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Inlet Distortion Evaluation from Limited High-Response
Instrumentation

Stanley H. Ellis*
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Barry J. Brownsteint
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Inlet data measured with complete high-response instrumentation are used to establish a new
procedure for assessing propulsion system flow stability from tests with limited high-response in-
strumentation. The most-severe, time-variant inlet distortion levels are predicted within an uncer-
tainty band that is a function of the number of high-response probes and the turbulence level. An
appropriate distortion index is used to translate the effects of circumferential and radial distortions
into predicted surge margin loss. Substantiating data and a representatlve stability assessment are
presented. This procedure is not accurate enough for stability verification testing. It is intended for
use during the early stages of the propulsion system selection and for data validity checks during

analysis of time-variant distortion.

Nomenclature

C = a constant defined by the procedure

[ = a change in a parameter due to the difference between
the most-severe time-variant distortion and the
steady-state distortion

AP/PO = equivalent square-wave pattern intensity

ASM = loss in surge margin due to inlet distortion

ASMnc = loss in surge margin due to hub circemferential dis-

. tortion?

ASM;:. = loss in surge margin due to tip circumferential d}stor-
tion?

ASMyr = loss in surge margin due to hub radial distortion?

ASM:» = loss in surge margin due to tip radial distortion?

fO = & function of the argument enclosed in parentheses

f(n-probe) = dynamic intensification factor (defined in Appendix 5)

Kas = combined circumferential and radial distortion index®

Kps = circumferential distortion index®

Kraz = radial distortion index®

K¢ = c1rcumferent1al distortion index!

MTV = maximum time-variant

N = nondimensional index that transforms the average
turbulence level into equivalent square-wave pat-
tern intensity

n-probe = equivalent number of probes averaged in a distortion
index

Py = average total pressure at the engine-inlet interface

q = average dynamic head at the compressor inlet

R = turbulence sampling ratio = (true average turbu-

_lence/observed turbulence)
Rsq, = 5% of thé data are below this value of R

Ros 9, = 95% of the data are below this value of R
Tu = turbulence level, APrms/Pi2
Tu = face average turbulence, AP;ms/Pr2
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Subscripts

1 = upper boundary of uncertainty band
2 = lower boundary of uncertainty band
¢ = circumferential

r = radial

rms = root mean square

ss = steady-state

Introduction

PLOURDE and Brimelow identified a surge-inducing
event as the most-severe, time-varant inlet distortion pat-
tern measured with approximately 40 high-response total
pressure probes.! Because early inlet tests are generally
conducted with several low-response probes and only a
few high-response probes, a method to estimate distortion
levels with this instrumentation will add early compatibi-
lity information. The procedure presented in this paper
estimates an uncertainty band that is expected to contain
the most-severe, time-variant distortion.

Data from four model inlets and two full-scale inlets are
used to form correlations between turbulence and maxi-
mum time-variant distortion.i The general applicability
of these correlations is tested by comparison with two ad-
ditional datd sources: another model inlet and a turbu-
lence generator.

Description of the Procedure

The required parameters are: the distortion index for-
mulation, the cutoff frequencies of the compressor and the
filter used during inlet tests, the inlet model scale, the
steady-state distortion level, the number of high response
probes and the observed turbulence. A brief description of
the procedure is given below. A flow diagram. is shown in
Fig. 1. A detailed sample calculation is given in Appendix
3.

The observed turbulence is corrected to the required
frequency spectrum and then transformed into an uncer-
tainty band that accounts for sampling error.

Turbulence is transformed into equivalent square-wave
patterns. This process further increases the uncertainty
band.

{Additional information qualifying these inlét data is given in
Appendix 1.
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Fig. 1 Flow diagram of procedure.

Equivalent square-wave patterns are transformed into
surge margin loss using an appropriate distortion index.
Circumferential and radial distortions are combined using
the root-sum-square of the individual effects. An addition-
al factor is included in this transformation if the distor-
tion index value is controlled by fewer than 15 probes.§

The surge margin loss due to turbulence is combined
with the surge margin loss due to steady-state distortion.
For a particular application, the procedure simplifies to

C1Tu)

ASM = ASM, + (
Where C; and C; define the upper and lower limits of the
uncertainty band.

Typical Results

Typical results obtained from tests with limited instru-
mentation are shown in Fig. 2. The shaded bars in Fig. 2
show a wide range of uncertainty in estimated surge mar-
gin loss (the same order as the surge margin allocated for
inlet distortion). Only qualitative conclusions can result
from the uncertain information shown in Fig. 2; for exam-
ple, the expected level of inlet distortion is sufficiently
close to the allocation to warrant further testing with im-
proved instrumentation.

Although only two high-response probes are used for the
stability assessment shown in Fig. 2, the test instrumen-
tation included 40 high-response probes. The most severe
distortions measured with the complete, 40 probe instru-

Table 1. Maximum time-variant distortions
measured with complete instrumentation
compared with estimates based on two
high-response probes

ASM Used by distortion
ASM Allocated for distortion

Most-severe Estimated Midpoint of

Mach  time-variant uncertainty uncertainty
number distortion band band
0 0.80 0.72-1.89 1.31
0.6 0.60 0.47-1.42 0.95
0.9 1.12 0.59-1.40 0.99
1.2 0.62 0.59-1.28 0.94
1.6 0.63 0.59-1.39 0.99
2.2 0.64 0.54-1.27 0.90

Maximum .

value 1.12 0.47-1.89 1.31

~ §For example, the distortion index [(max-min)/average] is con-
trolled by two probes: the maximum probe and the minimum
probe.

Fig. 2 Inlet/engine compatibility assessment with limited in-
strumentation.

mentation are compared in Table 1 with estimates based
on two probes.

All measured time-variant distortions in Table 1 fall
within the uncertainty band. This substantiates the pro-
cedure because the inlet data and the distortion index
used for this typical stability assessment were not used in
the procedure formulation. However, these data also show
that an inherent lack of precision can result in misleading
conclusions if only point estimates are presented. For ex-
ample, if the stability estimates shown in Table 1 were
presented only in terms of the midpoint of each uncer-
tainty band, then two incorrect conclusions may be
reached. First, a nonexistent inlet-engine compatibility
problem would be indicated at Mach 0; second, a problem
at Mach 0.9 would not be disclosed.

Formulation of the Procedure

Turbulence Filtering and Scaling

Pluorde and Brimelow used a low pass analog filter;
with a cutoff frequency equal to engine rotor speed, to
match time-variant inlet data to the response of a TF30
engine.! Turbulence measurements used for stability
analysis should also be filtered to match compressor re-
sponse.

The curve shown in Fig. 3 shows a typical relationship
between filter cutoff frequency and the turbulence level
generated from a model inlet test at Mach 2.2 and
matched ram recovery.? Although this relationship
changes as the frequency distribution of turbulence
changes, the effect is sufficiently small to justify the gen-
eral use of the curve in Fig. 3 for correcting turbulence to
the desired filter frequency.

Model inlets have a different turbulence frequency
spectrum than full-scale inlets. Compensation for this dif-
ference is made by increasing the filter frequency during
model inlet testing. Turbulence data must be translated
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Fig.3 Correction to turbulence for filter cutoff frequency.
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Fig. 4 Turbulenée sampling error Boundaries.

from the filter frequency used during model tests to that
required to match the response of a particular compressor.
This translation is accomplished in two steps. First, the
cutoff frequency of the filter used during model tests is
transformed into an equivalent full-scale frequency; sec-
ond, the appropriate correction is made to the turbulence
level using Fig. 3. The currently accepted procedure to
obtain an equivalent full-scale frequency is to multiply
the model frequency by the model scale.2:3 An example
showing correction of model! inlet turbulence data to a de-
sired compressor response characteristic is given in Ap-
pendix 3.

Turbuience Sampling Error

" There is considerable turbulence variation across the
engine-inlet interface. Consequently, the average turbu-
lenice measured by a few high-response probes may not be
representative of the average turbulence across the entire
interface. This sampling error was investigated using tur-
bulence distribution data from 4 model inlets tested with
approximately 40 high-response probes. Probe locations
were selected that are typical of current practice: four
probes or fewer are assumed to be symmetrically located
around the center instrumentation ring only, and 8-, 16-,
and 40-probe configurations were assumed to be evenly
_distributed over the interface area. Upper and lower
boundaries of turbulence sampling error, which enclose 90
petcent of the data, are shown in Fig. 4 as a function of
the numbeér of high-response probes. This relationship is
used for transforming an observed value of turbtlence into
an uncertainty band expected to contain the true face-
average turbulence value.

Correlation Between Turbulence and Square-Wave Distortion
Patterns

The approach used to relate turbulence level to loss in
stability is to translate turbulerice into equivalent inlet
patterns that have the same effect on compressor stabili-
ty. These patterns are then transldated into surge margin
loss. using the distortion index for the particular engirie or
compressor being analyzed. Because most distortion in-
dices are established from tests with simple circumferen-
tial and radial square-wave distortion patterns, the inten-
sity of these patterns forms a convenient interimediate de-
scription of the effect of turbulence on propulsion-system
flow stability. ‘

Both- circumferential and radial equlvalent squdre-wave
patterns are defined as those patterns giving the greatest
loss in. surge margin for the particular application. For
circumferential distortion; the equivalent. pattern pro-
duced by turbulence is a square-waveé pattern, which is
in-phase with the steady-stdte inlet pattern and has a
low-pressure region with an extent that gives the largest

J. AIRCRAFT

loss in surge margm For radial distortion, the equivalent
pressure intensity is either added to or subtracted from
the steady-state pressure. An add or subtract decision is
made at each radial station to give the greater estimated
loss of surge margin..

The turbulence level is transformed into equivalent
square-wave pattern intensities usihg an empirical trans-
formation index N. The equ1valent circumferential pat-
tern intensity is defined in terms of [(maximum-mini-
mium)/average] pressure

i 5AP/PO, = + NTu — (~NTu) = 2NTu @)

The equivalent radial pattern inténsity is defined in terms
of [(face average-ring average)/face average] pressure

8AP/Pa, = NTu (3)

‘Empitical values of the transform 1ndex N ‘were ob-
tdained through analysis of time-variant inlet data in terms
of the distortion indices Ky and K,q2. A 180° extent cir-
cumferential pattern gives the largest surge margin loss
with Kj. The largest surge margin loss with K42 is ob-
tained with a radial pattern that moves the combination
of the steady-state and equivalent square-wave patterns
further from a predetermined base radial profile. For
these square-wave patterns the distortion index formulae
can be simplified and combined with Egs. (2) and (3)
yielding

For circumferential distortion

NTu = 0.786 6K,(q/P ) (4)
For radial distortion
Nfu = 6K,;5(q/P) (5)

Equations 4 and 5 were used to determine values of the
transform index, NN, shown in Fig. 5. Figure 5 includes
data from two full-scale inlets tested at Mach 0 and four
model inlets tested over the Mach number range from 0.6
to 2.5.

An appremable variation in the transform index is
noted. This is possibly caused by differences in turbulence
distribution and cross correlation. There is no significant
difference between the equivalent citcumferential and ra-
dial distortions produced by turbulence. Also, the varia-
tion of the, transform index with Mach humber is small
and ill defined. Therefore, the transformatlon between
turbulence and équivalent pressure patterns is represent-
ed by an uncertainty band that applies to both circumfer-
entidl and radial distortions and is independent of Mach
number. The resultant transformation is: for each 1% of
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Fig. 5 Correlation between turbulence and square-wave dis-
tortion patterns.
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Fig. 6 Substantiation of uncertainty boundaries.

inlet turbulence, the maximum circumferential or radial
equivalent square-wave patterns are expected to have in-
tensities between £0.4% AP/P and +1.9% AP/P.

Translation to Surge Margin Loss

The effect of circumferential and radial distortions on
compressor stability is conveniently described by the.ap-
propriate distortion index. All known distortion indices
can be translated to the form of Eq. (6) which separates
surge margin loss into circumferential and radial ele-
ments.

ASM = ASM, + ASM, (6)

Transformation between turbulence and equivalent
square-wave patterns yields either the most-severe, cir-
cumferential pattern or the most-severe, radial pattern. It
is very unlikely that both these patterns exist simulta-
neously. Because Eq. (6) applies only to superimposed
patterns, another method is required for combining the
effects of the most-severe circumferential and radial pat-
terns. A statistical approach based on combined normal
distributions is discussed below.

The combined distribution of two independent random
variables, which have normal probability density func-
tions, can be expressed in terms of a new variable having
a mean equal to the sum of the means and a standard de-
viation equal to the root-sum-square of the individual
standard deviations.* The difference between steady-state
and time-variant circumferential distortion indices ap-
proximates a normal distribution with a mean of zero.®
The corresponding radial distortion distribution has not
been investigated; however, it is also expected to be nor-
mal because the circumferential and radial data shown on
Fig. 5 are similar. A hypothesis for combining circumfer-
ential and radial distortions due to turbulence is based on
the assumption of independent normal distributions hav-
ing zero means. This hypothesis is defined by Eq. (7) and
is verified if measured, complex, inlet patterns cover the
range of the uncertainty boundaries.

5ASM = (5ASM 2 + 5ASM, ) /2 "

Substantiation

Applicable Up to Mach Number 2.5

The most-severe, time-variant pattern of the approxi-
mately 1000 inlet patterns analyzed for each data point is
compared in Fig. 6 with the upper and lower boundaries
of the uncertainty band calculated by this procedure. The

within the defined uncertainty band.

data are normalized so that maximum time-variant pat-
terns that produce the same loss in surge margin as the
lower and upper boundaries of the uncertainty band are
plotted on Fig. 6 at ordinates of 0 and 1.0, respectively.
Figure 6 includes 700 data points from 5 model inlets and
2 full-scale inlets. Turbulence data are sampled with two
diametrically opposed probes at each of four circumferen-
tial locations. Data are analyzed in terms of four circum-
ferential distortion indices, three radial distortion indices,
and two indices combining circumferential and radial ef-
fects.

It is concluded from Fig. 6 that the procedure is sub-
stantially independent of Mach number because the data
span the range of the uncertainty band at Mach 0.9 and
2.2. Data at all Mach numbers are, therefore, combined to
investigate the effects of other variables.

Data from turbulence generator tests are added to the
inlet data shown in Fig. 6 to give the cumulative distribu-
tion shown in Fig. 7. The large proportion of data (96%)
contained within the uncertainty band in Fig. 7 substan-
tiates the procedure and verifies the hypothesis for com-
bining circumferential and radial distortions due to turbu-
lence.

The skewed distribution of Fig. 7 leads to three possible
answers for the best point estimate of the destabilizing
effects of turbulence. The maximum limit of the uncer-
tainty band gives the least risk of an undiscovered incom-
patibility. The mean gives the least mean-square error.
The midpoint of the uncertainty band gives the lowest
error range. The midpoint and the range of the uncertain-
ty band are recommended for presenting the results of
early inlet model tests on a propulsion stability develop-
ment curve.®
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Fig. 9 Comparison with flight data measured with two high-
response probes.

Usable With All Distortion Indices

Figure 8 shows the substantiating data sorted into dif-
ferent distortion indices. Because the data scatter is simi-
lar, it is concluded that this procedure is applicable to all
known distortion indices.

Circumferential distortion indices ASM;. and ASM,,
consider distortions at the hub and tip of the compressor,
respectively; these contrast with Ky, which uses a weight-
ed average of the distortion across the compressor face.
These three distortion indices show similar data trends,
which suggests that the same relationship between turbu-
lence and an equivalent circumferential pressure pattern
holds from hub to tip. Consequently, this procedure is ap-
plicable to the stability analysis of the core compressor of
a high bypass-ratio engine after appropriate corrections
are made for the transfer of distortion across the fan hub.

Applicable to Flight Data

Van Deusen and Mardoc presented TF30/F111 stability
data as the loss of allowable steady-state distortion with
increasing inlet turbulence.®

Most of these data lie within uncertainty boundaries
defined by this procedure, as seen in Fig. 9 and 10. This
further substantiates the general applicability of this pro-
cedure.

Use of the Procedure for Time-Variant Data
Validation

Analysis of time-variant distortion requires an automat-
ic data validation procedure because undetected malfunc-
tions—in either the instrumentation or the data reduction
equipment—will result in false information processed at a
rapid rate.

Continuous monitoring of two parameters is suggested
to point out areas where more sophisticated data validity
checks are required. The maximum level of time-variant
distortion can be continuously updated and compared to
the boundaries defined by this procedure. Exceeding the
boundaries indicates an error. The average value of time-
variant distortion can also be monitored and must be
equal to or greater than the steady-state distortion. Fail-
ure of this condition also indicates an error.

Summary and Conclusions

A procedure has been established and substantiated to
estimate propulsion system flow stability from inlet tests
with limited high-response instrumentation. It is applica-
ble to all engines and all inlet data analyzed so far.

The accuracy of estimating surge margin loss is insuffi-
cient for stability verification but is adequate for early
inlet studies.

This procedure is recommended for assessing flow sta-
bility during propulsion system selection and for automat-
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Fig. 10 Comparison with data measured with 40 high-re-
sponse probes.

ic data validation during analysis of time-variant inlet
data.

Appendix 1: Data Base

Data from two-dimensional, external shock inlets were
selected at matched ram recovery and the severe angles of
attack and sideslip typical of fighter-aircraft operation.
Approximately 1000 inlet patterns were defined for each
operating condition. These time-variant data were
screened to identify the most severe distortion patterns
using distortion indices, which represent stability charac-
teristics of several compressors. A total of 48 operating
conditions are anlayzed in terms of four existing distortion
indices. Six of these are also analyzed in terms of five dis-
tortion indices, which are elements of a candidate Univer-
sal Distortion Descriptor.

Appendix 2: The Relation Between Distortion Indices
and Equivalent Square-Wave Patterns

Most distortion index formulae are simplified by trans-
formation into an equivalent square-wave format. An ex-
ample of such a transformation is given in Ref. 7. The
equivalent square-wave format of several existing distor-
tion indices is given below:

"~ A circumferential 180° square-wave pattern of ampli-
tude + N Tu gives

8K py = 27,000NTu 6K, = 1.2TNTu/(1q/P,,)
A radial square-wave pattern of amplitude +N Tu
gives
NTu
q/P £2

The combination of radial and circumferential square-
wave patterns, both of amplitude £ N Tu, gives

6I<7112 =

(1.613 + bH)L/2NTy
q/Ptz

where b is an empirically derived factor for weighting the
radial component of distortion.®

OK 5 =

Appendix 3: Sample Calculations

A sample calculation is presented below. It describes
the use of this procedure with a candidate Universal Dis-
tortion Descriptor. This distortion descriptor formulation
is given in Ref. 7 with an expanded version of this sample
calculation.

A Yth scale-inlet model is tested at Mach 2.4 with full
low-response instrumentation and two high-response
probes. Turbulence data are passed through a low-pass fil-
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Fig. 11 Equivalent circumferential and radial square-wave
patterns due to turbulence.

ter with a cut-off frequency of 4000 Hz; the filter cut-off
frequency-matching the compressor response is 200 Hz.

The observed turbulence is: Tu = 0.023 AP/ P;2.

The loss in surge margin due to steady-state distortion
iS: ASMss = 0.029.

1) The equivalent full-scale cutoff frequency corre-
sponding to the filter used in the model tests is the prod-
uct of the model scale and filter frequency: equivalent
full-scale frequency = (%)(4000) = 570 Hz; from Fig. 3:
[Tu(s70)/Ttt(100)] = 1.37; entering Fig. 3 at the. desired
full-scale filter frequency [Tw(200)/T%(100)] = 1.19. The
turbulence corrected to 200 Hz is derived by

Tt 500,/ Tt 1.19
2002200 7y, = $220.023 = 0.020
Tutstoy/ Tt 199y 0 = 1.37

2) The corrected turbulence is transformed into an un-
certainty band to account for sampling error. Entering
Fig. 4 at 2 probes: R5q, = 0.824, Rosq, = 1.475.

The upper boundary of interface average turbulence is:
Tuy = (1.475)(0.020) = 0.0295.

The lower boundary of interface average turbulence is:
Tuy = (0.824)(0.020) = 0.0165.

3) The products of the upper and lower turbulence
boundaries and the respective uncertainty boundaries of
the turbulence transform index shown in Fig. 5 define the
over-all upper and lower boundaries of the equivalent
square-wave intensities:

Upper boundary of square-wave intensity is: (N Tu)y =
(1.9)(0.0295) = 0.0561.

Lower boundary of square-wave intensity is: (N Tu)y =
(0.40)(0.0165) = 0.0066.

4) The distortion index formula is changed to a suitable
form for transforming equivalent square-wave patterns
into the corresponding surge margin loss. If the index is
controlled by fewer than 15 probes, the dynamic intensifi-
cation factor, discussed in Appendix 5, is included in the
transformation. The circumferential element of the distor-
tion descriptor is controlled by eight probes. Entering Fig.
12 at eight probes gives a dynamic intensification factor,
f(n-probe), of 1.17 for circumferential distortion. The radi-
al element of the distortion descriptor is controlled by 10
probes. Entering Fig. 12 at 10 probes gives a dynamic in-
tensificiation factor of 1.11 for radial distortion. These in-
tensification factors are applied to the distortion correla-
tion developed from tests with square-wave screens to ob-
tain the estimated surge margin loss from the most severe
circumferential and radial patterns caused by turbulence.

Tu 300y =

6ASM, = (2NTu)(0.49)(1.17) = 1.15NTu
5ASM, = (NTu)(0.51)(1.11) = 0.56 NTu

Where (0.49) and (0.51) are empirical constants defined
by the distortion correlations that convert square-wave
distortions to surge margin units.
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5) Circumferential and radial distortions due to turbu-
lence are now combined using Eq. 7:

SASM = NTu(1.152 + 0.562)1/2 — 1,28 NTu

6) The square-wave intensity boundaries defined in step
3 are transformed into surge margin losses using the rela-
tionships defined in step 5. These boundaries of dynamic
surge margin loss are added to the steady-state value to
define an uncertainty band of total surge margin loss.

ASM = 0,029 + 1.28'(0'056) _ (0' 101‘)

0.007 0.038
Maximum estimated surge margin loss = 10%
Midpoint surge margin loss = 7%
Minimum estimated surge marginloss = 4%

Appendix 4: Estimating Propulsion System Flow
Stability When High-Response Data Are Not Available

Data from five, two-dimensional, external shock inlets
are presented in Fig. 11. This curve may be used to pro-
vide some assessment of the expected range of maximum
time-variant distortion when only low-response data are
available. A sample calculation illustrating the use of this
curve is given in Ref. 7.

Figure 11 and Eq. 2 show that turbulence can produce a
very significant square-wave distortion of 12% (max-min)/
av or an insignificant 1%. The wide data scatter empha-
sizes the need for high-response instrumentation.

Appendix 5: The Effect of Distortion Index
Formulation on Dynamic Distortion Measurements

A typical sample of dynamic inlet data is analyzed in
Ref. 2 in terms of two simple distortion indices that repre-
sent circumferential square-wave patterns. One of these
indices is controlled by two probes (Pmax — Pmin)/Pav,
and the other is controlled by six probes (Phign — Piow)/
P,,. The index controlled by two probe readings gives 60%
greater dynamic distortion increment than the index con-
trolled by six probe readings. A similar investigation, un-
dertaken during the formulation of this procedure, is dis-
cussed below.

Model inlet data with 40 high-response probes are ana-
lyzed in terms of five distortion indices to establish rela-
tionships between turbulence and equivalent square-wave
inlet patterns, similar to Fig. 5. As expected, the indices
controlled by fewer probes indicate higher equivalent
square-wave distortion levels than are obtained from the
same data analyzed in terms of indices containing more
probes. The results of this study are normalized to give
the empirical relationship shown in Fig. 12. The ordinate
of Fig. 12 is a dynamic intensification factor f(n-probe)
which is defined as:

1.6

1.5

14

13 \
1.2

f(n-probe)

0 5 10 15 20 25 30

EQUIVALENT NUMBER OF PROBES AVERAGED IN
THE DISTORTION INDEX

Fig. 12 Dynamic intensification factor.
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f(n-probe) =
(Equivalent square -wave obtained from dynamic data)
by a distortion index controlled by n-probes
( Equivalent square-wave obtained from the same data
by a distortion index controlled by 27 or more probes)
The abscissa of Fig. 12 is the equivalent number of probes
averaged in the distortion index. The equivalent number
of probes is equal to the actual number of probes when
probes are equally weighted. For “n”’ unequally weighted
probes with probe “i” having weight W;, and a maximum
probe weight of Wyax, the equivalent number of probes is
defined by Eq. 8.%*

n
W,
=1 !

Wi ®

The dynamic intensification factors determined from
Fig. 12 were used to modify the steady-state formulae of 9
distortion indices. The resultant stall margin predictions
are shown to substantiate this procedure in Fig. 8.

n-probe =
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