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ABSTRACT(MODIFIED)

A progress in development of the physics model based
diagnostic and prognostic system for solid rocket motors
(SRMs) of the new generation of the crew exploration
vehicles is reported. The performance model (PM) of the
internal ballistics of large segmented SRMs in the regime
of steady burning in the presence of the case breach fault is
presented. This model takes into account propellant
regression, erosive burning, surface friction, nozzle
ablation, and also processes describing faults. The
performance of the model is verified by comparison with
the results of 2D high-fidelity simulations. Importantly, the
PM allows for the simulation of a number of faults
observed earlier in large segmented SRMs including
nozzle blocking, bore chocking, propellant debonding, and
case breach fault. The developed model of the case breach
allows calculations of the side thrust at a given location
along the rocket axis. The model takes into account the
effect of mass addition along the rocket axis, erosive
burning, and surface friction.

In this paper we illustrate to use the developed PM for
analysis of the breach fault. The model of the internal
ballistics is combined with the model of dynamics of
burning-through case at a given location along the motor
axis. The case breach fault diagnostic is developed using
algorithm of inference of the case breach area in a quasi-
steady approximation. The prognostic of the case breach
fault is achieved using a scaling algorithm. The diagnostic
and prognostic algorithms were verified using the results
of the ground firing test of a sub-scale motor.

1. INTRODUCTION

Development of an in-flight Failure Detection and
Prognostic (FD&P) system for SRMs is a prerequisite for
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the safe exploration of the next-generation Crew
Exploration Vehicles (Roger, 1986). The main challenges
of the development of on-board FD&P systems are the
following: (i) internal gas dynamics of SRMs is highly
nonlinear, (ii) there is a number of failure modes that may
lead to abrupt changes of SRMs parameters, (iii) the
number and types of available sensors are severely limited,
as a rule only by two sensors of the head pressure and
acceleration, (iv) the fault detection is a complicated
inverse ill-posed problem, and (v) the safe time window
between the detectable onset of a catastrophic failure is
typically a few seconds. These difficulties suggest that the
model based approach to the IVHM of SRMs that
incorporates information about physical processes
underlying the nominal and off-nominal regimes can
minimizes the number of “misses” and “false alarms” and
to reduce learning time required for accurate prediction of
the fault dynamics forward in time.

The most probable faults in SRMs are: (1) combustion
instability; (ii) case breach fault, i.e. local burning-through
of the rocket case; (iii) overpressure and breakage of the
case induced by nozzle blocking or bore choking. The
combustion instabilities are studied in detail in the
classical papers of (Culuck and Yang, 1992; Culuck,1996)
and (Flandro et al, 2004). Bore choking phenomenon is an
almost radial deformation of the propellant grain near
booster joint segments. The numerical simulations have
displayed the dynamics of the formation of such
deformations near slots of two joint segments with a
slightly smaller radius for the aft section (Dick et al., 2005;
Isaac and Iverson, 2003; Wang et al., 2005). This
phenomenon can cause choking of the exhaust gas flow,
an increase of addition burning surface, finally
overpressure in the combustion chamber. Development
testing has shown that this latter fault was observed, for
example, in primary construction of the Titan IV (see the
report, Wilson at al., 1992). The bore choking and also
cracks and voids in the solid propellant can result in local
burning of the booster case (burning case fault) and also in
abruption of large pieces of the propellant. These pieces
can stick in the nozzle throat and block the exhaust gas
flow (nozzle blocking fault).

In our earlier work (Smelyanskiy et al., 2005; Osipov et
al., March 2007 and July 2007; Luchinsky et al., 2007 and
2008) have introduced a model based fault diagnostic and
prognostic system for a subscale SRM. The FD&P system
is developed based on a novel Bayesian inferential
framework allowing for an analytical solution of the
reconstruction problem in stochastic nonlinear dynamical
model in the presence of measurement noise. The
performance of the FD&P system was verified using 2D
high-fidelity FLUENT modeling and the results of the
ground firing test. It was shown that the reconstructed
system describes the SRMs ballistics to high precision.

In this paper we present an extension of the results
obtained for the subscale motor to a case breach model of
large segmented SRMs. The extension of this FD&P
system to large segmented rockets is complicated due to
the following reasons. Firstly, the effect of the mass
addition (Salita, 1989 and 2001) has to be taken into
account to calculate the pressure distribution along the axis
of the large rocket (Osipov et al., 2007, March). Secondly,
an additional difficulty in modeling internal ballistics of
the large segmented SRMs is related to the fact that the

propellant burning model has to be extended by including
the corrections for erosive burning and friction.

The FD&P system in multi-segment SRMs is based on
our model of the internal ballistics that describes
dynamics of the nominal regime as well as the off-
nominal regimes in the presence of different faults
including the case breach fault. The model consists of a
set of one-dimensional partial differential equations
coupled to the equations of the nozzle ablation, propellant
regression that takes into account erosive burning, and to
the dynamics of the case breach fault. The later takes into
account heat transfer between the hot gas flow and hole
walls, ablation of the insulator materials, melting and
burning of the metal surface. The model is solved in a
quasi-steady approximation by dividing combustion
volume in a number of ballistic elements and solving
resulting boundary value problem for stationary axial
distributions of the flow variables at each time step.

The FD&P system consists of the diagnostics of the fault
parameters using steady-state equation for the nozzle
stagnation pressure (Salita, January 1989) and prognostics
of the combustion gas and fault dynamics using inferred
fault parameters and solution of the model equations
forward in time or scaling algorithm (McMillin, 2006).
The PM and FD&P system are validated using results of
the high-fidelity simulations in FLUENT and analysis of
the time-traces obtained in the ground firing tests of a
subscale motor.

2. PERFORMANCE MODEL
2.1 Equations of gas dynamics

The gas dynamics in the combustion chamber is
determined by the system of the equations for the mass,
momentum and energy conservation. Taking into account
a well known result (Salita, 1989; Sorkin, 1967) that the
internal ballistics of SRMs is described to a high precision
by averaging hydrodynamic equations over the port area
we obtain the following set of 1D partial differential
equations (Smelyanskiy et al., 2005; Osipov et al., 2007,
March and 2007, July; Luchinsky et al., 2007) for the gas
dynamic s in the combustion chamber:

0,A,p=-0 pu+p,rl,
0,(A,pu)=—-0,A,(pu’ + p)— pd A, — Apu’l,

0,(A,pe,)=—0 u(pe, +p)+Hp,nl

ey

where 0,=0/0t> 0,=0/0x;X is the coordinate along the
motor axis, and e, =(c,T+u*/2); H=cJT, is a
combustion heat of the solid propéllant, &(7) are white
zero-mean Gaussian noises with amplitudes a;.

The model (1) allow us to include possible burning rate
variations and also various uncontrolled sources of noise,
such as grain cracks and case vibrations to simulate more
realistic time-series data representing off-nominal SRB
operation. Due to the high temperature T of combustion
products in the combustion chamber, the hot mixed gas
can be considered as a combination of ideal gases. As we
are interested in average gas characteristics (head pressure
and temperature) we will characterize the combustion
products by averaged parameters using the state equation
for an ideal gas:
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Figure 1 Sketch of a cross-section of an idealized
geometry of the multi-segment RSRMV rocket and an
example of the design curves (5) for the head section.
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2.2 Regression of propellant surface

We take into account the propellant erosion in a large
segmented rocket assuming that the erosive burning rate
can be presented in the form

R=r =ap"+7, . 3)
The erosive burning is taken into account in the
Vilyunov’s approximation

F,=C(I-1,) )

er

for I > I., and O otherwise, where C and I, are constants
and I = const(pu / P, )Re’l/s.

2.3  Model of the propellant geometry

To model the actual propellant geometry along the rocket
axis the combustion chamber is divided into N segments as
schematically shown in Figure 1. For each segment “i" the
port area Ap,(x;) and perimeter I/(x;) averaged over the
segment length dx; are provided in the form of the design
curves (DCs)

A, (x) = fu(R(x)), I(x)=f;(R(x)) ()

(see Figure 1). Note that the burning area and the port
volume for each segment are given by the following
relations

dV(x)=A,(x)dx, dA(x)=I(x)dx, (6

and, therefore, are uniquely determined by the burning rate
rp; for each ballistic element.

For numerical integration each segment was divided into
a finite number of ballistic elements. The design curves
were provided for each ballistic segment.

24 Model of the nozzle ablation

To model nozzle ablation we wuse the Bartz’
approximation (Bartz, 1965; Hill and Peterson,1992;
Handbook, 1973) for the model of the nozzle ablation
(Osipov et al., 2007, March and 2007, July; Luchinsky et
al., 2007) in the form:

RN = le (p / pmax )l_ﬁ (RN / Rl,m )7/7 I:(T _T:Jbl ) / (T; _lebl )]’ (7)

v,=&C [ ¥ Prvax Jl_ﬁ {ZRM" jﬂ T -T,)
" ! 1—‘CO ﬂ [cms (7:1[11 - 7;)) + Dins ]

where = 0.2 and € = 0.023. In a particular case of the
ablation of the nozzle throat and nozzle exit this
approximation is reduced to

15 -5
R=v,, [&] [iJ , A@)=7R(t), (3

pmax Rr,in
-8 -8
R ooy [ PA R, | (L,-Ty) | ©)
¢ " mﬂerx R@x,in (7: _7:1b1 )

where R,;=R(0), R,;,=R(0) and v,, and v,, are
experimentally determined constants. In practice, to fit
experimental or numerical results on the nozzle ablation it
suffice to put § = 0.2 and to obtain values of v,,, and v, ,
by regression.

2.5  Model of the burning-though of a hole

To complete the model of the case breach fault for the
segmented RSRMYV the system of equations (1)--(6), (8),
(9) above has to be extended by including equations of the
hole growth model (Osipov et al., 2007, March and 2007,
July; Luchinsky et al., 2007)

. 0.+0,+0, (10)
R, = 1) = ’
" V/l(pz_lz h, ) I:qmﬂ + Cmel (de _TmO )]pmel
0, o 1-cxp(-in, )1 -12 ).
038 -02

(1)

0 003, [ th [ﬂ] (7,-T,.).

I'c, H

Qb = v.fb |:qmet + Cmet (Tmel - TmO ):| P

2.6 Performance model

Combining the equations of gas dynamics with e
dynamics of propellant regression, nozzle ablation, and
case breach fault the performance model of the large
segmented SRM in the presence of faults can be
summarized as follows:
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9,(UA,)+0,(fW)A,)=S.
A= FuR&),  1x)=f,(R(x)).
R=ap"+C(I-1,),

15 -8 (12)
RI = vm t p[) R’ ?
' pmax Rx,in

-5 -5
R =v [ J2%} [ R, ] (Tex _nbl)
oo P A R, (7: _Tabl)

- 0 +0;+0,
h 5
|:qmet + Cmet (Tmel - TmO ):| pmet

where conservative variables of the gas dynamics and
function f(U) are given by the following equations

P pu
U=|pul|, fU)=| pu+p |, (13)
pPer puep +up

and the source terms that include fault terms at a given
location x, have the form

ppRl('x) = Pt ,A,0(x—x;)
S= po. A, —Apu’l(x) ) 14
prRl(x) - hr,hpt,hut,hAhé‘(x = X)

Here A, is the cross-section of burning-through hole and
u,, 1is the gas velocity through the hole. The main rocket
thrust F and lateral (side) thrust F), induced by the gas
flow through the hole are given by

800
o 1 1
[4)] |
2700 | | | | | |
= ‘ ‘ 1 1 1 1
o 1 1 1 1 1 30
> 1 1 1 T 46
gJUjGOO 77777 ]
& | | | | | 2
| | \‘4\\\1——80
500 1 1 1 1 1 1
0 5 10 15 20 25 30%x,m

FN = JICOMe,x¢G + (pex - patm)A('x’
5 1/2 (15)
Fh = ‘]hcﬂ(_] +(p(‘x0)_parm)Ah’
y+1

where
Jt :ptutAl’ ‘Ih :ph,tutAh'
and p,.;, is an ambient pressure and the density p,,, at the

hole throat corresponds to the hole stagnation density at
the point of location of the hole.

2.7 Integration of the PM

We notice that (12) is a system of nearly balanced PDEs
with slowly varying parameters. This is an example of
PDEs with multiple time scales (Knoll et al., 2003), where
the slower dynamical time scale is a result of a near
balance between J(fiU)A,) and S in the first equation and
slowly varying parameters in the last four equations in
(12). The fast dynamics of (12) corresponds to the
acoustic time scale. To see the multiple time scale
character of the system (12) more clearly let us introduce
dimensionless variables

p P Py T Ry
po—.po>—.p, - T - — R, -,
Po Po ! Po T, ! L, (16)
A
t%i,Raﬂ,laL,Apa ;’,MAK:MO;
t, L, L, L, Co

where 1) = Lylapy" = 107 sec; Poo=po(t=0), py=py(t=0) are
the gas pressure and density near the rocket head at a start
time point after the ignition, My, = u/cy, Ly =Im are
characteristics scales of time and length (r,, = ap," is a
typical burning rate). In dimensionless variables (12) can
be rewritten as follows

300f---
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Figure 2 Nominal regime: Results of numerical solution of Eqs (17),(20) for axial distributions of  pressure (left) and
velocity (right) at different moments of time. Time after ignition: 14, 30, 46, 62, and 80 seconds. The value of x is

measured from the motor head.
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M, Y
axAp ZOMS +p = _gaIAp M, +
pM, (T +5 M) p(T/y+5 M)
gppRl(x)ert WMo, AS(x—x,)
pd A —YpM (%)

x“Tp

eppRl(x) +p,,M,,A,0(x~x,)

a7)

Here we have introduced small parameter &€ = Ly/(tycy)
< 107 corresponding to the ratio of the characterrstrc
velocity of the propellant surface regression (r,o = 10
m/sec) to the speed of sound (cy=1006m/sec). It is clear
that in the first approximation at each given moment of
time the axial distribution of the flow variables in a
segmented rocket can be found in quasi-steady
approxrmatlon neglecting a small last term proportronal to

=10". Note that two source terms in the 1** and 3" Egs.
of (17) are also o< £ but these terms cannot be neglected,
because they are prop to p, = 10%

To solve equations (17) one can neglect the last term o &
and to complete resulting system of ODEs by a set of
boundary conditions. The calculation of the axial
distribution of the flow parameters in the quasi-steady
approximation can be reduced to the integration of the
system of ODEs with respect to spatial coordinate x. To
this end it is convenient to write explicitly Euler
approximation of Eqs. (17) in quasi-steady regime on a
coarse-grained (in general non-uniform) lattice of axial
coordinates {x;: i=1,...,N}

pMOAp‘_ :,OMOA,,‘ -dp, RI(x)dx, P, Mo,

s

(o )| =i ), (1)
p(a) + y/lpsz(x)dx,,,
PM A, = :‘)Zuoh’rAp‘H1 - 5ppRl(x)dxi +hr,hpr.hM0,thAh‘,-h :

where j, = (T"'%I MOZ) / H - The boundary conditions at the

aft end (at the outlet of the grain) are defined by the
chocking (sonic) conditions at the nozzle throat. The
boundary conditions at the rocket head are determined by
the continuity conditions of the gas flow from the
propellant surface and through the port area at the rocket
head. By adding to these two conditions the equation of
state and the equation for the gas temperature in the
combustion chamber as a function of the Mach number M,
we obtain resulting boundary conditions at the rocket head
(0) and aft (A) ends in dimensionless units as follows

P40 r-1
PM :( Ap YOJP(N T, :(1_7M(io)» Py =Typy,
p.H

Mo,A[l_L_lMg.A)H :i, TA=[1—7—_1M§A)

D4 :TApA'(lg)

The conditions (19) can be reduced to

o A —
Mo.oz{ pAf, b'oj(l_}/leoz,ojPSl,
.0

4 (20)

The results of the numerical solution of the problem (18),
(20) for nominal regime (A,=0) are presented in Figure 2.
This figure shows the resulting axial distributions of the
pressure and velocity for five instances of time with the
time step 16 sec (the time resolution of the solution was
0.2sec). It can be seen from Figure 2 that there is a
substantial difference between the head and aft pressure
due to the effect of mass addition. The difference is most
significant at the initial time when the port area is the
smallest and the flow velocity has the largest values along
the axis. With time the port area is increasing and the
difference between head and aft pressure becomes
negligible. Our analysis showed that results presented in
Figure 2 coincide with those obtained by the 3" party
using high-fidelity simulation of the internal ballistics of
SRM.

3  FAULT DIAGNOSTICS AND POGNOSTICS

The model of internal ballistics of the SRM in off-
nominal regimes allows one to develop and verify FD&P
system for the large segmented SRMs. The FD&P system
consists of two separate steps: (i) diagnostic or
reconstruction of the fault parameters from the measured
time-traces and (ii) prediction fault and internal ballistic
dynamics forward in time. We now describe each in more
details.

3.1  Diagnostics of the fault parameters

To be able to reconstruct fault parameters first we have to
introduce a parameterization of the fault. It can be seen
from the model (18) that the fault dynamics is described

entirely by the dynamics of the area of the hole A,(f). The
actual dynamics of the fault area can be complicated due
to e.g. cracks and nontrivial geometry of the joins (see

(%\/IcMrlhn 2006; Smelyanskiy at al., 2008)).
It is therefore convenient to introduce general polyn0m1a1
parameterization in the form:

At)=a, +ait+at’ +apt’. (1)

This parameterization has proved to be useful in the
analysis of the ground firing test (Smelyanskiy at al.,
2008). The parameters of the fault dynamics {a;, a,, a3,
a,} are reconstructed from the inferred time-series data
A,(f) using the least square method. The hole is most
likely to be localized at one of the section joints as shown
schematically in Figure 1. As a rule, only pressure sensor
is available situated in the rocket head. Therefore, we
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Figure 3 (left) Comparison between spatial distribution of pressure in the nominal regime (solid lines) and off-nominal
regime (squares). (right). Comparison between spatial distribution of velocity in the nominal regime (solid lines) and
off-nominal regime (circles). The time instants from the top to the bottom in the figure are 60 sec and 76 sec. The time
resolution of the calculations was 0.2 sec, initial radius of the hole R,, = 0.1 in, burning rate of the hole wall v,, = 0.3
in/sec, initial time of the fault 20 sec, the fault is located in the middle section.

have to verify that the measurements of the head pressure
can be used to infer pressure at an arbitrary location of the
hole along the rocket axis. To do so we simulate the model
of internal ballistics of the SRM (18), (20) in the off-
nominal regime with the case breach area given by (21) at
arbitrary location. The results of such simulations for the
case breach at the middle of the SRM are shown in the
Figure 3. It can be seen from the figure that the pressure
drop induced by the case breach is uniform along the
rocket axis. This shift practically does not depend on the
localization of the burning-through hole in the case. In
particular, this result relates to the shift of both the head
and aft pressures.

This finding allows us to use the following quasi-
stationary solution for the nozzle stagnation pressure p,,,
which is hold with good accuracy for large SRMs (Salita,
1989; McMillin, 2006):

e

rcopprc [ Ab,p_[’f 1) ] 1=n
pm‘ = pc >
rp. \AWO+A,®0)

We notice that burning area A,(R(f)) and nozzle throat area
A((t) are determined by measured gas pressure p, (see Egs.
(6) and(8)). The accuracy of the relation (22) is further
improved by introducing the effective burning area
Apf(R(1)) in the nominal regime. Indeed, in the nominal
regime A,(f) = 0 while p,,(r) and A,(f) are well known that
allows us to determine uniquely the effective burning area
Apof(R(1)) as a function of the burn distance R(f). This
functional dependence is assumed to be valid in the off-
nominal regime of the case breach. Therefore, one can use
data of the pressure sensor at the rocket head to estimate
the deviations of the nozzle stagnation pressure p,, from
the nominal regime and subsequently to use equation (22)
to estimate the area of the case breach fault A,(f) according
to the following algorithm:

1) Use the nominal regime time-traces to determine the

effective burning area by Eq. (22)

(22)

YA (1)

Ay (0= {FC 2 a}pz" OF
0”p

2) Use measured time-trace of the head pressure in the
off-nominal regime py(f) to find fault-induced
pressure at the aft end using the fact that the pressure
changes induced by the fault are uniform along the
motor axis

pgfault)(t) — pfqnorn)(t) + (p;{fault)(t) _ pgtom)(t)) ;

3) Use nominal time-trace of the Mach number at the aft
end to determined nozzle stagnation pressure

-1
ault ault _1 .
PY (1) = plf ”<r>(1—72M§,0<r)j ;

4) Use Eq. (22) to determined time-trace of the hole

FcoppaAb’eﬂ. (1) B
5 1-n

}/(pr(l;‘ault)(t))

The parameters of the fault dynamics {a;, a,, a;, a,} are
reconstructed from the inferred time-series data A.(f)
using the least square method. We can now use the values
of the parameters {a;} reconstructed during the diagnostic
to predict fault and internal ballistics of the SRM forward
in time.

area A ()= A@)-

3.2 Prognostics of the fault parameters: FD&P

algorithm

We note that the values of the reconstructed parameters a;
of Eq. (22) depend on the diagnostics time. The
convergence of the forward predictions also depends on
the diagnostic time, which is, therefore, one of the key
characteristics of the FD&P system. The convergence of
the predicted hole area time-traces towards actual time-
traces of Ay(t) is illustrated in Figure 4. In this test the
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Ay, m?

Figure 4 The time-trace of the actual hole dynamics
(blue dashed line with open circles) as compared with
the results of the predictions using model (21) for three
different times of inference: 6 sec after the fault, 8 sec,
and 10.0 sec.

hole area measurements are assumed to have sampling rate
1kHz and measurement noise 1%. The filtering procedure
is used to reduce the noise in the data. The time intervals
AT, used to infer fault parameters are 8 sec and 11 sec.
The predictions are made up to 85 sec of the flight. Note
that the convergence of the predictions of the hole area is
achieved approximately after 10 sec of diagnostics. The
inferred values of a; can now be used to predict the case
breach dynamics forward in time.

The mean values and standard deviations of the parameters

| Fault diagnastics \

o

{a;} reconstructed during diagnostics of the inferred time-
series data A,(f) can now be used to integrate model of
internal Dballistics (12) forward in time to obtain
predictions of the pressure and thrust dynamics in the
presence of the fault. The results of the predictions for the
nozzle and side thrust are shown in the Figure 5. In this
test the fault was located at the middle of the motor and
initial time Ty = 45 sec. The hole radius growth rate is 0.3
in/sec. We take the initial radius of the hole equal to 0.1in.
It can be seen that convergence is achieved 12 sec.

We note, however, that full integration of the model
forward in time is time consuming procedure and it is
desirable to reduce the time of calculations required for
prediction. This can be achieved by applying for
predictions scaling algorithm based on earlier results of
(McMillin, 2006).

4 SCALING ALGORITHM FOR FAULT
POGNOSTICS

This scaling algorithm (McMillin, 2006), unlike FD&P
algorithm presented above, requires a knowledge of the
time-trace of the pressure in the nominal regime. Since
this requirement is a necessary prerequisite for the space
flight one can substantially reduce the prediction time. Let
us remind briefly main steps of the scaling algorithm
(McMillin, 2006). The key assumption based on extensive
experimental results is that the empirical coefficient ¢

\

qstics
Il

gn

|
Faul't‘dia
/5

Figure 5 Convergence of the predicted hole area (top) and thrust (bottom). The actual time-traces (black solid lines) are
compared with the time-traces of mean predicted values (blue dashed lines). The green shading indicates standard
deviations for the predicted values of area and nozzle thrust. The cyan shading indicates standard deviations for
predicted value of the side thrust. In the figures the prediction is made after AT,,=8 sec (left) and AT,,=12 sec (right). The
beginning and the end of the time interval used to infer fault parameters are indicated by red vertical lines. Fault initial
time Ty = 45 sec in all cases, initial hole radius 0.1 in, metal burning rate 0.3 in/sec.
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_ 9In(C*)

1-n
- P A (23)
1 d1n(p) ¢ '

- A.Sppa

= const,

is constant. Here C*= A, [ i is characteristic exhaust
velocity and m=A p ;%:Abppap" is the mass flow
with.total burning area A, , where'the burning law is given
by R= ap” . To see more clearly the meaning of (23) we
write its solution on a discrete time lattice {#;: i=1,...,N}
chosen in such a way that every moment of time in the
nominal #y; and off-nominal #p;, regimes correspond the
same fixed lattice of burned distances {r;: i = 1,...,N} and
therefore the burning area Ay; at any given instant of time
is also the same

1=n—
* 7q_pinq147,i

Cp?= = const (24)
AY,ippa

11 1

The experiments and numerical simulation show that the
later expression is constant with good accuracy during the
steady burn out of the propellant both in nominal (V) and
off-nominal, deviant (D), regimes. We notice that the
mean value of ¢ is approximately 0.007, i.e. 2 orders of
magnitude less then (1-n) = 0.7 and can be neglected in the
calculations.

Using Eq. (24) for the nominal py; and off-nominal pp,;
pressures at the instant #; on a given time lattice {z;} we

obtain
1

Ppi = Pnyi (At.Ni / Ar.m)l?"?q > 25

where Ar N and are nozzle throat area in the
nominal regime and the nozzle effective area in the off-
nominal regime at the instant #; on the nominal time lattice
{t;} and instant tp; on the deviant time lattice {¢p;} as
explained in the next sub-section. It was noticed that if the
lattice of burned distances {r;} is kept the same in nominal
and off-nominal regimes the corresponding time lattices
{t;} in these two regimes will be different. To find the
scaling of the time lattice the burning law is used as

800

follows (McMillin, 2006)

Ar, =1 —r_ =apyAty, = app Aty or
Aty = Aty (pNi / pDi) . (26)
Therefore, the time scale in the presence of the fault is
Ip;=Ipia ™t At (27)
Finally, substituting (25) into (26) we have
Atp,, = Aty (At,Ni / Are,Di )l_n_q . (28)

Fault dynamics can be given in any form, in particular it
is a given function of time (McMillin, 2006)

Ah,i = f(tD,i - tf)' (29)
The effective nozzle throat area for the case breach fault

A’ p is the sum of the hole area A, in the case and of the
slightly modified nozzle throat area A, p

Ari),i = Ah,i +Ap, (30)

To calculate nozzle thrust the empirical constant thrust
coefficient was used (McMillin, 2006)

Cp=F, /PAr,N’ CF,N = CF,D' €2y

If combined with (25) the following result for the deviant
nozzle thrust Fp; can be obtained

1
) A ) l-n—q
t,Ni

t,Di

Eq. (15) can be used to calculate the side breach thrust .
The resulting expression for the side vacuum thrust (p,,.;,
= 0) can be simplified

e
2 |t
Fh = pOAh [}/4—1} (7+1) (33)

The algorithm suggested in earlier work (McMillin, 2006)

5

F x 10°, Ibf
N w AN

—_

0 20 40

Figure 6 (left) Nozzle pressure (black line) in the nominal regime are compared with the calculations of the fault
induced pressure using 1D model (blue dotted line) and scaling algorithm (red dashed line). (right) Nozzle vacuum
thrust (black line) in the nominal regime as compared to the deviation of the thrust from nominal regime calculated
using scaling algorithm (cyan dashed line) and 1D calculations (blue dotted line). The hole thrust calculated using
scaling equations (magenta dashed line) and 1D algorithm (red dotted line).
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Figure 7 Convergence of the predicted hole area (top) and thrust (bottom). The actual time-traces (black solid lines) are
compared with the time-traces of mean predicted values of nozzle thrust (blue dotted lines) and side thrust (green dotted
lines). The green shading indicates standard deviations for the predicted values of area and nozzle thrust. The nozzle
thrust in nominal regime is shown by red lines. In the figures the prediction is made after A7,,=8 sec (left) and AT,,=12
sec (right). The beginning and the end of the time interval used to infer fault parameters are indicated by red vertical
lines. Fault initial time 7, = 30 sec in all cases, initial hole radius 0 in, metal burning rate 0.3 in/sec.

consists of iteration of Egs. (27)-(30) until convergence of
At; is achieved. On substituting Eq. (29) into Eq. (30) and
Eq. (30) into Eq. (28) the equations. (27)-(30) can be
reduced to two equations in the form

A ) 1-n—q
Lyi -
ArD,i + f(tD,i _tf)
Ip;=tpiqt At

A, =A

where 1, is given by (27). There are three unknown
variables {Atp;, Ap;, tp;} in two Egs. (34), therefore one
more equation is needed to implement iterative procedure.
We use assumption (McMillin, 2006) that the nozzle
throat area is only a function of time A,p(#p;) = Aw(tp),
which holds for actual rocket parameters.

We now verify of both algorithms by direct comparison of
their performance in off-nominal regime with the fault
initial time 10 sec and initial hole radius O in. The results
of the calculation of pressure, nozzle and side thrusts using
model integration and scaling equations are shown in the
Figure 6. It is clear from the figure that the numerical
integration of the model and the results of predictions
based on the scaling equations are in good agreement.
Therefore, it becomes possible to use simplified version of
predictions based on the scaling equations for the
prognostics of the case breach fault. The results of the
prognostics based on the scaling equations almost coincide
with those presented in Figure 7. Note that predictions
based on both algorithms are in good agreement with each

’ (34)

other. We therefore conclude that it is possible to perform
in-flight fault diagnostics and prognostics of the case
breach fault in large segmented SRMs using only
measurements of the head pressure in the combustion
chamber. For realistic fault parameters, sufficiently
smooth dynamics of the fault and relatively low
measurement noise the convergence of the predictions can
be achieved after 10 seconds of the fault diagnostics.

Note that the dispersion of predictions for the pressure
and trust is smaller than the dispersion of the
corresponding predictions for the area of the case breach.
The reason is that the fault is most likely to occur in the
second half of the flight of the first stage and the
prediction time corresponds to the decreasing part of the
time-trace of the head pressure. This will result in the
decreasing of the dispersion of the pressure predictions
according to the Eq. (25)

1
{ A ]
Ppi=Pyi| .
A pi T4,

One can see from this equation that despite the fact that
the dispersion of the hole area (A,) predictions in the
denominator is growing, the dispersion of the predictions
of the deviant pressure pp; is decreasing together with
decreasing of the nominal pressure py;.

5  CONCLUSION

We analyze the problem of in-flight diagnostics and
prognostics of the SRM failure modes and, in particular,
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of the case breach fault. To model the internal ballistics of
large segmented SRMs we introduce a 1D time accurate
model that takes into account geometry of the grain, the
propellant regression rate, including erosive burning and
surface friction, nozzle ablation, and the case breach
dynamics. The model is integrated in quasi-steady
approximation by solving the boundary value problem
using shooting method. The results of integration were
verified by comparison with 2D FLUENT simulations
(developed by the third party). The diagnostics of the case
breach dynamics is performed using stationary solution for
the nozzle stagnation pressure and the measurements of
head pressure using polynomial approximation of the hole
area dynamics and least square method to infer
coefficients of the polynomial. We demonstrate next that it
is possible to perform in-flight fault diagnostics and
prognostics of the case breach fault in large segmented
SRMs using only measurements of the head pressure in the
combustion chamber. The prognostics is developed using
both integration the model equations forward in time and
using scaling equations (McMillin, 2006). The results of
predictions based on scaling equations are in good
agreement with the results of the integration of the 1D
model in off-nominal regime. The method can be applied
to the analysis of a number of other faults in SRMs.

NOMENCLATURE
p = gas density
p = gas pressure
Po = gas pressure at the chamber head
Pas = nozzle stagnation pressure
T = gas temperature
u = gas velocity
c = sound velocity
M = Mach number, M = u/c, M, = u/c,
Cy = specific heat for the constant volume
Cp = specific heat for the constant pressure
Y = ration of specific heats; y= C,/Cy
1 = perimeter of the burning propellant surface
L = length of the propellant grain
L, = typical length equal to Im
Ly = perimeter of the hole cross-section
R = burn distance of the propellant
R, = radius of the nozzle throat
Ry = radius of the nozzle exit
Ry = radius of the hole throat
A, = cross-section of propellant surface
A = cross-sectional area of the nozzle throat
Ay = cross-sectional area of the hole throat
er = total energy of the combustion gas
hr = total enthalpy of the combustion
F, = additional thrust produced by hole gas flow
Fx = normal thrust
I, = reference burning rate
T = burning rate of solid propellant

Ter = erosive burning rate of solid propellant

n = exponent for burning rate of the propellant
a = constant for burning rate [a = r./p." ]

Pe = reference pressure for burning rate

p = density of the solid propellant
H = combustion heat of the solid propellant
| = variable in the Vilyunov correlation law
j = mass flow density [ j = up]

J = mass flow [ J = upS]

h = heat transfer coefficient

g = design function for i section

Q = heat flow from the gas to a hole wall
f = surface friction force

Vh = velocity of propagation of hole wall
Vabl = velocity of propagation of ablation front
Vi, = typical ablation velocity of nozzle throat
Vmex = typical ablation velocity of nozzle exit
Qc = convection heat flow

Qr =radiation heat flow

Tme  =melting temperature point

Hpyee  =heat of combustion of case metal

Ty =temperature of metal surface burning
Tabi =characteristic temperature of ablation
Tuwo =temperature of metal far from hole
Cnee  =specific heat of case metal

dmet  =specific melting heat of case metal

Cins  =specific heat of insulator layer

ins =specific ablation heat of insulator layer
Prmet = density of case metal

Pins = density of insulator layer

k = the thermal conductivity

u = dynamical viscosity of hot gas

Pr = the Prandtl number, Pr=pC,/k
Subscripts:

S = stagnation gas

in = initial states

i = i-part of the ballistic element

h = parameters in the hole

ex = parameters in the nozzle exit

t = parameters in the nozzle throat

nr = parameters in the nominal regime
N = parameters in the nozzle

0 = parameters at the chamber head
L = parameters at the grain outlet (nozzle inlet)
A = parameters at the aft end
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