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The main objective of this study is to gain an understanding of the mechanisms responsible for the suppression of
theignition overpressure observed when water is injected through discrete nozzles into a rocket exhaust. A simplified
launch-vehicle/launchpad configuration of relevant importance is selected for this study. This configuration is
then numerically modeled using two-phase computational fluid dynamics with a representative motor startup
sequence and a series of water addition configurations. The study focuses on the interaction between the ignition
overpressure wave and the injected water. Chemical reactions are not included in the model; therefore, the effect of
afterburning of fuel-rich exhaust is omitted in this study. A total of 11 water addition configurations were studied.
The study demonstrated that ignition overpressure is strongly affected by the cooling of the plume and the amount
of obstruction restricting the expansion of the plume. Also, the study suggests the existence of an optimal water
addition rate with a weak dependence on the water nozzle pressure drop.

omenclature v = combustion chamber total temperature
N lat T. bust hamber total temperat
d = convective Jacobian T, = water droplet temperature
C = water heat capacity t = tme _
Cy = drag coefficient U = independent variable vector
¢, = specific heat at constant pressure v = gaseous mixture velocity vector
c = specific heat at constant volume Va = droplet velocity vector
d = droplet diameter; silo diameter (V)i = species i velocity components
D = droplet drag vector Vo = average gaseous mixture velocity vector
D,, = droplet drag vector components at the droplet neighborhood
E = total energy per unit mass Uy = gaseous mixture velocity components
F, = inviscid flux vector We = Weber number
g = Earth gravitational acceleration vector Xm = coordinate components
h = convective heat transfer; average element size Yi = mass fraction of species i
N = heat of evaporation y = droplet deformation
(hy)i = gaseous enthalpy of species i r = domain surface
koo = gaseous mixture thermal conductivity at the droplet L = components of the surface vector
neighborhood AF,, = variation in the inviscid flux vector
M = Mach number At = tmestep ) )
m — water mass flow rate AU = variation in the independent variable vector
m}’ = mass flow rate of species i per unit volume 8ij = Kronecker delta
Nuy = Nusselt number A = eigenvalues ) )
P = static pressure w = water absolute viscosity
De = combustion chamber total pressure o = gaseous mixture df;ns1ty
q = droplet heating rate Pd = water droplet dens1.ty '
R = gas constant Poo = average gaseous mixture density at the droplet
R = residual of the temporal discretization neighborhood . )
r = droplet position vector o = surface tension at the water-gas mixture interface
3 = Sauter mean diameter 2, = shape function
Rey = Reynolds number g = limiter function _ ,
s, 81,52 = flow-dependent variation parameters Q2 = droplet volume, region of R
0=<s,s51,5=1)
T = static temperature Subscripts
- m,n = indices (1, 2, 3)
Received 30 November 2004; accept'ed for p'ublication 24 September ss = steady-state condition
2005. Copyright © 2006 by the American Institute of Aeronautics and o = global node number
Astronautics, Inc. All rights reserved. Copies of this paper may be made for - farfield condition
personal or internal use, on condition that the copier pay the $10.00 per-copy o = flarheldco ons
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0022-4650/06 $10.00 in correspondence with Superscripts
the CCC.
* Aerospace Engineer. Member AIAA. l = conditions evaluated at time ¢
TProfessor, Mechanical and Aerospace Department. Senior Member + = associated with the positive eigenvalues
AIAA. - = associated with the negative eigenvalues

853



854 CANABAL AND FRENDI

I. Introduction

URING the rocket ignition of launch vehicles, a shock wave

that travels through the nozzle toward the launchpad, where it
is reflected back toward the vehicle is generated. This initial wave
is referred to as the ignition overpressure wave. Depending on the
maximum overpressure, this wave can induce large vibrations caus-
ing damage to the vehicle structure and, although less likely because
of the low frequency, damage to the payloads. Therefore, it is im-
portant to understand the mechanisms that generate the shock wave
and its subsequent propagation over the vehicle. Determination of
the maximum overpressure is necessary to protect the content of the
payload area and the launch-vehicle’s structure.

There exist many ways of generating shock waves in a gas mix-
ture: heat addition, mass addition, and momentum addition. When
heat is added to a volume of gas, the density of the gas is reduced;
this in turn causes an expansion of the volume occupied by the
heated gas, which results in a blast wave. Taylor! studied the prop-
agation and decay of blast waves generated by the detonation of
an explosive. He defined a blast wave as a sharp wave front fol-
lowed by an expansion wave. This sharp wave front is also known
as the blast-wave overpressure. He found that the spatial decay of
the maximum overpressure was inversely proportional to the dis-
tance from the source. Sakurai? later studied the propagation and
decay of spherical blast waves. He used a power series expansion
approach to solve the hydrodynamic equations. He found that the
decay of the blast waves was inversely proportional to the cubic
power of the distance from the source. The maximum overpres-
sure generated by Sakurai’s blast waves was much higher than
that studied by Taylor. Frendi® studied the blast waves generated
by a spark ignition device in a chemically reacting gas mixture.
He found that the maximum overpressure increases when the en-
ergy released by the spark is increased or when the ignition time is
decreased.

During the startup process of the rocket motors of underground
missiles, such as the Titan or Minuteman, strong pressure waves
are generated.*~® For silos, the ignition overpressure is further ag-
gravated by the exhaust plume expansion into a confined volume.
However, the Titan III, which launches from an open-air launchpad,
also experienced a considerable overpressure environment.” Like-
wise, the first space shuttle flight (STS-1, in April 1981) experienced
higher than predicted values of structural vibration as a result of the
ignition overpressure. Therefore, it became apparent to NASA en-
gineers that the problem of ignition overpressure needed immediate
attention. Several experimental studies were initiated to find a solu-
tion to this problem. Dougherty et al.? studied the effects of adding
water to the solid rocket motor exhaust plume. This was found to be
effective in reducing the overpressure and was subsequently used in
STS-2.

Shapiro and Hawthorne® developed a model for water injection
into a high-speed gas stream by considering the gaseous and droplet
phases as two separate flowing systems so that the conservation
equations can be applied separately to each system. These two sys-
tems were then coupled through equations that describe the mass,
momentum, and heat transfer between flowing systems. Woo et al.'°
used Shapiro’s model to study the water-injection problem in a
subsonic gas stream. They found that the main effect of the wa-
ter addition was to increase the density of the exhaust gas stream.
Jones!! studied the scaling of the ignition startup pressure tran-
sients in rocket systems as applied to the shuttle overpressure phe-
nomenon. Lai and Laspesa'? studied the correlation between the
overpressure measured on STS-1 and that measured with subscale
model tests. They found that the overpressure scales with the square
of the chamber pressure rate of increase. The 6.4% scale model they
used reproduced the overpressure measured on STS-1. However, the
suppression system developed for STS-2 was more effective than
the prediction based on the scale model.

Even though water addition has been effectively used to reduce
the overpressure, the physics involved in the interaction between the
motor plume and the water droplets has not been fully understood.
In particular, it is desirable to determine the optimal amount of
water needed to achieve a given overpressure reduction and also to

determine where, when, and how the water should be injected into
the plume to effectively reduce the ignition overpressure.

A simplified model for the water addition was first developed to
perform a preliminary analysis. The results from this preliminary
analysis facilitated the selection of the water addition configurations
to be studied using a higher-fidelity model. Including the config-
urations in the preliminary analysis, a total of 11 water addition
configurations were studied.

II. Mathematical Model

During a launch-vehicle takeoff, the pressure in the motor com-
bustion chamber undergoes a rapid increase until the main stage or
steady-state chamber pressure is achieved. This rapid increase in
chamber pressure induces a shock wave that propagates away from
the motor while interacting with the vehicle and its surroundings.
After this initial stage, the chamber pressure assumes its steady-
state value, the chamber exhaust flow is choked, and the nozzle
plume flowfield reaches its steady-state distribution. Any mathe-
matical model of this phenomenon should describe the generation
and propagation of the ignition overpressure and its interaction with
a water source.

The approach adopted in this investigation is to have two separate
yet coupled models: one governing the nonreacting gaseous flow-
field and the other governing the dynamics of the supplied liquid
water. The gaseous flowfield includes the motor exhaust gases as
well as the ambient air and vaporized water. Enforcing the conser-
vation of mass, momentum, and energy between the two models
provides the coupling. At any instant the water vaporization rate is
interpreted as a water vapor or steam source in the gaseous model.
Also, the momentum and energy associated with this water source
as well as the drag and heat flux at the water—gas interface define the
source of momentum and energy in the gaseous model. In this study
the gaseous phase is modeled as an inviscid flow. However, the drag
and heat exchange between the water droplets and the gaseous phase
is accounted for by means of source terms in the gaseous-phase gov-
erning equations as discussed next. Also, the model omits chemical
reactions; therefore, the effects of afterburning of fuel-rich exhaust
on the ignition overpressure (IOP) is not accounted for.

A. Gas-Phase Model

In the absence of the viscous effects, the gaseous flowfield is
governed by the nonlinear Euler system of equations. These can be
written as
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where E=¢+ %vm v, and e =c,T =c,T — P/p. Here, repeated
index implies summation. Finally, assuming that the mixture and
each of its constituents behaves as an ideal gas, the closure is formed
with the equation of state for an ideal flow, P = pRT.
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B. Liquid-Water Supply Model

The supplied liquid water is modeled as a collection of spherical
water droplets. The water injection is then simulated with a spray
model. The dynamics of each individual droplet is simulated by im-
posing the conservation of mass, momentum, and energy as they
interact with the surrounding gaseous flow. At the prescribed injec-
tion point, a stream of water droplets is introduced with diameters
equal to the exit diameter of the water-injection nozzle.!*> The rate
at which these droplets are introduced is prescribed according to the
desired water addition mass flow rate. Once a water droplet is intro-
duced, its trajectory, vaporization rate, diameter, etc., will depend
on its interaction with the surrounding gaseous flow. In addition,
the droplet stability in terms of oscillation and distortion is tracked
along its trajectory to determine the droplet breakup characteristics
(i.e., position, diameter, velocity, etc., of the child droplets).

As just mentioned, the dynamics of a single droplet is simulated
by imposing the conservation of mass, momentum, and energy.
Figure 1 shows a schematic of a water droplet as it travels in a
gaseous flowfield. Also shown are the key variables describing its
dynamics. Ignoring variations in the flowfield within the droplet and
assuming the droplet remains spherical, the conservation of mass
can be expressed as

D(pa€2)
Dr

©)

If the droplet density is constant, the preceding equation can be
written in terms of the droplet diameter as

Dd 2m

kY 4
Dt pymd? @

For momentum conservation, it is necessary that the rate of change
in the momentum of the droplet be balanced by the net force acting
upon the droplet; thus,

D(p42Vy4)

T =D+ (g 5)

Again, assuming constant density and substituting Eq. (3), the pre-
ceding equation can be rewritten as

D
Vi=—5+8 (6)
d

Here the drag is calculated using an empirical correlation for a sphere
in terms of its velocity relative to the gaseous flowfield velocity.
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Fig. 1 Droplet dynamic variables.

Therefore, defining V., as the velocity of the droplet relative to the
gaseous flowfield, that is, V, =V, — V,, we have

ID| = Cu% pool V, I [(70/4)d?] )
The drag coefficient is calculated with the empirical correlation'*

Cy=24/Req+6/(1++/Res) +04 ®)

where Re, is the Reynolds number based on the relative velocity.
The drag vector is then constructed by defining its magnitude with
Eq. (7) and a unit vector parallel to V,, that is,

D
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Finally, for energy conservation we must have the rate of change
in the droplet total energy balanced by the net heat absorbed and net
work done by the forces acting upon the droplet; thus,

D[paQ(C T+ 3Va-Vatr-g)]
Dt

= (g — nhgy) + (paS2)g - Va

(10
Substituting Egs. (4) and (6) into Eq. (10) and simplifying, we have

% o (q - ”hhfg)

= 11
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Implicitin Eq. (10) or (11) is a discontinuity in the temperature, heat
absorbed, and vaporization rate. As the droplet travels through the
gaseous flowfield, it absorbs heat, increasing its temperature up to
the saturation temperature. At this point any additional heat added
would result in the vaporization of the droplet. With the droplet
temperature below the saturation temperature, the vaporization rate
is equal to zero. Therefore, Eq. (11) can be explicitly written as

q
DT, 0.QC°

Td<Tsat;m:0

R T) = T = -2
heg (12)

Here the heat absorbed ¢ is calculated using an empirical relation
for the heat-transfer coefficient 4 for flow passing over a sphere.'?
The expression for the heat absorbed is

g =nd’h(To — To), h = (keo/d)Nug 13)

The Nusselt number Nu, is given in terms of the Reynolds number
Re, and the Prandtl number Pr by the empirical equation'®

1
Nug =2+ 0.6Re? Pr3 (14)

where the Prandtl number is evaluated using properties from the
gaseous flowfield.

To simulate the droplet breakup phenomenon, the Taylor anal-
ogy breakup (TAB) model by O’Rourke and Amsden is used.'* In
their breakup model the stability of the droplet is described by the
ordinary differential equation

. .. . 2

.. d 20n\. d d20pn  64o 8 poo [ 1V/]
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15)
where breakup occurs if and only if y > 1. For constant |V, | and d,
the solution to Eq. (15) is

y(t) = We/12 4 e " {(yy — We/12) cos wt

+ (1/w)[yo + (1/12)(yo — We/12)] sin wt} (16)
where

ts = pad” [ 101, o =640 [psd® —1]1; a17)
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The TAB model also predicts the velocity of the product droplets.
This velocity is normal to the path of the parent droplet. Its magni-
tude is given by

[Veul = (d/4)y (13)

The diameter of the child droplets is estimated by an equation de-
rived by equating the oscillation energy of the parent droplet before
breakup to the combined energies of the resulting droplets after
breakup.'® This procedure results in

d/ry = 14/3 + (pd*/320)y 19)

III. Method of Solution

The numerical methodology employed to solve Eq. (1) can be
described as a combination of a temporal discretization scheme, a
spatial discretization scheme, and a discontinuity-capturing scheme.
In the time discretization scheme the value of U is sought given its
value at a previous time by means of a Taylor-series expansion.
The spatial discretization is done using the Galerkin finite element
method in which the integrated weighted residual is minimized. To
resolve discontinuities in the flowfield, a convective flux correction
term is devised following the work of Davis.!” This scheme is then
combined with a Lagrangian approach to analyze the motion of the
water droplets.

A. Temporal Discretization Scheme
The Taylor-series expansion of U can either be expressed explic-
itly as

1 1 1
exp U A2 32U 2\ A" 9"U
AU = Ar— - f—— 20
ot 2 0r? +’; m! ot (20)
or implicitly as
v Ul A vt A gy |
AU At—| ——— + (-D)"——
ot 2 0r? m! ot
m=3
21

where the superscripts / 4+ 1 and / indicate that the quantity is evalu-
ated att + Ar or att, respectively. A linear combination of Egs. (20)
and (21) results in an expression that preserves both the explicit and
implicit characteristics

exp imp
AU1+1:(1_S)AU1+1+SAUI+1
N BUI+ aul™' Ul LAz
= —_— sl — _ —
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*u I+ il " 3 U +O(AP) (22)
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where 0 <s < 1. Here, following the work of Schunk et al.,'® the
level of flexibility can be taken one step further by decoupling
the level of implicitness of the first-order term from that of the
second-order term. This is achieved by splitting the parameter s
into s; and s,, where s, is associated with the first-order term and s,
with the second-order term. It can be demonstrated for 0 <s;, s, <1
that Eq. (2) can be rewritten as'®

l I+1
oU dAU
AUlJrl:Al | 45—
ot ot
At? 82U 82AU 3
+T|:(1 —251)F + S a2 ] + O(Ar) (23)

Substituting Eq. (1) into Eq. (23) and rearranging it results in
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where
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8xj

and aﬁ is the convective Jacobian defined as af = (0F;/0U)|'. The

relation between AU'*! and AF!*' is given by the Taylor-series
expansion of F = F(U) around U’ as

F;
AFIHT = ‘;U AU 4 0[(AU' )]
= d AU + O[(AU' 1] 7

B. Spatial Discretization Scheme

The domain is discretized in a number of finite elements formed
by nodes at the vertices. Within the elements, high-order polyno-
mials are used to interpolate the values of U from the nodes. These
polynomials are usually referred to as shape functions and are de-
noted by ®,,, where « is the global node number. Thus, the value of
U isinterpolated at any point within the domain as U (x) = ®, (x)U,,
where U, is the discrete nodal value of U at the node «. In the dis-
cretization scheme, a value of U, is sought such that the weighted
average residual of R [Eq. (24)] integrated over the entire domain
be equal to zero. For the Galerkin method the weighting function is
set equal to ®,,; therefore,

(®,.R) = / ®,RAQ =0 (28)
Q

where Q2 represents the entire domain. Substituting Eq. (24) into
Eq. (28) and integrating by parts results in

O, AU AQ = AF’“M)
Q ¢ Q 00X

_ /q>aﬁﬁn“drm+/<1>aAB’“dQ
r Q
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Q
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C. Discontinuity Capturing Scheme

Without modification, the flux approximation of Eq. (25) or (26)
satisfies neither the entropy nor the monotone conditions. Therefore,
this flux approximation has to be corrected to avoid the introduction
of expansion shocks and dispersion error. To avoid the generation
of dispersion error, a correction term, which enforces the monotone
condition, is formulated. This correction term is obtained by refor-
mulating Eq. (26) in terms of split flux vectors. Limiter functions are
then introduced in order to limit the high-order terms. The resulting
flux vector approximation is

_ At? oF'
! ! ) n ) + —
F,, =AtF, — —2 1 —2s))a,, <_8xn —B ) + (\Il(m) + \Il(m) — 1)

Ath,, 0|F! At? a|F!
« | Athon OIF, | ——(1—2s.)|a:§n|—| al (30)
2 BX(m) 2 8-xn

where |F! |=F,! — F,!. The third term on the right-hand side is

the flux correctlon term. As proposed by Davis,!” this term can be
approximated using the one-wave Riemann solver as

/)
F! = AtF', —A—(l—2s )al, OF, LB )+ (Wl + v, —1)
m 1 ax” (m) (m)
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9xy
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Ath(m) | max 8U1 At?
X
8x(m)
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It has been demonstrated that this formulation prevents the gener-
ation of expansion shocks.!” This could be accredited to the use
of the absolute maximum value of the eigenvalues, which precludes
the zero value at sonic points within expansion regions. The original
definition of the limiter as proposed by Davis'” is of the form

+ - ) _wt -
\IJ(m)(r(m), r(m)) = "Il(m) + \p(m)

=max [0, min (ZrJn), Ty 1), min (Zr(;), r(;), 1)]

(32)
with
r(_:_n) _ U, (m) * (U, (m) — I’l(,zn)U7 (m)(m))
U o |
U,y (U, iy + By U. iy

Tom = (33)
(m) ||U’ - |2

where U,,, =0U/0dx,,. Here, the parentheses in the subscript indi-
cate that the summation rule does not apply.

D. Water Spray Solution

The system of the coupled ordinary differential equations given
by Egs. (4), (6), and (12) is integrated using the fourth-order Runge—
Kutta method.?® The implementation of the droplets breakup model
follows the work of O’Rourke and Amsden.'* The diameter and
velocity of the child droplets are then calculated using Egs. (18) and
(19). The value calculated from Eq. (18) is the velocity magnitude
of the child droplet relative to the parent droplet. The direction of
this relative velocity is normal to the path of the parent droplet.
Therefore, the resulting child droplet velocity is calculated as

child parent

Vi= Vi +|Viuln (34)

where n is a unit vector normal to the path of the parent droplet. For
a two-dimensional calculation, r can be calculated as

parent  parent

n=ux (Vs /IVal) (35)
where u is the unit vector normal to the plane.

IV. Results and Discussion

The results presented focus on the ignition overpressure gen-
erated by a representative launch-vehicle/launchpad configuration.
The launch-vehicle dimensions, motor size, and motor startup tran-
sient characteristics are based on the first stage of the Minuteman
missile.* The launchpad consists of a simple rigid plate. This con-
figuration, although idealized, could be described as representative
of current configurations of interest such as the Delta rocket and the
solid rocket booster of the space transportation system (STS).?!

This investigation proceeds through a series of numerical so-
lutions. First, the ignition overpressure generated by the selected
representative configuration is studied without any water addition.
These results are used as the baseline model in this investigation.
Then, results of a preliminary study are shown based on a simplified
water addition model. In this model the water is introduced into the
rocket plume as an exchange of sensible heat from the gases. That
is, the energy associated with the added water is subtracted from
the gases. This substantially limits the amount of water that can be
added to the plume. Nevertheless, this preliminary study provided
some interesting insights into the behavior of the rocket plume with
water addition. Following this preliminary study, results based on
a higher-fidelity model of a water addition source are presented. In
this model, the restriction on the rate of water addition is removed
allowing the simulation of representative values of water addition
rates.

A. Baseline Configuration

Figure 2 shows the launchpad/vehicle configuration selected for
this study. The computational domain includes the motor chamber
and nozzle as well as the motor and vehicle surroundings. The en-
tire domain, including the motor, vehicle, and its surrounding, is
discretized into 50,000 nodes arranged in an unstructured mesh.
The mesh is made up of triangular elements with smaller size ele-
ments near the motor as shown in Fig. 3. The higher concentration
of smaller elements within the motor and near the motor nozzle exit
provides the required resolution for the proper numerical prediction
of the flowfield within these regions. This element size distribution
was obtained through a grid-independence study.

The calculation was performed in a 10-CPU, R12000 Silicon
Graphics machine. The simulation time was 0.5 s for which approx-
imately 20 CPU hours were required. The calculation required a
total of 40 MB of memory.

Flow total conditions are imposed at the chamber inlet and in
the far field. At the motor chamber inlet, the chamber total condi-
tions P. and 7, are imposed. These total conditions vary with time
according to the startup sequence. Also, the gas mixture entering
the chamber represents the equilibrium mixture of the combustion
products. In the far field, the total conditions are fixed at Py =1 atm
and Ty =300 K, and the gas is air. Finally, all of the solid surfaces
are considered as rigid slip walls. These include the motor interior
walls, the vehicle surface, and the launchpad surface.

The motorillustrated in Fig. 2 was sized according to the first stage
of the Minuteman missile motor. The motor net throat diameter is
0.762 m, the nozzle net area ratio is 7.11, and the thrust level is
890 kN. As stated earlier, these values are based on the cumulative
effect of the four smaller thrusters of the Minuteman clustered motor.
A typical startup sequence for this motor is shown in Fig. 4 (Ref. 4).

At t =0, the simulation begins and proceeds while adjusting
the chamber pressure and temperature according to the distribution
shown in Fig. 4. The steady-state chamber pressure (P,)ys is 5.5 MPa
for which the motor mass flow rate is 310 kg/s. The steady-state

T..=300 K
V.=0
P.=1 atm

Missile

19 m

PJ(Ps=fi1)
T/(T)=fi1)

- Launch Pad

1.7m .
2m Engine
> |

Fig. 2 Representative launchpad/vehicle configuration.
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Fig. 3 Computational grid.
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0.00 0.10 0.20 0.30 0.40 0.50
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Fig. 4 Minuteman (or baseline) chamber pressure and temperature
as function of time.

chamber temperature (7,)s, is 3200 K. The steady-state chamber
pressure and temperature are achieved after approximately 0.5 s as
shown in Fig. 4. Although the data shown in Fig. 4 are the measured
chamber pressure, in this study the average normalized total cham-
ber temperature was assumed to have the same temporal behavior.
During the simulation, the pressure is monitored at a pressure tap
located near the vehicle base as shown in Fig. 5.

Figures 6 and 7 show the instantaneous Mach number and stream-
line distributions at  =0.5 s, respectively. As shown, the steady-
state flowfield consists of a supersonic exhaust stream impinging
on the launchpad. The surrounding air is entrained into the plume
toward the vehicle base and then convected away from the motor ex-
haust plume. These results correspond to the baseline case where no
water has been added to the motor plume. Figure 8 shows the over-
pressure history at a pressure tap near the vehicle base. The predicted

Engine

Vehicle
Base

Pressure Tap

\

Launch Pad

Fig. 5 Location of monitor point for predicted pressure (“tap”).

Mach Number

3.80

3.04

2.28

1.52

Fig. 6 Predicted Mach-number distribution (baseline configuration,
t=0.5s).

ignition overpressure is approximately 10 kPa. The maximum igni-
tion overpressure is reached at approximately 0.15 s, corresponding
to the highest rate of chamber pressure increase as shown in Fig. 9a.
Also shown in this figure is the meassured rate of chamber pres-
sure change as a function of time for the STS solid rocket motor.
As compared with the baseline configuration, the maximum rate
of chamber pressure increase in the solid rocket motor is approxi-
mately half of that in the baseline configuration. According to the
work of Jones,'" the overpressure wave satisfies the proportional re-
lation AP o< A*P?/P,. Using this relation, the overpressure history
shown in Fig. 8 is scaled and compared to the overpressure history
measured at the base of the shuttle as shown in Fig. 10.

B. Preliminary Overpressure Suppression Study
In the preliminary study, five different water addition configu-
rations were studied to determine the effect of water addition on
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l| ‘nv ﬁ
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Fig. 7 Predicted streamline distribution (baseline configuration,
t=0.5s).

14.0
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0.0 ]
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0.100 0.125 0.150 0.175 0.200
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Fig. 8 Predicted overpressure history at the pressure monitor point.

the ignition overpressure. Figure 11 shows illustrations of each
of the water addition configurations studied. In configuration A,
water is injected with zero velocity within the plume 25.4 cm
downstream of the nozzle exit plane. In configuration B, the wa-
ter addition region is moved an additional 76.2 cm away from
the nozzle exit plane. In configuration C, the water addition re-
gion is moved out of the plume. However, the water is injected
with a nonzero velocity toward the plume. In configuration D,
water is added only to the region of the plume near the launch-
pad surface. In this configuration the water is also added with
zero velocity. Finally, in configuration E, water is added in a rel-
atively small region at the center of the plume. Depending on the
configuration, the water-injection rate was varied from 0.002 to
0.12 gallons per minute (gpm). These are relatively small water-
injection rates when compared to the STS. In the STS the water-
injection rates are approximately equal to the propellants mass flow
rate,”! whereas, in this preliminary analysis, the water-injection
rates are approximately 1/10th of the propellants, mass flow rate.
However, in this preliminary investigation the amounts of water
added correspond only to the water vaporized by the plume gas
stream.

Figure 12 shows a comparison between overpressure histories
for the baseline configuration and configuration A. As shown in this
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Fig. 9 Chamber pressurization rate: a) baseline configuration and
b) space shuttle booster.

5 r T T T T T T T ]

4 i

3L ]

2 [ i
Z L ]
3 of ]

2L i

a3l ]

4l i

5L . I . 1 . 1 . ]

0.1 0.125 0.15 0.175 0.2

a) Time (sec)

- OV102 DEVELOPMENT FLIGHT INSTRUMENTATION DATA

234 SASCREAT DuELD

204

TE:
DATA UNFILTERED

25 T T v T T T T T L T T 1
A0 AW 400 406 A A AW 4B A0 AN 0 s am
TiME, $£CONDS
b) 1e-

Fig. 10 Overpressure history: a) scaled pressure for the baseline con-
figuration and b) space shuttle booster.



860 CANABAL AND FRENDI

Baseline Configuration

Engine
Vehicle
Base
.8 cm|

2m
Launch Pad
Configuration B
Engine
Vehicle
Base
.8 cm
Water Addition
Zone
44.45 cm
2m
O]
254 Cm[
1m
Launch Pad
Configuration D
Engine
Vehicle
Base
2

Launch Pad

Configureation A

Engine

Vehicle
Base

[©
254cm
Water Addition |
5 Zone
1.75m
Launch Pad
P 50
Configuration C
Engine
Vehicle
Base
@ t25.4 cm
20“'%}
| ‘ Water Addition
5 | Zone
M Added Water 1.75m
Velocity
Launch Pad
Configuration E
Engine
Vehicle
Base
.8 cm
Water Addition
Zone |
2m \Q
15.24 cm
1m
| Launch Pad

Fig. 11 Water addition configurations for the preliminary study.

figure, as the rate of water injection is increased the ignition over-
pressure increases. The simulation performed with configuration A
shows that doubling the water-injection rate results in an increase in
the ignition overpressure of approximately 30%. This is explained
in terms of the amount of obstruction in the plume flow area. As
the water addition rate is increased, more mass of slow moving wa-
ter and combustion products accumulate near the nozzle exit plane,
effectively reducing the nozzle exit area. This results in a more
confined expansion of the plume causing the increase in the ignition
overpressure. Similar behavior was observed with configuration C.
In this configuration the water addition region has been moved out

of the plume flowpath. Although the obstruction to the plume ex-
pansion is reduced, the interaction between the added water and
the overpressure wave front is reduced as well, resulting in a less
effective configuration as compared to configuration A.

Figure 13 shows the comparison between the overpressure his-
tories of the baseline configuration and configurations A and B. As
seen in this figure, configuration B resulted in a 10% decrease in the
ignition overpressure as compared with the baseline configuration.
By comparing the results for configurations A and B, it is appar-
ent that the effect of the water injection is extremely dependent on
the location of the water mass addition. It can be deduced that the
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Fig. 12 Overpressure histories for the baseline and configuration A.
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Fig. 14 Overpressure histories for the baseline and configuration D.

difference in results can be attributed to a balance between the ob-
struction caused by the water near the nozzle exit and the effect of
removing energy from the plume by the cooling of the plume by the
water.

Figure 14 shows the comparison between the pressure—time histo-
ries of the baseline configuration and configuration D at two different
water-injection rates. The figure illustrates the balance between the
induced “obstruction” to the plume stream and the effect of cooling
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Fig. 15 Overpressure histories for the baseline and configuration E.

of the plume gases. As the rate of water addition is increased in
configuration D, the ignition overpressure increases. This pattern
continues until a water addition rate of approximately 0.06 gpm
is achieved. Further increases in the water addition rate beyond
0.06 gpm cause a decrease in the ignition overpressure. At a water
addition rate of 0.12 gpm, the ignition overpressure is reduced by
approximately 3% relative to the baseline.

Figure 15 shows the comparison between the pressure—time his-
tories of the baseline configuration and configuration E. For a given
water addition rate, the highest overpressure was observed for con-
figuration E. In this configuration, the accumulation of water at the
center of the plume induces the formation of a shock closer to the
nozzle exit as compared with the other configurations. Figure 16
shows the water mass fraction and pressure distributions for config-
uration E at # = 0.15 s. Another reason for the poor performance of
this configuration is caused by a less effective cooling as compared
to the other configurations. This is because in configuration E the
water injected is concentrated in a smaller region as compared to
the other configurations.

C. Detailed Overpressure Suppression Study

This study implements a higher-fidelity water addition model
where the restriction on the rate of water addition has been re-
moved. Also, unlike the previous study, the interactions between
the liquid water spray and the exhaust gases are included in the
model to dynamically predict the water source distribution. This
allows a more realistic assessment of the effectiveness of the over-
pressure suppression technique by water addition. In what follows,
six additional water addition configurations are evaluated and com-
pared. Figure 17 shows one of the configurations studied. In this
configuration, an array of 36 identical water nozzles is distributed
uniformly around the plume circumference near the nozzle exit.
The nozzles are distributed uniformly around the motor nozzle exit
as shown in Fig. 17a. Each water nozzle injects a stream of water
droplets toward the plume with a velocity vector perpendicular to
the motor nozzle axis. In configuration F, the diameter of the water
nozzles is 2.54 cm, the water volume flow rate is 5700 gpm, and
the water nozzle pressure drop is 450 kPa. In configuration G, the
water nozzle arrangement is moved down 1 m toward the launchpad
surface while all other parameters remain fixed. For configuration
H, the diameter of the water nozzles is reduced to 1.27 cm, and the
water nozzle pressure drop is increased to 7.2 MPa. In configura-
tion I the water volume flow rate is increased by a factor of 10 to
57,000 gpm while keeping the water nozzle diameter at 2.54 cm
resulting in a water nozzle pressure drop of 45 MPa. In configura-
tion J the water volume flow rate is reduced by a factor of 10 to
570 gpm. As in configuration I, the water nozzle diameter is kept
at 2.54 cm, resulting in a water nozzle pressure drop of 4.5 kPa. In
the last configuration, configuration I is modified into configuration
K, where the diameter of the water nozzles is increased to 7.62 cm
resulting in a water nozzle pressure drop of 550 kPa. Table 1 con-
tains the summary of the configurations analyzed in the detailed
study.



862 CANABAL AND FRENDI

Table 1 Summary of the configurations in the detailed study

Volume  Nozzle  Distance from Water
rate, diameter,  vehicle base, nozzle AP,
Configuration gpm cm cm MPa
F 5,700 2.54 5 0.45
G 5,700 2.54 100 0.45
H 5,700 1.27 5 7.2
1 57,000 2.54 5 45
J 570 2.54 5 0.0045
K 57,000 7.62 5 0.55

b)

Fig. 16 Predicted flowfield at 0.15 s for configuration E: a) velocity
and water concentration distributions and b) pressure distribution in
atmospheres.

Figure 18 shows steam mass fraction and water droplets distri-
bution at t =0.310 s for each of the configurations studied. In this
figure the droplets are sized according to the local droplet diameter.
The water droplets distribution is superimposed on the steam mass
concentration. For some configurations considerable water vapor-
ization is observed, whereas for others, such as configuration I, little
or no vaporization occurred. Figure 19 shows instantaneous Mach
number and water droplet distributions for configuration F at a se-
quence of six times up to 0.31 s. At first, the stream of droplets
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Fig. 17 Water addition configuration F for the high-fidelity study.

is essentially undisturbed until approximately the time it reaches
the center of the motor nozzle. At this point, the droplet stream
and the moving shock meet causing the breakup of those droplets
near the motor nozzle axis. Also, the exchange in momentum be-
tween the water droplet stream and the exhaust gases induces a delay
or obstruction in the expansion of the gases. In this case, this ob-
struction is much more severe than in the preliminary configurations
because the amount of slow moving water accumulated in front of
the motor nozzle is several orders of magnitude higher. Neverthe-
less, this higher obstruction is also associated with a higher cooling
capacity. After this initial stage, the plume expands, and the droplets
are dragged down toward the launchpad while they continue to break
up and vaporize. After approximately 0.310 s the plume and the dis-
tribution of droplets reach steady state. Configuration F results in
a considerable decrease in the ignition overpressure as compared
to the baseline as shown in Fig. 20. The overpressure reduction is
approximately 60%. This clearly demonstrates that the effect of the
plume cooling achieved in this configuration surpasses the effect
caused by the obstruction of the water accumulated in front of the
motor nozzle exit. Figure 21 shows a comparison of the overpres-
sure history obtained with configurations F and G. Although the
water nozzles were moved away from the motor nozzle exit with
the intent of reducing the obstruction, configuration G is a less ef-
fective configuration because it results in less reduction of the over-
pressure. This could be explained by the fact that in configuration
G a smaller portion of the overpressure wave front interacts with
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Fig. 18 Steam mass fraction and water droplet distribution at 0.31 s for configurations F-K.

the added water resulting in less cooling as compared with config-
uration F. In configuration H, the water nozzle diameter is reduced
while the water flow rate is kept the same as compared with con-
figuration F. This results in a higher water-injection velocity, and
therefore more water is accumulated at and near the motor axis. Al-
though a more effective cooling can be expected with smaller droplet
diameter, configuration H is less effective than configuration F, as
shown in Fig. 22.

An interesting comparison can be made between configurations
F I, and J. In these configurations, all of the parameters are the
same except the water volume flow rate. Also, because the water
nozzle diameter is the same, variations in the water volume flow
rate result in variations in the water injection velocity. Figure 23
shows the comparison of the overpressure history for these con-
figurations. This comparison leads to similar conclusions as those
from Fig. 14. That is, there seems to be a balance between the
amount of obstruction of the plume and the amount of cooling of
the plume gases. This balance is shifted according to the rate of

water addition. As the water-injection rate is increased, the cooling
capacity increases, resulting in a reduction in the overpressure. Fur-
ther increase of the water addition rate beyond an optimal amount
would worsen the effect of obstruction and degrade the net effect of
cooling.

Finally, the effect of water nozzle pressure drop is shown in
Figs. 22 and 24 for water volume rates of 5700 and 57,000 gpm,
respectively. These results suggest that the overpressure is more
sensitive to changes in the water addition rates than changes in
the water nozzle pressure drop. This is especially apparent in
Fig. 24, where two orders of magnitude change in the water nozzle
pressure drop resulted in a marginal change in the overpressure.
It is also suggested that the effect of the water nozzle pressure
drop, or the injection water velocity, on the overpressure dimin-
ishes as the water volume rates increases. At a water volume
rate of 57,000 gpm, the effect of the water nozzle pressure drop
is negligible as compared to the effect on the overpressure at
5700 gpm.
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Fig. 19 Transient Mach number and water droplet distributions (configuration F).
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showing a decrease in the IOP of approximately 60 %. the ineffectiveness of configuration G.
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V. Conclusions

The major conclusion drawn from this study is that the ignition
overpressure is strongly affected by the cooling of the plume and
the amount of obstruction restricting the expansion of the plume.
Decreasing the enthalpy of the plume by cooling results in less avail-
able energy in the IOP to do pressure work, whereas obstructing the
plume expansion turns kinetic energy into higher local pressure re-
sulting in higher IOP. Also, the study suggests the existence of an
optimal water addition rate with a weak dependence on the water
nozzle pressure drop. The dependence of the IOP on the water nozzle
pressure drop diminishes as the rate of water addition is increased.
As the water addition rate is increased toward the optimal value, the
IOP decreases. Further increase in the water addition rate beyond
this optimal value does not result in a further decrease in the IOP.
Therefore, the design of an efficient IOP suppression system must
aim at producing the maximum amount of plume cooling while min-

imizing the amount of obstruction restricting the expansion of the
plume. The study suggests that special attention must be given to the
time interval during the startup transient at which the traveling shock
wave meets the distribution of water mass accumulated near the mo-
tor nozzle axis. It is during this time interval that the overpressure
suppression system can influence the magnitude of the resulting IOP.
It can be speculated that the optimal amount of water addition rate
is at or close to the point where the interaction between the result-
ing accumulated amount of water and the exiting IOP wave results
in the total vaporization of the accumulated water. Any remaining
liquid water in the plume, although still capable of cooling, would
mostly contribute to the obstruction of the plume expansion. At this
point it should be pointed out that this study does not considered
the effect of afterburning, which has been proved to have a substan-
tial influence in the IOP.>¢ For fuel-rich motor exhaust plumes the
cooling of the plume would be aggravated by the afterburning heat
release resulting in higher IOP for a given water addition rate.
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