-
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk
provided by NASA Technical Reports Server

NASA TECHNICAL NASA TM X- 71505
MEMORANDUM _

INVEsmxcﬂgxgssos) SUNMARY OF RECEWT
EFFECT OF Ep S OF INLET FLow DISTORTI N74-17502
BC $3.25" CVCINE STABILITY (Wasa) 27 p
- CSCL 21% Uncl
as

63728 29453

NASA TM X- 71505

SUMMARY OF RECENT INVESTIGATIONS OF
INLET FLOW DISTORTION EFFECT ON ENGINE STABILITY

by Edwin J. Graber, Jr. and Willis M. Braithwaite

Lewis Research Center
Cleveland, Ohio 44135

TECHNICAL PAPER proposed for presentation at
Twelfth Aerospace Sciences Meeting sponsored by
' the American Institute of Aeronautics and Astronautics

Washington, D.C., January 30 - February 1, 19741—

REPRODUCED BY o S
ATIONAL TECHNICAL
IEFORMATION SERVICE

$. DEFARTMENT OF COMMERCE
us DSPRINGHEI.B. YA 22161

A\


https://core.ac.uk/display/42898194?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

ABSTRACT

A review is presented of recent experimental results, analytical pro-
cedures and test techniques employed to evaluate the effects of inlet
flow distortion on the stability characteristics of representative
afterburning turbofan and turbojet compression systems. Circumferential
distortions of pressure and temperature, separately and in combination,
are considered. Resulting engine sensitivity measurements are compared
with predictions based on simplified parallel compressor models and with
several distortion degeriptor paramaters.
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SUMMARY OF RECENT INVESTIGATIONS OF INLET FLOW DISTORTION EFFECT ON
ENGINE STABILITY

by Edwin J. Graber, Jr. and Willis M. Braithwaite
NASA~Lewis Research Center

Cleveland, Ohio

INTRODUCTION

In the development of an airbreathing propulsion system allowances
must be made for the effects of inlet flow non-uniformities on engine
stability. These flow distortions are detectable at the engine-inlet
interface plane as variations in temperature and/or pressure. There
are many factors which can contribute to the formation of such dis-
tortions. Typically, pressure distortions result from operation at
high angles of attack and/or vaw, from wakes from nearby aircraft, and
through inlet boundary layer iInteractions. Temperature distortions may .
result from armament firing or the ingestion of hot exhaust gases from
thrust reversers, from steam driven catapults used on aircraft carriers,
or from the exhaust plumes of nearby aircraft. In addition, tempera-
ture distortions or combined pressure and temperature distortions may
enter intermediate or aft compressors in the more complex two and three
spool compressor systems as the result of inlet pressure distortions.
Increasing the design compressor surge margin to accommodate these: un-
known inlet distortions may result in an arbitrary reduction of engine
performance accompanied by an increase in engine weight. Thus, the
allocation of surge margin required for inlet distortions must be
assessed as closely as possible without compromising engine stability.

During the past several years, NASA Lewis Research Center has been
conducting a program to determine the effect of inlet flow distortions
(both temperature and pressure) on the stability of several gas turbine
engines (e.g., refs. 1 through 13). This paper is an extension of
ref. 1 and presents the results of the steady~-state circumferential
temperature and pressure distortion tests conducted on two representa-
tive gas turbine engines;- - a simple one=spool turbojet (J85-GE-13)
and a two-spool turbofan (TF30-P-3). Both the empirical approach of
employing a distortion index to establish the distortion sensitivity
or the stability limit of an engine and a comparison with the predicted
results using parallel compressor theory are presented.



Apparatus and Procedure 2

For the J-85 engine, surge data was obtained for circumferential
pressure distortions of 60%, 90°, and 180° extents; temperature dis-
tortions of 90°, 1809, and 270° extents; and combined pressure and
temperature distortions of 180% extent each, arranged with 0°, 90°,
and 180° of overlap. Pressure distortions were created by placing
screens of various porosities and extents in the inlet duct approxi-
mately one duct diameter upstream of the engine face. The resulting
pressure distribution at the engine-inlet interface plane was measured
using six evenly spaced total pressure rakes ot five elements each.
Temperature distortions were generated using a gaseous hydrogen burner
(ref. 1) located approximately four inlet duct diameters upstrcam of
the engine face. This burner was divided into four 90° guadrants each
controlled independently through the regulation of its hydrogen flow
rate. Twelve rakes of five thermocouples each and four rakes of two
total pressure probes each were used to measure the resulting distor-
tion patterns at the interface plane. The details of the installation,
instrumentation, engine modifications made, and testing procédures are
given in ref. 3 for the pressure distortion tests and in ref. 4 for the
temperature distortion tests. Engine surge in both cases was induced
by gradually reducing the exhaust nozzle area and thus increasing the
compressor back pressure at a constant rotor speed until stall occurred.

The TF30 data includes circumferential pressure distortions of 1200,
1800, 24005 and 300° extents and temperature distortions of 900, 1800,
and 270° extents. The pressure distortions were generated using the
air-jet system described in ref. 5. Basically, this system consists
of a series of forward facing air jets. By flowing high pressure air
through some of the jets, the desired flow pattern was created. In-
creasing these flow rates increased the amplitude of the distortion.
Pressure distributions at the inlet-engine interface were measured
using eight equally spaced total pressure rakes of five probes each.
The temperature distortions were generated using the hydrogen burner
as for the J-85., Resulting distortion patterns at the inlete-engine
interface were measured using sixteen equally spaced rakes, eight with
five thermocouples each and eight with two thermocouples and five total
pressure probes each (see ref. 2). Details of the installation, in-
strumentation, and testing procedures are presented in ref. 6 for the
pressure distortion tests and in ref. 2 for the temperature distortion
tests. FEngine surge was induced in both cases by increasing the
amplitude of the inlet flow distortion until surge occurred.

Data Correlation with Distortion Indices

One approach to the problem of relating the severity of the inlet
flow distortion to the resulting loss on surge margin is through the
use of distortion indices. A wide variety of pressure distortion in-
dices are in use throughout the industry today (e.g., refs. 14 through
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19) . The resulting variaticns in the form of the indices hss made it
extremely difficul® tc compare the work of different investigators.

In this paper, the subjsct J85 and TF.-30 data arc presented and com-
Fared in terms of the basic AP/P (i-e., (Pyve - Pmin) /Pavz) and AP/Q
(i:e-, (Paye - Pqin}/Qaye) forms which are related to the mcre cenmenly
used indices rneted in Tabie I for the basic square wave circumferential
distortion patterns considered herein. This was dona in crder tc show
the degree of data correlation achieved with as iittle ccnfusion as
possible. The rafaticnships of Jabie { ecan be used tc calcoviare an
approximate value of any #f the 1listed indices from the data presented.
Although the actual circumferential profiles are nct perfectly square.
& reasonable approxaimation to the index sncould result.

One interesting chscrvation cun be made from Table 1. The weight-
ing of tha extent cf the distcridicn term, ©7 , variascensiderably From
index to index. Since many of the indices ciied were developed for
and presumably best correlate the stall data of a specific engine de-
sign, it appears that a fixed weighting of the extent term in any uni-
versally applied distcriion index 1s net 2 reascnabie goal.

The authors know of no temperatire distcrticn index which has been
developed and substantiated by a significant quantity of data. Thus,
the basic AT/T (i-e., (Tpgx ~ Tayz)/Llgye) Farameter will bg used i?Atnls
Bxp#y . In addition. a speed correction to this werm which is irpiled
by parallel compresscr thzory will be presented.

As with the distortion indices. there are several ways t¢ evdluate
the loss in surge pressure ratic due to distortion (i.e. APRSY. Two
of these methods are rresented since they are the mest commoniy empicyed
definitions. The first definition of APRS 1z givan as the percentage
Joss in surge pressure ratio at a constant ccrrected airflgw. Rofer
ring to figure 1, +the caizulatisn becomes: ‘

PRg —
APRS = ,___E{_;E‘_P_Eﬁv x 100 (1D
B

All symbcls are defined in the Symbol List at the end of the paper-
The other definitien is the percentage loss in surge pressure ratic
at a constant corrected speed. nr in terms of the nomenclature =f fig.
1:

PRe -~ PRa

X 100 ' i2)
PRe '

s |
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This definition is the one suggested by the parallel compressor theory
as will be shown later in the paper. The data will Dbe presented
using both definitions.

Parallel Compressor Madel

The parallel compressor model used herein to predict the loss in
surge pressure ratio for the J85 and the TF-30 is the same as that
presented in ref. 1. A review of this model is presented bhelow.

Parallel Compressor Theorvy

In parallel compressor theory, it is assumed that for distorted
inlet flow, the compressor may be segmented into a series of sub-
compressors ¢ach operating independently of one another and each as-
sumed to have the same performance characteristics as the undistorted
compressor. Since they all discharge into a common plenum, their exit
static pressures are assumed identical. Compressor surge is then
assumed to occur when any one of these sub-compressors reaches its
undistorted surge pressure ratio.

For the J85 engine, an additional assumption was added based on
experimental results. The compressor exit total pressure was observed
to be uniform at the compressor exit plane., This non=standard ASSUMpD-
tion for parallel compressor theory simplified its application. The
eventual result is a relatively simple relationship between the loss in
surge pressure ratio to the basic AP/P and AT/T parameters. More
detailed discussion is provided in a subsequent section.

Application of the Model

The general application of the parallel compressor model to a
simple one-spool turbojet engine such as the J85 is illustrated in fig.
2. Shown in this figure are the compressor maps required for the paral-
lel compressor analysis and a cross-section of the compressor inlet
illustrating the distortion pattern being considered. Here, the undis-
torted quadrant is labeled as gquadrant *(" and its corresponding oper-
ating point (sub-compressor number one) is located on the upper map.
Adding a pressure distortion (pressure decrement) moves the operating
point along a constant corrected speed line to point "2" on the map.
This corresponds to the operating point of sub~compressor number two.
Next, imposing a temperature distortion (temperature increment) results
in a shift from point "2" to point "3" at a constant exit static-to-
inlet total pressure ratio to a lower corrected speed (sub-compressor



number three). The alternate path from "1™ to "4r to "3* could be
traced in a similar manner by first imposing a temperature and then
a8 pressure distortion. Corresponding cperating peints on the com-
pPressor performance map based on an exit total-to inlet total pres-
sure ratio (lower curve) are Tgwwd using the corrected airflcws and
corrected speeds from the upper curve.

It should be noted that in practice, it is first assumed which
sub-compressor is cperating at the surging condition, since according
to the theory, compressor surge cccurs when any of the sub-compressors
operates on its clean inlet surge line. This point is found as the
intersection of the surge line and the corrected speed line. Knowing
the spatial variation in inlet total temperature and pressure at the
surge point enables the determinatiocn of each of the remaining sub-
compressor operating points. Each of these sub-compressors should
then be operating below the surge iine. If this is not the case, then
the initial guess as to the critical sub-compressor is in errcr and a
new critical sub-compressor then has to be selected and the prosedure
repeated.

The parallel compressor model was also applied to the TF-30, a
two-spool turbofan engine, for the temperature distortions. This
compressor was divided into three units: a three-stage fan and a
nine- (3+6) stage low pressure ccmpressor on one spool and a seven-
stage high pressure compressor on the other spool. The fan was con-
sidered to be the tip portion of the first three stages and the low
pressure compressor, the hub portion of the three-fan stages plus
the next six low compressor stages. The parallel compressor solutions
for the three compressor units were established using experimentally
measured exit static-fo-inlet total pressure ratics across each unit.
In each case, the assumption of constant exit static pressure was
verified by the experimental data.

Simp}ified Model

As previously noted, a simplification of the parallel compressor
model was developed in ref. 1 specifically for the J85 engine. 1In
addition to the usual assumptions of the parallel compressor theory,
the following assumpticns were made:
1. The compressor exii total pressure is uniform.
2. The compressor surge pressure ratio#zrirs linearly with ccrrected

speed over the range of interest, i.e.,

PRS = AN/{§ + B 3)



3. The distortions were small encugh in ; - .itude to allcw sccond
order difference terms %nd higher to b2 negiected (i.c¢., terms
such as {AT/T)¢, (AP/P)<,/ T/T)w(AP/P). etc ).

It was found that fcr the general case of combined temperature and
pressure distortions, the loss in surge pressure ratic is g-ven by

1 AT
APRSN=£“§+ T (1)
|+ AN
where
_A_‘?‘_ ’Pme."?v. (5)
.P ?JN‘(-‘._
and

AT -TE-' oNe

T "ﬁha

(6)

Here, k indicates the condition at the inlet to the sub-compressor

which induced the surge. TFor the case of .veriapping temperature and
pressure distortions, it was determined that urge 2.ways originates in
the region where Pk = Ppin and Tk = Ty (i e., the cverlapped region-
quadrant 3 in fig., 2}. For non-overlapping patterns, P = P .. and

Ty = Tay if surge is induced in the temperature distortion region. Con-
versely, Py = Ppip and Ty = Tpin if surge is induced in the pressure dig.
tortion region. The loss in surge pressure ratio, APRSN , in this case
1s the larger of these two calculated APRY wvalues. Pressure distertion
only and temperature distcrtion only thus bzccme specific cases with
AT/T = 0 and AP/P = 0, respectively



Results and Discussion
{
The results of applying both the reduced distortion indices and the parallel
compressor theory to the pressure and temperature distortion surges of both the
J-85 and TF30 engines are discussed below,

Turbojet Engine (J-85)

I
Consider first the results of the pressure distortion surge tests, The
loss in surge pressure ratio evaluated at a constant corrected speed, APRS
as a function of the amplitude of the distortion pattern (i,e, AP/P) for the
circumferential distortion patterns tested is shown in figure 3. Also shown
is the parallel compressor prediction, As can be seen, the predicted relation-
ship between APRS, and AP/P is a reasonable one for this engine,

Evaluating the loss in surge pressure ratio at a constant corrected
airflow, APRS,, , and maintaining the same measure of the distortion
amplitude (i,e, AP/P) resulted in a marked scattering of the data (figure 4).
For this definition, sizeable corrections for the effect of extent and corrected
speed would be required to reduce the data to one curve, However, to accurately
determine these corrections, it would be necessary to obtain considerably more
surge data,

Using a AP/Q parameter with either APRS, or APRS,(figures 5 and 6
respectively) does not appear to offer any improvement in the degree of data
correlation, Trends due to the extent of the distortion and the corrected
speed appear to be present but would require additiomal data to determine
accurately,

Next, consider the results of the temperature distortion tests, The loss
in surge pressure ratio as a function of the basic AT/T parameter is shown in
figures 7 and 8 for the two definitions of APRS. WNeither APRS definition appears
to offer a simple relationship for all extents and speeds or to offer an advantage
over the other, Although the data appear to separate into two linear groups in
both figures, neither the extent of distortion nor the corrected speed is
common to either group. The speed correction implied by the simplified
parallel compressor model (equation 4) is applled to the basic AT/T parameter
in figure 9, For extents greater than 90° the data agree fairly well with
parallel compressor predictions while the 90 extent data fall along a line
parallel to but to the right of the predicted values, It is possible that
the values of AT/T calculated in this case should be corrected due to the
circumferential profile shape. As can be seen in figure 10, the temperature
distribution for the 90° extent distortion case deviated considerably from
the ideal square wave pattern assumed in the parallel compressor model,
There is also the possibility that the 90° extent is less than some minimum
extent similar to the minimum extent found for the case of pressure distortions,
noted in references 3 and 20,



Although the combined pressure and temperature distortion data are
discussed in reference 1, the data will also be re-presented here for the
sake of completeness, A comparison of the experimentally determined and
predicted (using parallel compressor theory) APRSyvalues is shown in figure 11,
It appears that the parallel compressor model yields a reasonable estimate of
the effect of combined distortions on the engine stability,

Turbofan Engine (TF30)

In evaluating the effect of inlet flow distortions on the turbofan engine,
the interface conditions between the three compressor units must not be altered
by the test technique, Therefore, the technique of raising the operating point
by increasing compressor back pressure such as was dome in the J-85 testing was
not used, Tnstead, the minimum distortion level was found which would induce
compressor surge by slowly increasing the amplitude of distortion while keeping
the engine variables such as bleeds and nozzle area in the standard position.
The results of the pressure distortion - engine surge tests in terms of the
limiting AP/P and AP/Q values are shown in figures 12a and 12b respectively.
A log-log plot of either AP/P or AP/Q versus the extent of distortion
(figs, 1l3a and 13b) indicates that the weighting factor for extent which would
reduce these data to one curve is simply &  in both cases, This weighting
is included in both the K,; and Kg indices (see Table I) which were
developed specifically for this engine design. ‘

Limiting levels of temperature distortion in terms of AT/T at surge
are plotted in figure 14 as a function of engine corrected speed. No simple
weighting of the extent term could be determined from a log-log plot of

A\ T/T versus extent,

As might be expected the distortion levels required to surge the engine
for either temperature or pressure distortions decreased as the angular extent
of distortion increased, For the 180° extent pressure distortions,at 90%
corrected speed, about 6.47% AP/P was required to induce surge, In comparison,
for the temperature distortions, at 90% corrected speed, about 8,17 AT/T
resulted in engine surge, Thus, the TF30 was slightly more sensitive to
pressure distortions than to temperature distortions,

As mentioned previously, a parallel compressor model was applied to the
TF30 temperature distortion data and typical results for a 180° extent
pattern are shown in figure 15, As seen in figure 152, neither of the fan's
parallel subcompressors is operating close to the surge line, However, for
both the low pressure compressor and the high pressure compressor units, one
of their subcompressors is operating near the surge line (figs. 15b and 13c).
These results imply that both units are critical, Examination of time histories
of the inlet and exit pressures of each unit (see ref, 2) indicates that the
low pressure compressor developed rotating stall which was followed by complete
flow breakdown in the high pressure compressor, Thus, the parallel compressor
model was found to be a useful tool for understanding the behavior of the more
complex compressor systems such as the TF30,



Summary of Results

The J-85 pressure distortion surges can be predicted reasonably well

using the parallel compressor theory, As indicated by the theory, defining
the loss of compressor surge pressure ratio at a constant corrected speed
results in the best correlation with AP/P,

The J-85 temperature distortion surges are predicted reasonably well for
the above 90° extent distortion patterns., There is, however, disagreement
for the 90° extent data which may be attributable to the pattern.shape.

Correlation of the loss in surge pressure ratio with the basis AT/T
parameter for the J-85 revealed no advantage in using either a constant
corrected speed or constant corrected airflow definition of APRS.

Combined pressure and temperature distortion effects on the surge
pressure ratio of the J-85 were in reasonable agreement with the
parallel compressor model,

The stability limit of the TF30 engine could be correlated using either
((AP/P)-© Yor ( ( AP/Q)- &~ ) for the pressure distortion

induced surge data,

The TF30 was slightly more sensitive to pressure than to temperature
distortions,

Parallel compressor theory was found to be a useful tool in analyzing
surge data for both engines,
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Symbols

Slope of corrected rotor speed vs, surge pressure ratio line,

A(PRY + A(N/IE), -equation 3.

Intercept of corrected rotor speed vs, surge pressure ratio line,
equation 3,

Compressor rotor speed, RIM

Total pressure

(RvL“Pmih)/‘que

Static pressure

Compressor pressure ratio

Compressor pressure ratio at surge

Loss in surge pressure ratio, equations 1 and 2
Dynamic head

Total temperature

(T oax ~ Tave) Tave
Mass flow rate of air

Ratio of campressor inlet total pressure to standard ambient sea-level
total pressure

Ratio of compressor inlet total temperature to standard ambient sea-
level total temperature,

Circumferential extent of the below average pressure region,

Circumferential extent over which pressures are averaged,

Subscripts

ave

c

average
core
fan exit

high pressure compressor



Subscripts (cont'd)

in

k

L

min

max

out

compressor inlet
critical sub-compressor in parallel compressor theory
low pressure compressor

average of below face average quantity

.average of above face average quantity

evaluated at constant corrected speed

compressor exit

evaluated at constant corrected airflow

fan or low pressure compressor inlet
low pressure compressor exit or high pressure compressor inlet

high pressure compressor exit
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- TABLE I
REDUCED FORM OF DISTORTION INDICES FOR A SQUARE-WAVE
CIRCUMFERENTIAL DISTORTION PATTERN OF EXTENT 87

FNDEX REFERENCE REDUCED FORM
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Figure L. - Typical compressor performance map.
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Figure 2. - Compressor performance maps required to apply parallel
compressor to pressure andjor temperature distortions,
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Fiqure 8, - Loss in surge pressure ratio (evaluated at a constant
corrected airflow} due to circumferential temperature distartion.
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Figure 9. - Comparison of simplified parallel compressor results with
experimental data fer J-85 circumferential temperature distortion tests.
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Figure 11, - Comparison of parallel compressor results with
experimental data for J-85 combined temperature and
pressure distortion.
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Figure 12 - Amplitude of total pressure distortion required to surge
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