
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Fig. 24 SICBM CALTP-3 breech pressure.
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Fig. 25 SICBM CALTP-3 breech temperature.
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Table 2 Comparison of calculated and measured
SICBM CALTP launch pulse parameters

Peak acceleration, Peak pressure, Exit velocity,

CALTP g psia _ fps
test Test Model Test Model Test Model
1 6.4 6.4 144 142 131 130
2 5.8 6.0 135 137 123 126
3 6.5 6.3 146 143 127 129

A comparison of the test-derived and calculated important
pulse parameters is displayed in Table 2 for the SICBM.
As with the Peacekeeper, the model predicts these test
results within about 2-3% suggesting that the presently de-
scribed model will adequately simulate all of the SICBM
launch situations.

Summary

A gas dynamic model of the process involved in launching
the SICBM from a canister has been developed. The launch
method is similar to that used for the Peacekeeper missile, and
data from that program have been used in establishing validity
of the analysis procedure. Since a methanol/water coolant is
used for the SICBM, the thermodynamic properties of that
mixture have been generated for use in the launch analysis.
Comparison and correlation of data from three SICBM
CALTP launches with the results of the present analysis con-
firm the success of the model.
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