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Temperature-Dependent Modal Test/Analysis Correlation

of X-34 FASTRAC Composite Rocket Nozzle

Andrew M. Brown*
University of North Carolina at Charlotte, Charlotte, North Carolina, 28223

A unique high-temperature modal test and model correlation/update program has been performed on the
composite nozzle of the FASTRAC engine for the NASA X34 reusable launch vehicle. The program was required
to provide an accurate high-temperature model of the nozzle for incorporation into the engine system structural
dynamics model for loads calculation; this model is significantly different from the ambient case due to the large
decrease in composite stiffness properties due to heating. The high-temperature modal test was performed during
a hot-fire test of the nozzle. Previously, a series of high-fidelity modal tests and finite element model correlation
of the nozzle in a free—free configuration had been performed. This model was then attached to a modal-test
verified model of the engine hot-fire test stand, and the ambient system mode shapes were identified. A reduced
set of accelerometers was then attached to the nozzle, the engine fired full duration, and the frequency peaks
corresponding to the ambient nozzle modes individually isolated and tracked as they decreased during the test. To
update the finite element model of the nozzle to these frequency curves, the percentage differences of the anisotropic
composite moduli due to temperature variation from ambient, which had been used in the initial modeling and
which were obtained by small sample coupon testing, were multiplied by an iteratively determined constant factor.
These new properties were used to create high-temperature nozzle models corresponding to 10-s engine operation

increments and tied into the engine system model for loads determination.

Introduction

HE X-34 air-launched hypersonic rocket plane is a technology

demonstrator vehicle being built as part of the NASA reusable
launch vehicle program. The goal of the X-34 program is to demon-
strate new technologies that can be used to reduce the cost of access
to orbit from $10,000/1b to $1000/1b. The FASTRAC engine is be-
ing designed, analyzed, manufactured, and tested as the main engine
for that vehicle. The engine uses a gas-generator turbopump cycle
fueled by liquid oxygen—kerosene and is rated to 60,000 1b of thrust.
It is designed to be built at a much lower cost than conventional
engines, with a small part count, simple assembly procedure, and
a rapidly manufactured two-layer composite integral combustion
chamber/nozzle (Fig. 1).

Large dynamic loads propagate through the engine due to rocket
combustion and from the turbopump. In order to predict the val-
ues of these loads for design and analysis, an accurate dynamic
finite-element model of the engine is required (MSC/Patran® and
MSC/Nastran® were used for all analyses). The structural back-
bone of this engine is the nozzle, which all the other components
are mounted upon, as seen in Fig. 2. This nozzle is made of a two-
layer composite composed of a thermal liner (“composite 1”) and a
structural overwrap (“‘composite 27), presenting new challenges in
modeling and testing. The first of these was generating a 360-deg
finite-element dynamic model that could be built and correlated in a
timely fashion to allow for multiple nozzle and engine test configu-

Presented as Paper 2000-1741 at the AIAA/ASME/ASCE/AHS/ASC
SDM 41st Conference, Atlanta, GA, 6 April 2000; received 27 September
2000; revision received 16 October 2001 accepted for publication 17 Octo-
ber 2001. Copyright © 2001 by the American Institute of Aeronautics and
Asironautics, Ine. No copyright is asserted in the United States under Title
17, U.S. Code. The U.S. Government has a royalty-free license to exercise
all rights under the copyright claimed herein for Governmental purposes.
All other rights are reserved by the copyright owner. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0748-4658/02 $10.00 in
correspondence with the CCC.

*Visiting Professor, Department of Mechanical Engineering; currently
Aerospace Engineer. Structural Dynamics and Loads Group, NASA Marshall
Space Flight Center, Marshall Space Flight Center, Alabama 35812, Member
AIAA.

284

rations. This correlation effort was made considerably more difficult
because of the anisotropy of the composite materials. This effort has
been documented in a previous paper by Brown and Sullivan.

A major challenge became clear when it was realized that the
dynamic stiffness properties of the nozzle liner would change
substantially during the firing of the engine, thereby changing the
loads throughout the engine. This change was because of the large
temperature dependence of Young's moduli and Poisson’s ratios of
the composite liner, which had been obtained from coupon testing.
Initial predictions of the changes in natural frequencies, presented
in Ref. 1, indicated a possible decrease of over 40% by the end of
the engine burn. Because this was based on predictions of not only
high-temperature material properties, but also on predictions of tem-
peratures, it was clear that a test to verify the actual dynamic prop-
erties would be necessary. The determination of the type of test, test
description, and correlation to the test are the subjects of this paper.

There has been a limited amount of work previously published on
this subject. In 1991, Snyder and Kehoe? performed a detailed ex-
perimental and analytical study of aluminum plate specimens that
were heated uniformly, nonuniformly, and transiently. The finite
clement method was used as the analytical baseline for comparison
with the experimental results. They found that the natural frequen-
cies decreased, the mode shapes stayed constant, and the damping
for some of the modes increased.” That the mode shapes stayed con-
stant was an important result because it implies that the bulk of the
effect of the heating was limited to an easily modeled change in the
elastic modulus rather that some unknown combination of changes
in the modulus and density. In 1993, Kehoe and Deaton followed this
study up with similar tests and analysis on titanium and fiberglass
plates.? Some of the important conclusions from this study were that
the reduction in material properties due to heating was the primary
factor in changes in dynamic characteristics for uniform heating, but
that thermal stresses played an equally important role for nonuni-
form and transient heating. A closed-form analytical solution for
a heated anisotropic plate with specified boundary conditions was
presented by Locke in 1994 that also compared favorably with finite
element analysis.* To the author’s knowledge, the study described
in the paper is the first published work describing large-scale modal
testing and model correlation of complex structures undergoing a
significant amount of heating that are composed of materials whosc
dynamic properties are strongly dependent on temperature.
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Fig. 1 Cutaway of X-34 FASTRAC rocket nozzle,

Fig. 2 Turbopump and other FASTRAC components mounted on
nozzle.

Approach

A variety of options were discussed for implementation of the
test/analysis correlation. The first one considered was to heat the
nozzle in large ovens able to cover the expected temperature range.
A method for remotely controlling impacts and obtaining accelera-
tion measurements was formulated to perform the modal test in the
oven . In the end, however, it was realized that creating an appro-
priate thermal distribution throughout the nozzle in the oven was
impractical. In addition, the temperature of the structural overwrap
was not predicted to exceed 200°F during engine burn, and this could
not be controlled in the oven. A solution to the problem became ap-
parent when plans were made independently to perform a hot-fire
test of the nozzle itself, without any other engine hardware, to satisfy
a variety of programmatic goals. This test would be full duration,
the temperatures experienced by the nozzle would be the same as
expected in an actual mission engine burn, and the nozzle would be
isolated from most of the surrounding hardware, which was critical
for a reasonable correlation with the detailed nozzle-only model. A
decision was, therefore, made to use this hot-fire test to obtain the
modal data needed for finite element model correlation.

The plan for the test and correlation consisted of several steps.
Initially, a model of the test stand was built to provide accurate
boundary conditions for the nozzle, which would be cantilevered
off of it. The model was not intended to simulate rigorously every
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mode of the stand, butrather just to provide a reasonable model of the
interface with the nozzle. A modal test of the stand was performed
(see Fig. 3), and the stand model was correlated to some degree, as
shown in Table 1.

The next step was to perform an ambient temperature test-stand-
nozzle modal test and model correlation. This test was used to iden-
tify the modes and natural frequencies of the system that would exist
at the beginning of the engine fire. This modal test would verify the
model of the test stand combined with a previously free—free modal-
test-verified model of the nozzle. This test was performed immedi-
ately before the hot fire, but a quick look at the data suggested that
the combined structural system introduced families of modes for one
of the nozzle's primary modes, first bending, which existed only as a
single mode for the nozzle in its free—free configuration (see Fig. 4).
This family consisted of different modes where sections of the test -
stand, such as the front mounting plate, would move in or out of

Table1 Test stand only test/analysis comparison

Mode Description Analysis, Hz ~ Test, Hz

1 Main Structure, front 24.0 23.8
plate side to side

2 Predominantly plate 48.4 50.0
up and down

3 Plate diagonal twisting 61.54 68.51

about vertical axis

Fig. 3 Test stand, mode 2 at 50 Hz (deformed shape superimposed on
undeformed shape).

Fig. 4 Nozzle, free—free, first bending at 180.9 Hz.
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Fig. 5 Two ND mode of nozzle on test stand.

phasc with the nozzle first bending. These modes were so numerous
that it would be very difficult to update a finite element model to
match them. Fortunately, the nozzle nodal-diameter modes remained
somewhat isolated from the interface with the boundary condition
(Fig. 5). This allowed the hot-fire modal-test plan to proceed, where
only the nodal-diameter modes of the nozzle-iest-stand model would
be used for correlation. These modes are not sufficient by themselves
for correlating 2 model because the nodal-diameter modes do not
fully account for the effect of longitudinal Young's modulus £y,
(which is independent of Young’s moduli in the other directions),
so that this process forced an assumption that the temperature effects
on the other material constants were also applicable to £, .

Hot-Fire Test

The plan for the hot-fire modal test would be to measure only the
response, using a subset of the number of accelerometers needed for
a full-scale modal test because the available instrumentation chan-
nels were limited due to the other requirements of the test. Special
precautions had to be taken to ensure that the accelerometers would
stay on the nozzle and would not burn up. Fortunately, becausc the
accelerometers were installed on the external surface of the nozzle,
which was not expected to exceed a temperature of 200°F, merely
covering them with fire tape was adequate. Because the excitation,
which would be generated by the combustion process itself, could
not be measured, power spectral density (PSD) plots of the acceler-
ation response only would be obtained, with peaks occurring at the
natural frequencies of the system because there were no pure har-
monic forcing functions that would show up independently. These
peaks would be tied to their appropriate mode shapes at the initiation
of the test using the preliminary ambient temperature modal test re-
sults described. PSDs would be obtained at frequent time intervals
throughout the test, and by combining these plots into a waterfall
plot, the change in the frequency of the peaks with respect to time
can be seen. To verify that the frequencies being tracked were the
natural frequencies of the specific mode shapes being sought, the
PSDs of the different accelerometer locations would be compared
1o obtain rough mode shapes.

The hot-fire test was performed in late November 1998. Several
measures of data quality were performed, and only 2 of the 12 ac-
celerometers apparently debonded from the nozzle. Examination of
the waterfall plots of the remaining instruments showed that the fre-
quency peaks were clearly defined and could be tracked as planned.
The time history of each frequency peak was then extracted from the
waterfall plots for model correlation. The history for one of these
accelerometers tracking the fundamental two nodal-diameter mode
of the nozzle is shown in Fig. 6. In addition, comparison of the rela-
tive magnitudes for different accelerometers verified that the mode
shapes associated with the peaks were the ones obtained from the
ambient modal test and that the proper mode was being tracked.

Thermal Model
An essential step in the modeling procedure was applying the
correct temperaturc to the different locations in the nozzle as it
heats up during the test. This information was obtained by using

Frequency (hz)
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Time into hot-fire test (sec)

Fig. 6 Isolated time history trace of two ND mode frequency peak for
accelerometer 11.

%00 = ;
— 25sec T :
800 ——50 sec e A
----100 sec Y i
70 7 y ]
e B00T— — < ; = — ;
g ! R Vit Y f
2 s, A== 3 ]
G i L I i \ el

] . . ’ \
o 400 w7 Tyt -~ i
5 ey /;_A\\ /’—\j\._./ |
= 300 e = — e
Fy i

200 ;
Nozzlé Cross-Section

I
: T r T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 7S

Axial Distance from Injector

Fig. 7 Temperature of nozzle for various times into hot-fire test vs
axial location.

temperature probes during the test to correlate a thermal model of
the nozzle, which had been built previously and was used for the
initial estimates of the natural frequency decline. After this thermal
correlation was completed, a complete profile of the average bulk
temperature of the inner composite layer for each axial position of
the nozzle at 0, 25, 50, 100, and 150 s into the test was generated.
(Because there was very little difference between the values at 100
and 150 s, the 100-150 s increment was ignored al this point.) A
plot of these temperatures vs the axial location along the nozzle
is shown in Fig. 7. (A cross section of the nozzle is also superim-
posed for illustrative purposes.) The bulk value was chosen because
two-dimensional composite plate elements were uscd in the finite
element model, and so temperature variation in the transverse direc-
tion would not be able to be used. By the use of a linear interpolation
between these lime profiles, the temperature at any location at any
time into the test was generated.

Model Correlation

Any of a number of methods could now be applied to obtain the
desired test-verified hot model of the nozzle. Previous work dis-
cussed earlier indicates that both the variation in stiffness properties
and the thermal stress play a role in the change in natural frequen-
cies for the transient heating conditions that existed in the hot-fire
test, but for simplification and timeliness it was originally assumed
that the material properties were solely responsible for the change.
This assumption has been verified after the completion of the en-
gine program by performing a complete nonlinear modal analysis,
which incorporates the effect of the thermal stresses due to the dif-
ferential heating of the nozzle. Cocfficients of thermal expansion as
a function of temperature obtained from coupon testing were first
transformed to the finite element coordinate system as explained in
Ref. 1. The transformed properties were then input into the model
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Table 2 Original and altered composite material constants as a function of temperature
Temperature,  E warp/ E fill/ Enorm/ o Warp v Nomm v Norm G warpfilll G warpnorm/ G fill norm/
°F 1000, psi 1000, psi 1000, psi fill warp fill 1000, psi 1000, psi 1000, psi
Original properties
70 2810 2810 2000 0.18 0.21 0.21 894 535 535
250 2690 2690 1400 0.14 0.19 0.19 850 438 438
350 2440 2440 1080 012 0.19 0.19 596 401 401
400 2360 2360 T80 0.1 0.18 0.18 484 322 322
450 2280 2280 540 0.08 0.17 0.17 413 253 253
500 2190 2190 292 0.07 0.16 0.16 340 177 177
550 2090 2090 224 0.07 0.15 0.15 324 166 166
600 2010 2010 177 0.06 0.14 0.14 316 153 153
750 1800 1800 102 0.05 0.11 0.11 273 146 146
Q00 1660 1660 59.9 0.04 0.1 0.1 256 151 151
1050 1510 1510 51.5 0.04 0.1 0.1 245 159 159
1200 1350 1350 50.8 0.04 0.1 0.1 245 179 179
1500 1090 1090 51.6 0.04 0.12 0.12 207 199 199
Altered properties factor on slope
1.2 1.2 1.02 1.2 1.2 1.2 1.2 1.2 1.2
70 2810 2810 2000 0.18 0.21 0.21 894 535 535
250 2666 2666 1388 0.132 0.186 0.186 841.2 418.6 418.6
350 2366 2366 1062 0.108 0.186 0.186 536.4 3742 3742
400 2270 2270 755.6 0.084 0.174 0.174 402 279.4 2794
450 2174 2174 510.8 0.06 0.162 0.162 316.8 196.6 196.6
500 2066 2066 257.8 0.048 0.15 0.15 2202 105.4 105.4
550 1946 1946 188.5 0.048 0.138 0.138 210 92.2 922
600 1850 1850 140.5 0.036 0.126 0.126 200.4 76.6 76.6
750 1598 1598 64.04 0.024 0.09 0.09 148.8 68.2 68.2
900 1430 1430 21.1 0.012 0.078 0.078 128.4 74.2 74.2
1050 1250 1250 12.53 0.012 0.078 0.078 115.2 §3.8 §3.8
1200 1058 1058 11.82 0.012 0.078 0.078 115.2 107.8 107.8
Table 3 Final comparison of test and analytical natural frequencies
Testat Analytical Testat  Analytical Test  Analytical Testat  Analytical
Mode 0s at0s %error  25s at25s Gerror at50s  at50s % error 100 s at 100s % error
2ND 45.5 46.7 -3 37.3 40.3 -8 35 37.7 -8 3279 33.3 =2
3IND 113.4 118.3 —4 94.5 99.2 -3 88.5 95.4 ~8 81.4 83.2 -2
4ND 210.4 221 -5 177.2 183.7 4 165.5 176.6 =7 154 154 0
SND 334.4 357 -7 284 2933 -3 265 280.2 -6 244 2438 0
Balloon 385 357 7 3575 3257 9 344 291.6 15 330 264.1 20
2ND
according to the nozzle temperature distribution at 100 s, which had P—s
been obtained from the hot-fire test. The nonlinear modal analysis ” e
was then performed, and the results were almost identical to those . ﬂ'\
when the thermal stress effect was ignored, with a 2.9% increase T it o
for the fundamental nozzle mode and decreasing errors for higher- 3 R — —%—5ND 2
frequency modes. - hﬁ_——-&?"‘_‘“ * —x—GBalloon
- T 2NDa

The correlation was, therefore, obtained solely by perturbing the
original material modulus properties vs temperature chart until a
reasonable level of model/test agreement was achieved. Of course,
the definition of reasonable agreement with test is subject to con-
siderable variation. In this case, the frequencies for several of the
higher modes were not in agreement even at the beginning of the
test, and so it would not make sense to try to match exactly the fre-
quencies at the end. It was decided instead to try to match the rate
of decline in natural frequency to obtain the true effect of the tem-
perature. The most straightforward method to achieve this goal was
to multiply the percent decrease at a particular temperature of all of
the properties from their baseline value at 70°F by some constant.
After several iterations, a factor of 1.2 was determined for all of the
properties but Poison’s ratio v, which required a factor of 1.05. The
results of applying this factor on the material properties is shown in
Table 2.

Table 3 shows the final natural frequency test/analysis compar-
isons after model correlation, and Fig. 8 shows the decline of each of
the modes (analytically and experimentally) vs time into the test. The
modal descriptions in the chart legend are 2ND for the two nodal-
diameter (ND) mode, 3ND for the three ND mode, etc., Balloon
2ND refers to a mode that has a two ND shape just aft of the throat

e JH )

frequency thz)
;B .
/

e SHD

. ——dND
100
= e - —= 5NDt
50,
— = -9 ——Balioon
0 ~ ZHNDt
D 1w 2 30 40 S0 &0 0 80 ¢ 100 110

seconds into fest

Fig. 8 Comparison of variation in natural frequencies vs time into hot
fire between test and correlated analytical results.

in addition to another two ND shape out of phase with it near the
exit plane. Final correlation consisted of qualitatively matching the
test/analysis frequency curves as well as using the quantitative error
measures.

Model Implementation

By the use of the newly correlated material property vs tem-
perature profile and the new nozzle location temperature profiles,
complete nozzle models representing the material properties at 10-s
increments into hot-fire were then generated. These models were
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supplied to the total engine sysiem model for loads generation at
these increments, which is discussed in a paper by Frady.’

Sources of Error

There are several sources of error in this correlation procedure.
Discrepancies probably exist due to some modeling errors as dis-
cussedin Ref. 1, the lack of good longitudinal test modes to correlate
E; 1o, and the scaling method used to alter the material properties
table. In addition, the transverse varialion in temperature was not
accounted for; evaluation of the magnitude of this error could be
estimated by comparison with a solid finite element model of the
composite, which has not been performed here. However, the final
results indicate that no large inconsistencies exist within the model
itself (which can occur by locally varying stiffnesses to match test
data, for instance), and that a usable high-temperature model was
created thal matches the modal properties during hot fire. Because
the original model (at ambient temperature conditions) had been
test verified with an extensive series of tests, and the thermal distri-
bution was also derived from a test-verified model, the error in the
small-sample coupon measurements from the as-built case seemed
to be the most likely source of discrepancy. The assumptions used
also allowed the creation of this model in a timely fashion, which
was important because it was critically needed for engine system
loads analysis.

Conclusions
A unique high-temperature modal test and finite element model
correlation/update program was performed on the X-34 FASTRAC
composite rocket nozzle for loads prediction during engine opera-
tion. The modal test was actually performed as part of a standard
full-duration hot-fire test of the nozzle by itself, which simulated the

actual operation of the FASTRAC cngine. A detailed preliminary
series of modal tests of the structural components of the nozzle/
test stand system was first performed at ambient conditions to base-
line the modes and natural frequencies. Waterfall PSD plots using
a reduced set of accelerometers were then used to track the modes
during the hot-fire test. The finite element model was updated 1o
match the decline in natural frequencies by scaling the decrease
of the predicted material property for each temperature. The tem-
perature distribution of the model was obtained by using a ther-
mal model of the nozzle that was also correlated from the same
hot-fire test. The new material property curves were used to cre-
ate a series of high-temperature models representing the structural
dynamic characteristics of the engine at 10-s increments into op-
eration. These models were then tied into the structural dynamic
model of the entire engine for interface dynamic loads calculation.
This approach can potentially be generalized as a method for cor-
recting modulus vs temperature coupon lesting to actual composite
layups.
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