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timate maximum peak load for long operating time. This is
extremely useful for testing in blowdown wind tunnels where
operating costs can be cut down for short runs. In flight tests,
long operating time of the aircraft in a given angle of attack
and dynamic pressure band is usually difficult to maintain and
a reliable method for estimation of extreme load levels from
short time data is very useful.
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Introduction

R OTATING stall and stall surge of an axial compressor
are two distinct types of aerodynamic instabilities that

can severely limit a compressor's performance. Both rotating
stall and surge may cause the rotor and stator blades to begin
vibrations and the internal compressor temperatures to rise
rapidly. The large dynamic stresses on the blades may induce
severe mechanical damage. For the case of the C3 rotor blades
of 16S compressor, the stall will produce potentially destruc-
tive levels of vibratory stress after approximately 10 revolu-
tions (or 1 s) following "onset" of the stall. Rotating stall,
which will be the prevalent type in the C-l compressor of
16T, builds to a peak stress level and the decays in periods
of two revolutions (0.2 s). It is apparent that a system is
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required that can detect and warn rapidly of the first symp-
toms of stall and have the capability to activate corrective
actions automatically.1 At the present, the open-loop tech-
nique is essentially in the monitoring mode based on obser-
vation from many years of experience. The engineer will per-
form the corrective action to avoid the compressor stall. A
closed-loop stall avoidance incorporating a control system to
move the compressor operation point away from the stall line
is the ultimate goal.

To accomplish detection of stall for compressor requires
speed and an automatic process for both open-loop and closed-
loop modes. The neural network is a new information pro-
cessing technology to classify data, process signals, and model
and forecast events. The performance of neural networks in
the task of classifying data has speed, accuracy, and high noise
tolerance; therefore, neural networks techniques are suitable
and selected in the present study to detect and monitor com-
pressor instabilities.

Compressor Stall Monitoring
Stall monitoring for the compressor in the Arnold Engi-

neering Development Center (AEDC) 16-Foot Transonic/
Supersonic (16T/S) wind tunnel is investigated. The primary
monitoring data are based on the time traces of rotor blade
stresses during the operation of 16T/S compressors. The sen-
sor data are recorded in the Compressor Monitoring System
disk records and Compressor Monitoring Room oscillograph
traces. Some typical rotor/stator stress data are recorded as
oscillograph traces, as shown in Fig. 1. An early stall warning
and detection expert system is to be constructed utilizing these
time traces data and other auxiliary parameters.

Testing Data Acquisition and Simulator
The data of normal runs for rotors and stators of Com-

pressor C-l of 16T at AEDC were recorded for various flow
conditions. The flow Mach numbers covered include 0.6, 0.9,
and 1.2. The original data from stress sensors were recorded
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Fig. 1 Typical C-l compressor stress traces.



J. AIRCRAFT, VOL. 29, NO. 4: ENGINEERING NOTES 737

Inlet Guide Vanes
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All Dimensions in Feet

Design Conditions

Tip Speed 942 ft/sec (absolute)
Hub Speed 565 ft/sec (absolute)
Design Pressure Ratio 1.385
Design Inlet Volume Flow 200,000 cfs
Flow Coefficient 0.47
Work coefficient 0.308
Inlet Axial Velocity 42 ft/sec

Fig. 2 Dimensions for compressor C-l.
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Fig. 3 Typical frequency spectrum data plot.

b) Rotor A, normal run

Fig. 4 Simulated frequency spectrum data for rotational stall.

c) Rotor C, normal run
Fig. 5 Three-layer back-propagation network for rotor blade rows
A and C.

on magnetic tape in analog format. The rotor and stator lo-
cations of Compressor C-l are shown in Fig. 2.

The analog data were converted to digital format by a com-
mercial program and the spectrum analysis in frequency do-
main was also carried out by the program. With the output
binary data, a program for data reading and plotting was
implemented on the PC. The resulted typical frequency spec-
trum data from the spectrum analysis for A13 (for rotor A
and sensor 13) and C17 at Mach number 0.6 are shown in
Fig. 3.

For the neural network process, it is required to acquire
sufficient data samples under normal and abnormal operating
conditions, especially under stall conditions. Because oper-
ation of 16T/S compressors is usually under normal condi-
tions, stress data for the normal condition are relatively easy
to acquire. On the other hand, the data under stall condition
are very limited. The alternative is to create a numerical sim-
ulator that may provide the stall dynamic stress data. It is
clear that this simulator is needed to generate stall conditions
data, which otherwise would not be available. The rotational
stall data have been simulated, as shown in Fig. 4, because
the test data are not available at this time.

Neural Network Architecture
A three-layer back-propagation (BP) network2 has been

selected and implemented in a commercial program for the
present study. Multilayer BP networks have been studied ex-
tensively and are used widely for pattern classification by the
hetero-association memory. Multilayer networks are able to
classify nonlinearly separable classes. Back-propagation is the
technique selected to solve the current problem. In the present
case, a three-layer (input layer, hidden layer, and output layer)
network is utilized. The input layer takes the peak amplitude
of stress frequency spectrum as feature inputs. Five processing
elements (nodes) are selected in the hidden layer. There are
three output units representing rotating stall, normal run for
Rotor A, and normal run for Rotor C.

Neural Network Results
All test data have been classified correctly after the training

process with the available testing and simulated data. If the
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original training data are representative of the underlying
distribution, then this test shows quite excellent performance.
The graphic display for the results shown in Fig. 5 represents
a three-layer network. The size of the rectangular symbols
represents the magnitude of the value of each node. The size
of output layer symbol 20 in Fig. 5a indicates that this result
is a rotating stall condition. The results of a normal run for
Rotor-A and Rotor-C are shown by the size of symbols 21
and 22 in Fig. 5b and 5c, respectively.

A monitoring expert system has been designed to assist the
operators to monitor the compressors. The expert system con-
sists of three major subsystems: knowledge-based diagnostic
subsystem; neural network subsystem; and graphical user in-
terface. The prototype system has been initiated for a com-
plete compressor monitoring system in which several software
packages are integrated.

Conclusions
The feasibility of neural networks to detect the compressor

stall has been demonstrated. The selection of features from
the blade strain gage data is critical to the successful detection
of rotating stall and normal run. The integration of neural
network and expert system is a powerful tool for compressor
stall monitoring.

Acknowledgments
This work was supported by AEDC/AF and NASA/Ames

Research Center under Grant NAG2-596 and by the Uni-
versity of Tennessee—Calspan Center for Space Transpor-
tation and Applied Research under NASA Grant NAGW-
1195. The authors thank Carlos Tirres and U. G. Nordstrom
of AEDC for their guidance. Frank W. Steinle of NASA
Ames was the technical monitor.

References
Gamier, V. H., Epstein, A. H., and Greitzer, E. M., "Rotating

Waves as a Stall Inception Indication in Axial Compressor," Amer-
ican Society of Mechanical Engineers Paper 90-GT-156, June 1990.

2Rumelhart, D. E., Hinton, G. E., and Williams, R. J., "Learning
Internal Representations by Error Propagation," Parallel Distributed
Processing, edited by D. E. Rumelhart and J. L. McClelland, Vol.
I, MIT Press, Cambridge, MA, 1987, pp. 318-362.

Effect of a Nose-Boom on Forebody
Vortex Flow
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I. Introduction

A T high angles of attack, the sensitivity of the leeward
vortices of a slender forebody to external disturbances

is well documented. One source of such disturbances on many
existing aircraft configurations is the nose-boom. Studies have
showed that the wake of a nose-boom can influence substan-
tially the overall forebody flow. There are, however, conflict-
ing reports of increases (e.g., Refs. 1 and 2) and reductions
(e.g., Refs. 3 and 4) of the zero-sideslip forebody vortex
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asymmetry and sideforce magnitude. The objective of the pres-
ent water tunnel study is to provide information that may lead
to a better understanding of the effect of the nose-boom on
forebody vortex flow. Four different models were used to study
in detail the interaction between the forebody vortex flow and
the nose-boom wake flow. Specifically, the study would try to
establish conditions under which the nose-boom would increase
or decrease the zero-sideslip asymmetric sideforce.

II. Experimental Setup
The experiment was conducted in the Eidetics 2436 Flow

Visualization Water Tunnel.5 Two forms of visualization were
performed 1) off-surface dye visualization; and 2) surface dye-
visualization. Details of the techniques are described in Ref.
5. Three F-16 models were used: a l/20th-scale full model
(model 1; total length = 75.81 cm, including a 3.29-cm nose-
boom); the l/10th-scale forebody section model (model 2;
total length = 84.14 cm, including a 5.72-cm nose-boom);
and a 3/10th-scale nose-tip model (model 3; total length =
57.86 cm, including a 19.76-cm nose-boom). Models 1 and 2
were tested with and without the standard nose-boom. The
primary advantage of using three different models is that the
scale of each one can be tailored for specific purposes. In
particular, the full model was for visualization of the overall
flow and interaction between vortices and various parts of the
aircraft configuration. The forebody-section model was used
for detailed visualization of the forebody vortices. The nose-
tip model was for detailed visualization of the flow at the
nose-tip region. One drawback of using different models,
however, was that results of the three models would not be
identical due to the sensitivity of the forebody flow to even
minute physical differences between the models. The differ-
ence in Reynolds number introduced further dissimilarities.
To a certain degree, this may restrict direct comparisons of
the results. Additional tests were performed on a 6% scale
F/A-18 forebody section model (model 4; length = 60.2 cm
without the nose-boom) with a 3.61-cm-long and 0.32-cm-
diam cylindrical nose-boom. The baseline model without the
nose-boom had been studied extensively.5

Tests for the F-16 models were conducted for angles of
attack from 15-60 deg, mostly at /3 = 0 deg and in 5-deg
increments. For the F/A-18 model, tests were conducted for
angle of attack from 15-65 deg, again in 5-deg increments.
The tests were conducted at flow speeds from 5.1-10.2
cm/s, corresponding to a Reynolds number range of about
0.47 x 103 to 0.94 x 103 per cm. The low-test Reynolds
number ensured the flow to be laminar before separation.

III. Results and Discussions
Results of the F-16 models 1 and 2 show that the nose-

boom strongly affects the forebody vortex asymmetry. With-
out the nose-boom, the forebody flows over both models
remain visually symmetric from a = 15 to 60 deg. The effect
of the nose-boom is strongly dependent on the angle of attack.
The forebody vortex flow for model 1 with the nose boom
becomes visibly asymmetric for a's above —45 deg. The ori-
entation of the forebody vortices and the degree of asymmetry
is dependent on the angle of attack. The vortices can switch
between "left-vortex-high" and "right-vortex-high" orienta-
tions through the angle of attack range. Initially, the degree
of asymmetry increases with the angle of attack. Further in-
creasing the angle of attack, however, eventually leads to a
reduction in the vortex asymmetry. Above a = 60 deg the
forebody vortices become essentially symmetric, at least in a
time-average sense.

Details of the forebody flow are more readily revealed by
results of the forebody-section model (model 2). The flows
over models 1 and 2 are similar. For model 2, the forebody
vortex asymmetry was observed to begin at a above about 45
deg, reach a maximum at approximately 55 deg, and then
reduce significantly when a increases to 60 deg. At higher


