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Life Prediction of the Thrust Chamber Wall of a Reusable

Rocket Engine

Xiaowen Dai* and Asok Ray¥
Pennsylvania State University, University Park, Pennsylvania 16502

This article presents a continuous-time structural model of the coolant channel ligament in the thrust chamber
wall of a reusable rocket engine such as the Space Shuttle Main Engine. The structural analysis is based on the
concepts of sandwich beam approximation and viscoplasticity, and captures the nonlinear effects of creep and
plasticity interactions to represent the phenomenological effects of inelastic strain ratcheting, progressive bulging-
out, and thinning in the thrust chamber wall. The damage of the thrust chamber wall is quantified as a continuous
function of time in terms of the current state of ligament thinning and its critical value. The structural model
has been validated for prediction of the ligament thinning by comparison with the finite element models of the
thrust chamber wall structure for two different materials, namely, oxygen-free high-conductivity copper and a
copper—zirconium-silver alloy called NARloy-Z. The results of parametric studies are presented to show how
the service life of the thrust chamber wall is influenced by coolant channel design, ligament material, and load
cycle duration. Due to its computational efficiency, this model is suitable for on-line applications of service-life
prediction and damage analysis of the thrust chamber wall and also permits parametric studies for off-line

synthesis of damage mitigating control systems.

Nomenclature

= cross-sectional area
» b, d,, = coefficients in stiffness matrix
= damage scaled in the range of 0 to 1

= core thickness of the sandwich beam
= distance between the centroids of the

thin faces to the beam midplane in the

sandwich beam
= Young’s modulus
predicted value of remaining service
life
half-length of the beam
bending moment
tensional force, total number of steps
pressure
= distributed force per unit length
= absolute temperature
time
axial displacement
radial deflection at the midplane of the
beam
Cartesian coordinates
= coefficient of thermal expansion
radial deflection of the two faces of the
coolant channel ligament
strain
dummy variable in the integration
actual thickness of the coolant channel
ligament
midplane curvature of the coolant
channel ligament
= stress
= ligament thinning
normalized ligament thinning
= function
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Subscripts

B = closeout wall

0 = reference point, reaction load

1 = coolant side surface of the coolant channel
ligament

2 = hot-gas side surface of the coolant channel
ligament

Superscripts

e = elastic part

D = plastic part

th = thermal part

0 = midplane

Introduction

ROM the perspectives of engine performance optimi-

zation, on-line life prediction, and damage mitigating
control,'? the basic requirements for the structural and dam-
age model of reusable rocket engines are numerical efficiency
and compatibility with the plant dynamic model. Nonlinear
finite element approaches have been reported in literature
for analyzing inelastic structures of complex geometry such
as the coolant channel ligaments of rocket engines under cyclic
loading. Armstrong*> reported inelastic structural analysis of
three cylindrical thrust chambers constructed from different
copper alloys. Kasper® presented structural analysis and life
prediction of the coolant channel ligament, made of a copper—
zirconium-—silver alloy called NARloy-Z, for a typical mis-
sion of the Space Shuttle Main Engine. In each of these stud-
ies, a structural model based on inclastic nonlinear finite ele-
ment analysis was used to determine the cumulative plastic
deformation leading to thin-out and tensile rupture. However,
for on-line life prediction and damage mitigating control, the
finite element approach is not practicable because of the ex-
ceptionally large requirements of computational resources.
An attempt was made by Porowski et al.” to formulate a
simplified structural model of the coolant channel ligament
as a rectangular beam for life prediction of the thrust chamber.
Although this approach permits approximate life prediction
of the coolant channel ligament at the end of each complete
firing cycle, it does not evaluate the intracycle incremental
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bulging-out and thinning as continuous functions of time, which
is necessary for damage mitigating control.

The previous discussion evinces the need for a new ap-
proach to structural and damage modeling of the thrust cham-
ber ligament for on-line life prediction and damage mitigating
control. To this effect, this article formulates an analytical
model that is built upon the concepts of sandwich beam
approximation® and viscoplasticity,” and captures the nonlin-
ear effects of creep and plasticity interactions to represent the
phenomenological effects of inelastic strain ratcheting, pro-
gressive bulging-out, and incremental thinning in the thrust
chamber wall. The structural and damage models of the cool-
ant channel ligament have been validated by comparison with
finite element models, and experimental data for both oxygen-
free high-conductivity (OFHC) copper and NARloy—Z. The
results of parametric studies are then presented to show how
the service life of the chamber wall is influenced by several
factors including the ligament material, coolant channel de-
sign and configuration, chamber pressure, wall temperature,
and loading cycle duration. Due to its computational effi-
ciency, this model is suitable for on-line applications of life
prediction and damage mitigating control, and also permits
parametric studies for off-line synthesis of damage mitigating
control systems.

Structural and Damage Model of the Coolant
Channel Wall

The coolant channel ligament, exposed to the hot gases of
combustion on one surface and the liquid hydrogen coolant
on the other surface as described by Quentmeyer,'? is shown
in Fig. 1. This ligament is represented by an idealized equiv-
alent sandwich beam model,? as seen in Fig. 2, where x, y,
and z coordinates correspond to the circumferential (hoop),
axial, and radial directions of the ligament. For the sandwich
beam model to be equivalent to the ligament structure of
rectangular cross section in terms of identical deformation in
the hoop and radial directions at the midplane, the parameters
d,, d-, A, and A, of the sandwich beam, shown in Fig. 2,
are chosen such that the cross-sectional area and moment of
inertia of the rectangular beam are preserved as

d, +d, = d = (9V3) W
A, = A, = (9/2) for unit length in the y direction

where ¢ is the true thickness of the rectangular beam (i.e.,
the actual coolant channel ligament thickness), d, and d, are
the distances from the centroids of the two faces to the mid-
plane, A, and A, represent the cross-sectional areas of coolant
side and hot-gas side of the ligament for unit length in the y
direction, respectively.

The ligament surfaces are also subjected to hydrostatic pres-
sure that exerts distributed force on the wall in the radial z
direction. The time-dependent temperature and pressure on
the cold side of the ligament are denoted as T'(t), P,(¢), and
on the hot side as T,(t), P,(¢). The derivation of structural
equations that follow is described in detail by Dai and Ray,"
and the symbols used in these equations are defined in the
Nomenclature. Only the pertinent results are summarized in
this section. The following general assumptions are made in
the development of the governing equations for the structural
model:

1) The curvature of the ligament of a single coolant channel
is neglected in the undeformed condition due to a large num-
ber of such channels.

2) Deformations due to shear are neglected based on the
small deflection theory. :

3) The sandwich beam model consists of two thin faces with
identical thickness #, which are separated by an incompress-
ible core of thickness d, + d, — 26. Consequently, the local
bending stiffness of each thin face is neglected, the normal
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Fig. 1 Rectangular beam model of the coolant channel ligament.

sz PV Ty o R A
IR TR 2

b A bbb bL oy

VT OTITOIS IO IOTL TS

o
Core (mid-plane)

Nl A 1 T B

Faces o

Mot 1t ‘
:.\\\\\\\\\\\\\\\\\ Sy "
S A O O 2
| I Py Ty Hot-gas
2¢ Side Unit
ol —te— Length
X dx

"R AR
o

T‘b\\\'
S &

p(=p1(®-p2(®) Cg%znt
Q) l L l l L 01058 M(x,t)
e+

A
No®| | core 4 j‘r(x,z,t) Nx.5)
SOOORRNS NN AN

My Hot-gas
Side

oy(x,t) Qx.H

X dx

Fig. 2 Sandwich beam model of the coolant channel ligament.

stresses ¢, and ¢, are assumed to be constant throughout the
faces, and the core is rigid in shear and bears no normal
stresses.

4) The ligament temperature does not vary along the cir-
cumferential x direction because of geometrical symmetry,
but there exists a thermal gradient across the wall thickness
in the radial z direction.

5) The total strain ¢ is the sum of elastic, inelastic, and
thermal strains, €€, ¢, and ™ on each of the cold and hot
faces, i.e., g(x, t) = e¢(x, 1) + €2(x, t) + e¥(x, 1), =
1, 2.
6) Uniaxial loading is applied to the sandwich beam model.

7) Due to the symmetric loading and geometric configu-
ration, only a half-beam model is considered.
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Compatibility Equations

Based on the symmetric geometry of the sandwich beam
model, the expressions for the strain-displacement relation
are as follows:

wix, t) = wi(x, )

2
+ d, [a i, t)] i=1,2

ox?

)
u'(x, t)
ox

g(x, 1) =

where u°(x, t) and w'(x, t) denote the displacement and de-
flection, respectively, at the midplane z = 0. The midplane
strain £° and midplane curvature « are defined as

u(x, t)
ax

*w(x, t)

e%x, 1) =
(x, 1) Ix?

k(x, t) =

€)

Constitutive Equations

For the one-dimensional loading problem in the sandwich
beam,!' the hoop stresses in the cold and hot faces are ob-
tained in terms of £ and « from Eqs. (2) and (3) as

o= E(e° — dix — g8 — &)

*4)

o, = E)(e* + dox — €5 — &P

where the plastic strains €%, i = 1, 2, are obtained from the
viscoplastic model.

Equilibrium Equations

Based on the free body diagram of the sandwich beam, the
resultant hoop force N and bending moment M are obtained
by integrating the stress over the sandwich beam cross section
as

d
Nx, 1) = J ] olx, z, 1) dz = ay(x, DA, + oy(x, DA,
—d
(5a)

d)

M(x, t) = f

—d

ox, z, t)z dz

= oa(x, DA, — a,(x, A d, (5b)
Governing Equations

Combining Egs. (2-5) and a rearrangement yield the fol-
lowing pair of coupled nonlinear partial differential equations
(PDEs) with ¢ and space x as independent variables. Details
are given by Dai and Ray'!:

w'(x, t) 1
ax AAEE(d, + d5)°

+ AdZE)N(x, 1) + (Ad\E, — Ad,FE;)M(x, )]

[(A,diE,

t s dy T 0+ et )

4

+ @+ ) [ef(x, 1) + £5(x, 1)] : (6)

awlx, ) -1
ax AAEESNd + d,)

— AydE)N(x, 1) + (AE, + AE)M(x, 1)]

1
+ J—
(d, + d,)

= di[ef(x, 1) + £5(x, O} (M

[(Ad,E,

{d,[e(x, 1) + £5(x, 1)]

where the stress resultants N and M are obtained from the
equilibrium conditions as follows:

N(x, 1) = —=No) ()
M(x, t) = My(e) + p(kx — [p(0)x*/2] €)

in terms of the unknown reaction bending moment M, and
hoop force N, at the junction of the ligament with the rib
(i-e., atx = 0), which are to be determined from the boundary
conditions in this statically indeterminate structure. At a fixed
instant of ¢ the previous PDESs can be solved for known plant
variables, namely, chamber pressure, coolant pressure, and
wall temperatures on both hot and cold sides, and the inelastic
strains &7 and &5 with x as the independent variable, along
with the boundary conditions presented next.

Boundary Conditions

Five boundary conditions that are needed for solving the
coupled differential Eqgs. (6) and (7) with respect to x, and
two unknown variables, namely, reaction moment M, and
force N, at each instant of ¢ are presented next:

at x = 0: 9% =0, wkx,t) =0, ulx,t) = —leg
(10a)
d t
at x = dwlx, 1) =0, u(x, ) = 0 (10b)
dx
where
g5 = aply — a7, (10c)

and x = [/ corresponds to the center section of the ligament,
Ty and ay are the closeout wall temperature and linear coef-
ficient of thermal expansion, respectively, and 7 is the known
reference temperature of the closeout wall.

Closed-Form Solution of the Sandwich Beam Model Equations

Applying Egs. (8) and (9) along with the boundary con-
ditions in Egs. (10) into the governing Eqs. (6) and (7), the
time-dependent reaction force N, and moment M, are ob-
tained as:

Nit) = € [iah(r) el + 3 [ Bie dx]

- @%;lz—) [i‘zh(t) + % fo (x, 1) dx] (11)
i) = L g [ 100 — o0 + 1 [ e, ) ]
- 071—:172) [i‘zh(t) n % L B2, 1) dx] (12)
where

. AdIE, + Ad3E, B,
 AAEEN(d, + d,)

_ AldlEl - AzdzEz
~ AAEE,(d, + d,)

AE + AE, s {dyg? + dield

th
(d, + d3)

€= AAEEW, + &y

jp = (dagl + disf)

‘ (d + d3) b

o - (o + dief)
(di + d5)

Ig = (e — &)  I5 = (e5 — &)
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Then the hoop stresses on the two thin faces of the sandwich
beam, which are the inputs to the viscoplastic model,® can be
obtained in terms of the force and moment from Eqs. (5) as

_doN(x, 1) = M(x, t)
A0 =T )

(13)
d\N(x, t) + M(x, t)

Axd, + d5)

oy(x, 1) =

A closed form solution of the radial deflection w(x, ¢) at the
midplane of the ligament can be obtained by substituting the
boundary conditions in Eqs. (10), and Eqs. (11~13) into the
governing differential Eqgs. (6) and (7) as

.2 2
M(12-lx+x—)

w(x, t) = 5 1

+@%Z*§£E““Efﬁﬁw> (14)

The first term on the right-hand side (RHS) of Eq. (14)
represents the reversible components of the radial deflection
that vanish in the absence of any pressure and temperature
difference across the ligament when the cycle is completed.
The second term on the RHS of Eq. (14) represents the de-
flection resulting from inelastic strain ratcheting induced by
thermomechanical loading that contributes to permanent
bulging-out and progressive thinning of the coolant channel
ligament. Therefore, the irreversible deflection at the mid-
plane of the ligament, denoted as w!(x, t), in the second term
of Eq. (14) is expressed as

UT.:l—dz—) (%7 fn/ I dg - L f I3 d¢ dn) (15)

Thinning Model of the Coolant Channel Ligament

Experimental studies by Hannum et al.'? show the evidence
of incremental bulging-out and progressive thinning at the
center of the ligament after each firing cycle for the OFHC
copper material. Porowski et al.” proposed a relationship for
linear variations in the thickness of the coolant channel lig-
ament based on experimental observations of the deformed
shapes. Based on the details reported by Porowski et al.,” the
time-dependent normalized thinning with respect to the initial
thickness 3, of the ligament at its center’ is obtained as

o[£ )l £ )]/ oo

The instantaneous thickness of the deformed beam is updated
by subtracting the time-dependent thinning from the original
thickness:

wix, t) =

W) = G — (1) (a7

Following Fig. 3, the sandwich beam model is updated with
the current ligament thickness 9(¢) in Eq. (1).

Damage Analysis and Remaining Life Prediction of the Coolant
Channel Ligament

We define the damage in the ligament as a continuous
function of time in the deterministic setting following the
industrial practice of denoting creep damage and fatigue dam-
age in the scale of 0 to 1. The damage D(¢) in the thrust
chamber wall is thus expressed in terms of the current state
of normalized thinning 7(¢) of the ligament and its critical

value 7%, beyond which the thinning process becomes un-
stable (i.e., the tensile rupture is imminent) as

D(1) = 7(t)7* (18)

The critical value 7*, which is a positive fraction is experi-
mentally determined for each material®” for a given range of
thermomechanical load; 7* increases with increased ductility
of the ligament material. It should be noted, however, that
the definition of damage is not unique; the damage model
may depend on the specific application.

The end of useful service period ¢, at which the damage
D_(t;) reaches unity [i.e., 7{t;) = 7*] denotes the total life
of the thrust chamber wall ligament. Clearly, ¢, is dependent
on the complete history of thermomechanical load to which
the ligament has been subjected. If the actual thermome-
chanical load is different from the anticipated load, the pre-
dicted total life ¢, should be recalculated based on the load
history up to the current ¢ and the updated profile of the
anticipated load beyond ¢. In that case, the predicted instant
failure, and hence, the remaining service life ¥ becomes time
dependent:

£(0) = 4(0) - ¢ (19)

Model Solution Approach

The PDEs (6) and (7) are approximated via spatial discre-
tization as a set of ordinary differential equations (ODEs)
where the number of nodes is selected to be 11 for half of
the ligament. Figure 3 illustrates a concept for simultaneously
solving the structural and creep damage model equations of
the coolant channel ligament. A causal relationship exists
between the PDEs with respect to the spatial variable x in
the sandwich beam model and those with respect to the tem-
poral variable ¢ in the viscoplastic model in Fig. 3. As ex-
plained in the previous section, the tensile force, bending
moment, and stresses in the coolant channel ligament are
generated from the sandwich beam model for given boundary
conditions, plant variables, and inelastic strain (x, ) and
g5(x, 1) at each instant of time. The plastic strains at each
node are obtained from the viscoplastic model as shown in
Fig. 3 at each instant of time in terms of the initial conditions
of the plastic strains and internal state variables, and stresses
at each node.

A closed-form solution of the midplane deflection of the
coolant ligament is derived at each node in the spatial direc-
tion through the sandwich beam model and fed into the thin-
ning damage model in Fig. 3. The damage variable is defined
in Eq. (18) as thickness reduction of the coolant channel
ligament normalized with respect to the original thickness,
and this information is fed back to the sandwich beam model
to update the geometric deformation at each instant of the

Stre: {Oukj5k {oxalxjt)l
55 (ay1(x5:40). {02410}
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Solution of partial diffe (&80}, (eya(xjt)) Strain § of partial differential
equations w.r.t. the spatial Te d d ions w.r.t. the terporal
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& Updating 4
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Fig. 3 Schematic diagram for solving the creep damage model.
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time during the operating cycles. These calculations can be
easily performed on-line for life prediction and damage mit-
igating control. The time-dependent coolant wall temperature
and fluid pressure acting on the ligament, which are either
measured or generated from the nonlinear plant dynamic model
of the rocket engine, are the inputs to the sandwich beam
model and the viscoplastic model. The set of ODEs in each
model is solved by numerical integration. In contrast to the
common practice of finite element analysis, the proposed life
prediction model for the coolant channel ligament is com-
putationally much more efficient with comparable accuracy
on damage prediction. Details of the model verification are
given next.

Model Verification

The structural model of the coolant channel ligament is
verified through comparison with a finite element model of

1283

the thrust chamber coolant wall for two different materials,
namely, OFHC copper and NARloy—Z.. In the proposed model,
structural geometry of the ligament and displacement of the
closeout wall are used to obtain the required boundary con-
ditions. The geometrical dimensions of the thrust chamber of
a typical rocket engine with 72, 390, and 540 coolant channels
are listed as sets 1, 2, and 3 in Table 1. Figure 4 shows the
time histories of the process variables, namely, cold-side lig-
ament temperature T, the hot-side ligament temperature 7,
closeout wall temperature T, and the pressure load p acting
on the ligament for typical operating cycles of duration 3.5
and 408 s. Each of these cycles includes startup and heating,
referred to as the hot phase of a cycle, and shutdown and
cooling, referred to as the cold phase of a cycle. For OFHC
copper, the cycle of 3.5 s represents the test condition of the
plug nozzle module tested by Armstrong.** For NARloy-Z,
the startup and heating cycle of 408 s, is the typical operating

Table 1 Geometrical dimensions of the coolant channel ligament of the
cylindrical thrust chamber

Channel dimension, Set 1 with Set 2 with Set 3 with
in./mm 72 channels 390 channels 540 channels
Ligament length 2/ 0.0664/1.686 0.04/1.016 0.029/0.7338
Ligament thickness 9, 0.035/0.889 0.028/0.711 0.028/0.711
Rib length a 0.05/1.27 0.045/1.143 0.0325/0.8255
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Fig. 4 Comparison of the life prediction model with finite element analyses.
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time of a spacecraft rocket engine.® The results of model
prediction are then compared with those of the finite element
analyses conducted on the plug nozzle thrust chamber for
OFHC copper using the data of set 1 in Table 1 and on a
rocket engine thrust chamber for NARloy—Z using the data
of sets 2 and 3.

As the temperature is rapidly increased during the heating
part of an operating cycle, the hoop stress changes from ten-
sion to large compression due to the restricted expansion of
the hot ligament imposed by the relatively cool closeout wall.
Thus, during the heating process, large plastic compressive
strains are induced in the ligament. The stress overshoot oc-
curs at the instant of maximum temperature difference be-
tween the ligament and closeout wall during the cycle. In the
hot phase of the cycle, the magnitude of the compressive stress
relaxes to a lower steady state after reaching the peak. If the
ligament is exposed to a higher temperature environment and
alonger time period, the stress relaxation phenomenon would
become more prominent. The rapid increase in ligament thin-
ning occurs during the heat-up and chill-down transients that
are of similar characteristics for both OFHC copper and
NARIloy—Z. During a thermomechanical loading transient,
the back stress lags behind the actual stress. This results in a
large rate of change in the inelastic strains, which eventually
causes a rapid increment of the ligament thinning. The in-
elastic strains during the temperature and pressure transients
change more rapidly than those in the steady-state conditions
when the thermomechanical loading is nearly constant. The
critical values of 7%, beyond which the thinning process tend
to become unstable, are reported to be ~0.37 for OFHC
copper’ and ~0.08 for NARloy—Z.® The lower 7* for NAR-
loy—Z is attributed to its less ductility relative to OFHC cop-
per. It follows from Fig. 4 that, under the respective ther-
momechanical loading condition, the expected safe life of the
OFHC copper ligament is ~250 cycles and that for NARloy—-
Z is ~125 cycles. It should be noted, however, that the pres-
sure loading for NARloy-Z is selected to be about 135% of
the design specifications for compatibility with the results of
finite element analysis reported by Kasper.® At nominal (100%)
pressure loading, the proposed model predicts the expected
safe life of NARloy-Z to be ~500 cycles.®

Figure 4 compares the results of progressive thinning pre-
dicted by the present life prediction model with the finite
element analysis data reported by Armstrong*® and Kasper®
for OFHC copper and NARloy-Z, respectively. The close
agreement between model prediction and finite element anal-
yses indicates that the model, presented in this article, ac-
curately predicts the midplane deflection of the ligament and
captures the mechanics of creep rupture of the thrust chamber
wall. Therefore, this model is capable of calculating the cur-
rent damage D(t) in Eq. (18) and predicted the remaining
service life £(¢) in Eq. (19). One of the important features
of this life prediction model is its numerical efficiency. For
example, one typical firing cycle takes about 0.35 h on an
IBM mainframe computer for the finite element model given
by Armstrong,® whereas it takes only about 0.5 s on an Indy
Silicon Graphics workstation, and less than 2 s on a Pentium
for the proposed model.

Parametric Studies

The life-prediction model presented in this article is capable
of providing general information for better understanding of
the failure mechanism and nonlinear behavior of a rocket
engine thrust chamber wall, and allows design optimization
with low computational cost. Specifically, this model can be
used to investigate the impact of several factors, such as ma-
terials selection and mechanical design, thermomechanical
loading conditions and their duration, on structural durability
of the thrust chamber. To this effect, the following criteria
for the thrust chamber design are discussed: 1) different ma-

terials, namely, OFHC copper and NARloy—-Z; 2) different
ligament dimensions, namely, the number of coolant channels
being 390 and 540; 3) different mechanical loading acting on
the ligament; 4) different thermal loading acting on the lig-
ament; and 5) different operational cycle duration, namely,
ashort cycle of 3.5 s and an extended cycle of 485 s. Simulation
experiments were conducted to investigate the previous five
cases one at a time. In each case, unless specified otherwise,
the time history of the thermomechanical process variables,
namely, ligament temperatures at 7, and 7, the T, and the
pressure acting on the ligament are as shown in the top two
plots on the left side of Fig. 4 for a cycle duration of 3.5 s,
and on the top two plots on the right side for a cycle duration
of 408 s.

Effect of Material Behavior (OFHC Copper and NARloy-Z)

This section presents the results of analyses for two different
ligament materials, namely, OFHC copper and NARloy-Z,
under identical channel dimension, thermomechanical load-
ing, and operational cycle duration. The geometric dimen-
sions of the coolant channel ligament correspond to set 1 with
72 channels as listed in Table 1. Profiles of 7 at the ligament
center are plotted in Fig. 5a for OFHC copper and NARloy—
Z materials during the first three cycles. Even though two
materials are subjected to identical thermomechanical cycling,
their stress/strain responses are quite different resulting from
dissimilar thermal ratcheting phenomena caused by incom-
plete strain reversal. The cyclic mean stress of NARloy-Z is
close to zero since the tensile and compressive loads are al-
most symmetric. In contrast, the mean stress for OFHC cop-
per is tensile due to non-symmetric tensile and compressive
loading as seen in Fig. 5a. NARloy—-Z appears to have a
higher stress relaxation rate than OFHC copper during both
tensile and compressive holding periods. The stresses for OFHC
copper exhibit a few cycles of transitions due to the initial
stress hardening, whereas the stresses for NARloy-Z are
almost perfectly periodic during the entire cyclic loading. Since
OFHC copper is more ductile than NARloy-Z, the initial
compressive plastic strain of OFHC copper is more pro-
nounced than that of NARloy-Z.

Once substantial bulging occurs, the thefmal and structural
characteristics in the vicinity of the bulging region change
because of the deformation in geometry. Since this defor-
mation is updated at each instant of time in the life prediction
model in Fig. 3, the resulting effects on creep ratcheting are
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Fig. 5 a) Cyclic stress/strain hysteresis loop and b) normalized thin-
ning 7(¢) during the first three cycles.
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more severe for OFHC copper than those for NARloy-Z.
Consequently, OFHC copper suffers from a larger bulging-
out as shown in Fig. 5b. The plastic flow and bulging-out of
the inner wall for NARloy—Z are smaller than those for OFHC
copper. This prediction is consistent with the damage ob-
served in actual test chambers as reported by Hannum et al.'?
Thinning of an OFHC copper ligament is approximately 10
times larger than that of a NARloy-Z ligament as seen in
Fig. 5b. Both simulation results and experimental observa-
tions demonstrate that NARloy—Z, under the identical ther-
momechanical loading, yields a longer service life of coolant
channels than OFHC copper.

Effect of Ligament Dimensions (Number of 390 and 540 Channels)

This section presents the results of analyses for different
number of coolant channels under identical thermomechan-
ical cyclic loading and duration for each of the two materials,
OFHC copper and NARIloy—Z. Dimensions for different con-
figurations of the coolant channel ligaments correspond to
sets 2 and 3 with 390 and 540 channels, in Table 1. Figures
6a and 6b show 7 of the ligament for OFHC copper and
NARIloy-Z, respectively, for the two different ligament con-
figurations. For both configurations, 7 for OFHC is approx-
imately 10 times larger than that for NARloy-Z, due to the
different material characteristics as discussed earlier. If the
ratio of the length-to-thickness is made smaller for 540 chan-
nels, the ligament becomes less flexible resulting in decreased
bulging-out and, therefore, longer service life is attained.

Effect of Mechanical Loading

To assess the role that pressure loading plays on the so-
called doghouse effect!? in the thrust chamber coolant wall,
the coolant ligament has been analyzed for different pressure
(i.e., mechanical) loading under identical ligament configu-
ration, temperature (i.e., thermal) loading, and operational
cycle duration. The time history of the mechanical loading,
namely, the magnitude of pressure difference acting on the
ligament, AP(t) = [P,(t) — P,(t)}, is increased twofold. The
temperature loading history is maintained at the same level
as that on the top left corner of Fig. 4, and the dimensions
of the coolant channel ligament correspond to 72 channels in
set 1 of Table 1.

Creep ratcheting that is largely induced by the pressure
difference is discussed by Porowski et al.” Bending stresses
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Fig. 6 a) Normalized thinning #(¢) (OFHC) and b) (NARloy-Z) for
different dimensions.

due to the cyclic pressure loading cause a plastic deformation
and bulging-out of the ligament during each cycle. As the
pressure difference is increased twofold, plastic strain and
creep ratcheting rate per cycle for OFHC copper change much
more significantly than those for NARloy—Z, which is less
ductile. Normalized thinning of the ligament for a twofold
increase in pressure loading is shown in Figs. 7a and 7b for
OFHC copper and NARloy-Z, respectively. The thinning
rate is increased about two times for both OFHC copper and
NARIloy-Z.

Effect of Thermal Loading

Hannum et al.'? and Quentmeyer' reported that the cycles
to failure could be correlated with either the hot-side ligament
temperature or the temperature difference between the hot-
side of the ligament and closeout wall. In order to determine
the effects of thermal loading on the thrust chamber life, four
sets of different temperatures are investigated under identical
pressure loading, ligament dimension, and operational cycle.
The time history of the pressure (mechanical) loading is main-
tained at the same level as that on the left side of Fig. 4 and
the dimensions of the coolant channel ligament correspond
to 72 channels in set 1 of Table 1. For each of the following
four cases T; was kept unchanged.

1) Case A serving as the baseline case where the superscript
* indicates the reference profile for 7| and T, as shown on
the top left corner of Fig. 4.

2) Case B where T, is increased by about 150 K over T%
during the hot phase and T is kept equal to T7.

3) Case C where T, is increased to T% during the hot phase
and T, is kept equal to T%. Therefore, there is no temperature
difference across the ligament.

4) Case D where T, is decreased by about 150 K from
T% during the hot phase and T, is kept equal to T4%.

The plastic strain range in the ligament is largely dependent
on the thermal strain range, which is a function of the transient
difference between the average ligament temperature and the
closeout wall temperature. Therefore, case B and case C yield
a higher effective plastic strain range than case A due to
increased average temperature of the ligament. In contrast,
case D yields smaller effective plastic strain range and com-
pressive mean plastic strain than case A due to decreased
average temperature of the ligament. The rationale is that the
average ligament temperature in case D is decreased during
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the hot phase, the magnitudes of both tensile and compressive
stresses are reduced, and the initial plastic strain is less com-
pressive.

Figures 8a and 8b plot the stress/strain hysteresis loops for
OFHC copper and NARloy—Z under the previous four dif-
ferent cases. Although the average ligament temperature is
increased for both case B and case C, there is no temperature
difference across the ligament in case C, whereas this differ-
ence does exist in case B. The magnitude of the compressive
mean plastic strain in case C is larger than that in case B as
seen in Figs. 8a and 8b because the ligament is subjected to
thermally induced bending in case B due to the constraints
at the two ends imposed by the relatively cool closeout wall.
This thermally induced bending partially compensates the
bulging-out effect resulting from the pressure loading'?; there
is, however, no such effect in case C. Therefore, the resultant
bulging-out due to both pressure and thermally induced bend-
ing in case B are less pronounced than that in case C as seen
in Figs. 9a and 9b for both OFHC copper and NARloy-Z,
respectively. Case D has the longest service life for both ma-
terials since the average ligament temperature is the lowest
among all four cases. This observation reveals that the service
life of the coolant wall can be improved not only by lowering
the average ligament temperature, but also by increasing the
temperature difference across the ligament. The latter phe-
nomenon is more significant in OFHC copper than in NAR-
loy—Z because the benefits of thermally induced bending are
more effective due to larger ductility of OFHC copper.

Effect of Loading Cycle Duration

The effects of different loading cycle duration on the service
life of the coolant channel wall of the thrust chamber was
investigated for two types of thermomechanical loading cycle
duration by Arya and Arnold."* Figure 10a depicts 7 of the
OFHC copper ligament as a function of the number of cycles
for both the short and extended loading cycles. A comparison
of the 7 curves for these two loading cycles reveals that thin-
ning is larger for the extended cycle. This happens because
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Fig. 8 Cyclic stress/strain hysteresis loop for a) OFHC and b) NAR-
loy—Z for different temperature loading.
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the plastic strain obtained from the viscoplastic model in-
creases as the hold time is increased for the extended cycle.
Therefore, the irreversible or permanent deformation of the
coolant channel ligament is larger for the extended cycle than
that for the short cycle. Figure 10b shows similar behavior for
NARIoy-Z ligaments, which is in agreement with the results
reported by Arya and Arnold." In summary, the bulging-out
and thinning phenomena of the coolant channel ligament be-
come more pronounced for both OFHC copper and NARloy—
Z as the duration of the loading cycle is increased.

Summary and Conclusions

This article presents a continuous-time damage and life
prediction model of the coolant channel ligament in the thrust
chamber of reusable rocket engines under both steady-state
and transient operations. The structural part of this model is
built upon the theories of sandwich beam and viscoplasticity.
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The modeling approach consists of analyzing the incremental
bulging-out and progressive thinning of the ligament in each
firing cycle by taking the effects of geometric deformation
into consideration. The model has been validated by com-
parison with finite element models for two different materials,
namely, (OFHC) and NARIloy—Z. The close agreement with
the finite element model indicates that the proposed life pre-
diction model can capture the failure mechanics (i.e., creep
rupture) of the thrust chamber wall by calculating the mid-
plane deflection of the ligament. The life prediction model is
numerically much more efficient than the finite element model
with comparable accuracy; however, relative to the finite ele-
ment model, the overall scope of this model is limited. For
example, one typical firing cycle takes about 0.35 h on an
IBM mainframe computer for the finite element model given
by Armstrong,” whereas it takes about 0.5 s on an Indy Silicon
Graphics workstation, and less than 2 s on a Pentium for the
proposed model. The proposed model is suitable for on-line
life prediction and for the damage mitigating control of reus-
able rocket engines for which the finite element model is not
adequate.

The predicted life of the coolant channel wall is influenced
by several factors including the ligament material, configu-
ration and design of the channel, chamber pressure, wall tem-
perature, and loading cycle duration. These effects have been
investigated via parametric studies, and the following conclu-
sions are derived:

1) The proposed model provides simplified analyses that
can predict the failure behavior of the coolant channel wall
of rocket engines. The failure phenomena, regardless of whether
the material is OFHC copper or NARloy-Z, are character-
ized by thinning at the ligament center. The deformation of
an OFHC copper ligament, under identical thermomechanical
loading, is predicted to be larger than for that of a NARloy—
Z ligament, which is less ductile.

2) Increasing the number of coolant channels such that the
ratio of the ligament length-to-thickness is reduced is one of
the feasible approaches to life extension of the thrust cham-
ber.

3) The pressure difference across the coolant channel lig-
ament is a cause of the bulging-out phenomenon and the
ligament thinning increases with the pressure difference.

4) Decreasing the coolant wall temperature is a possible
solution to reduce the thinning of the thrust chamber wall.
The thermally induced bending, resulting from a temperature
difference across the ligament, tends. to retard the bulging-
out process due to the pressure loading, and therefore, im-
proves the service life of the thrust chamber, especially for
the OFHC copper material.

5) The magnitude of the bulging-out and thinning of the
coolant channel ligament for both. OFHC copper and NAR-
loy—Z materials is dependent on the duration of the loading
cycle. The bulging-out process is more pronounced for the
extended cycle than that for the short loading cycle.
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