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Abstract

Based on theoretical considerations
and primarily on experiment it is shown
that all supersonic intakes of present
combat aircraft produce essentially two
types of swirl components of varying mag-
nitude i.e. bulk and twin swirl. Depending
on the sensitivity of the engine towards
such disturbances serious engine/intake
compatibility problems may arise, as for
example engine surge and fan vibration.

The remedial measures to overcome this
problem are described and the solution of
fenced intakes selected for Tornado is
discussed. It is expected that this in-
take modification may also be of advantage
for other high performance combat aircraft
having similar intake configurations.

Finally the relevance of dynamic total
pressure distortion as prime compatibility
parameter is qguestioned and a proposal for
an improved intake disturbance simulation
in engine bench tests is made.

e

N

Y

(:

variable ramps

2 = auxiliary air intake doors (AAID)
3 = boundary layer diverter
Figure 1. Tornado Inlet Geometry
1. Introduction
To avoid malfunction of the engine,
e.g. surge and fan vibration, the intake

flow must be of sufficient quality, espe-
cially of sufficient uniformity for the
engine to tolerate. 1In past fighter pro-
jects, this engine tolerance to intake
flow distortions was almost exclusively
based on total pressure distortion para-
meters defined at the engine face. These
distortion parameters have been defined
for steady state and for time variant con-
ditions and differ in definition from en-
gine manufacturer to enginé manufacturer.
Statistical methods had to be used in some
cases to quote "success rates" when trying
to correlate an engine surge with a pre-
ceding triggering peak in the instanta-
neous pressure distortion.
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The acquisition and analysis of in-
stantaneous distortion coefficients re-
presents a considerable effort, especially
if this is also done in flight testing, as
was the case e.g. with the F111 and the
F15. During the flight testing of the
Tornado aircraft it soon became apparent
that pressure distortion by itself, be it
steady state or instantaneous DC60, is
probably not the decisive compatibility
parameter. At least of equal importance
for the Turbo Union RB199 engine the in-
take cross-flow is considered, as will be
shown in the following.

2. "Handed" Problem

To assess inlet/engine compatibility
only steady state and instantaneous pres-
sure distortions near the compressor entry
plane were measured during early Tornado
inlet model testing. As expected, these
patterns were symmetric relative to the
aircraft symmetry plane. The magnitude of
the distortion coefficients were within
specified limits, although relatively high
both at subsonic flight/high incidence and
at high supersonic Mach numbers/low inci-
dence conditions. To minimize the risk of
intake/engine incompatibility the combi-
nation of the full scale intake and the
engine was also investigated: For sub-
sonic flight a right hand intake was in-
stalled under the fuselage of a Vulcan
bomber serving as a Flying Test Bed (FTB,
Fig. 2) while for supersonic flight speeds
a left hand intake was tested in Cell 4 of
the National Gas Turbine Establishment
(NGTE) in Pyestock, United Kingdom (UK).
Apart from occasional "rough running" of
the engine under adverse conditions, which

///,J£::>
Tornado/7 EM

fuselage simulation
-~
-

STARBOARD

Figure 2.

Flying Test Bed



was attributed to the early engine stan-
dard, no serious compatibility problems
could be clearly predicted. Therefore,
it was only after prototype flight test-
ing had started that engine surges were
consistently found for the left hand en-
gine at M < 1 / a >> 0° and for the right
hand engine at M > 1,8 / o = 0°. Besides
surge, also an increasing difference in
fan RPM of the left hand and the right
hand engines was observed with increasing
incidence at subsonic flight speeds,

Fig. 3. In summary, there seemed to be a
clear indication that the early intake/
engine incompatibility of Tornado was a
handed problem, which could not have been
readily detected by pressure distortion
measurements.
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It should be noted that even if the
right and left hand intakes had been ex-
changed in the engine tests, the incompa-
tibility would have either not emerged at
all or at least appeared in a much milder
form. This is because in the FTB the
fuselage of the Vulcan provided sufficient
shielding of the Tornado intake thus re-
ducing the effective incidence, while in
the Cell 4 tests the total pressure rake
installed ahead of the compressor face
improved the flow gquality. This flow
straightening effect was confirmed in
later model tests and prototype flying
with a rake installed.

3. Cross-Flow in Curved Pipes

After the handed compatibility prob-
lem had been encountered in (subsonic)
prototype flying, theoretical and espe-
cially experimental investigations on
this topic were initiated at the airframe
and engine manufacturers as well as at
the UK research groups NGTE and RAE.

Some of the main results are presented in
this paper.

3.1 Twin Swirl

The existence of twin swirl in flows
through curved pipes has been well known:
centrifugal forces push the higher energy
stream lines towards the outer radii of
the bend while the low energy stream
lines are in turn forced to move inwards,
Fig. 4 and 5. For example, in a thesis by
Detra in 1953 (1), this phenomenon was in-
vestigated as well experimentally as theo-
retically (inviscid) and its effect on
turbo engines, as regards performance de-
gradation, pointed out.
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In the Tornado inlet models and in the
full scale aircraft, which all had the
identical S-shaped curvature of the intake
duct, this twin swirl could be identified.
It proved to be the most stable component
of the total swirl pattern measured at the
engine face. That is, it was little af-
fected by external flow field (Mw, o) or
by internal intake modifications like flow
straighteners (see below).

As an example, Fig. 5 shows the cir-
cumferential angle (t-T) of the twin swirl
component versus intake duct radius for a
subsonic, high incidence condition and for
a simulated, high supersonic inlet ramp
geometry as measured in the low speed
1/7th scale BAe model MC2A of the unmodi-
fied inlet. For the supersonic simulation,
which was carried out prior to the actual
supersonic wind tunnel tests, the mass
flow ratio Ay/A, was approximately dupli-
cated and, of course, no shocks were pre-
sent. The twin swirls obtained from later
tests in the transonic and supersonic wind
tunnels with the 1/6,5th scale high speed
MBB model MC19 are in qualitative agree-
ment, as indicated in the same figure.
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3.2 Bulk Swirl

Bulk swirl is defined here as the cir-
cumferential mean value of the circumfer-
ential flow angles for each radius
R = const. For Tornado this swirl type
was found to be similar to a solid body
type rotation; its generation can be ex-
plained in the same way as above if only
one half of the "twins" is considered:

A region of low kinetic energy (low
total pressure) located asymmetrically at
one portion of the duct perimeter, e.q.
either at the intake cowl or at the third
ramp, is pushed towards the inner radius
of the bend while the high energy air is
moved outwards by centrifugal forces as
illustrated in Fig. 6.
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Figure 6. Generation of Intake Swirl

Fig. 6 also explains why the bulk
swirl is contra-rotational to the fan at
M, < 1, o >> 0° in the left hand engine
and at M, > 1,8, a ¥ 0° in the right hand
engine respectively. This is in agreement
with the handed occurrence of surge in
flight. Bench tests conducted by Turbo
Union and intake modifications tested in
flight by BAe also confirmed the surge
triggering effect of intake swirl being
contra-rotational to the engine fan.

In contrast to the twin swirl, bulk
swirl is rather sensitive i.e. it changes
considerably in magnitude and also in
sign for varying external flow conditions.
It can be reduced significantly by flow
straightening devices.
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3.3 Typical Fighter Intake Swirl

In the Tornado intake there is always
a combination of twin swirl and some de-
gree of bulk swirl present. PFig. 7 illus-
trates the superimposing of these two ba-
sic intake swirl components. 1In all other
combat aircraft intakes studied by MBB in
this respect, the situation is quite simi-
lar and should, therefore, also apply to
the inlets of the F-111, F14, F15, MIG25,
etc. As an example Fig. 8 shows a flow
separation at the cowl and at the last
(subsonic) ramp of the F15 intake, which
resembles very much the flow separation
in the Tornado intake. The isobars for
the supersonic ramp position, when com-
pared with fig.4 are rather symmetric and
therefore indicate a strong twin swirl
with only moderate bulk swirl.

Low Pressure
Region

High Supersonic,
Low Incidence

Subsonic,
High Incidence

F15 Inlet Flow Separation (10)
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Figure 8.
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Figure 9. Rotation of Total Pressure

Distribution with Duct Length

During the US intake/airframe inte-
gration project Tailor-Mate, among others,
a side-mounted 2-D inlet configuration was
investigated (4. The isobars measured at
three different axial stations show a
circumferential rotation of the low pres-—
sure region by about 100° for a downstream
shift of 2,7 duct diameters, Fig. 9. This
is indicative of a bulk swirl, as will be
illustrated later in Fig. 19. Fig. 10
shows the engine face swirl pattern as
measured by MBB in a low speed wind tunnel
for a sidemounted inlet with (minimum)
shielding by a canard. The components of
bulk swirl and twin swirl have been obtain-
ed very clearly from the measured local val-
ues. Fig.11 demonstrates the superiortiy of
the fuselage-shielded inlet when combined
with negligible lateral inlet/engine off-
set ( minimized separation located symmetrically ).
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Figure 11. Effect of Incidence on Engine
Face Swirl for Fuselage-Shiel-
ded and for Side-~Mounted,
Canard-Shielded Intakes

4. Tornado Results

Although the results presented in this
paragraph were obtained for Tornado, they
should, as has been explained above, also
apply to similar intakes of other aircraft.

4.1 Swirl Data

At subsonic speeds both the bulk and
twin swirl increase with incidence
(Fig.12): The extremes in deviation from
the mean value, the local maximum and mi-
nimum values at the outermost measuring
station R = 0,87 Rpay, are a measure of
the strength of the twin swirl, which is
more than doubled towards the high inci-
dence end. 1In flight, engine surges oc-
curred consistently in the left hand in-
stallation at high mass flows well before
the maximum swirl angles were reached;
the right hand engine was surge-free.

At supersonic speeds an analogous de-
pendence of swirl versus second ramp angle
§, was found, Fig. 13. The swirl being
now largely contra-rotational to the fan
rotation of the right hand engine and ob-
viously co-rotational to the left hand en-
gine. As expected, the right hand engine
surged regularly while the left hand en-
gine was now surge-free.
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Figure 13,
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Reducing the engine mass flow at
intermediate incidences produced swirl
angles of similar magnitude, however, of

opposite sign, Fig. 14.
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Figure 14, Effect of Incidence and Engine IP“”
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A comparison between model and full | \‘\\__,,//
scale data was made under static condi- b /
tions. As shown in Fig. 15 , the flow
angles at the duct wall of prototype PO1 b) Honeycomb
obtained by the oil flow technique agree
quite well with the flow angles measured
in the 1/6,5 scale model by a rotatable
8 arm rake having 24 five-hole probes. =Efffffft::::p—
This is an important result, as it indi-~
cates that there are no significant

Reynolds number effects present. Also, . « Cowl Fence
as known from boundary layer research, the ¢} "Short”Cowl Fe ﬂ_—’f’,,//””’
cross-flow angles change only mildly near @Eﬂj&’

the wall, although the flow velocities de~ P
crease rapidly towards zero. Lastly, 4_”’—_,——”"
measurement of the wall flow angles alone
may suffice in many cases for a quick eva-
luation of intake modifications and their
effect on flow angularity in the complete
cross—-section.
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Figure 15. Model/Full Scale Comparison of 1

Intake Swirl at Mgs = O L,——*"’—‘_——_~____

4.2 Flow Straighteners Top View
To resolve the compatibility problem
various geometric intake modifications Figure 16. Geometry of Fixes
("fixes") were tested with the aim of
either preventing cross-flow at source, Sea Level, Myp = 0,6
i.e. at the place of separation (cowl) or
further downstream near the engine face. Auxiliary Air Intake Doors
Fig. 16 shows the geometry of these fixes (AAID) closed
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while Fig. 17 gives their effectiveness in
reducing swirl. As mentioned earlier,
bulk swirl can be reduced by a large
amount (88 %) unlike the rather stable
twin swirl (= maximum - minimum swirl)
which in our example shows a maximum re-—
duction of only 28 % at Mex = 0,6. For

M, = 2,0 similar statements hold. Note
that the M, = 0,6 data were obtained by
prediction from low speed tests. However,
the actual transonic measurements gave
only slightly different results.
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Figure 17. Effect of Fixes on Swirl

Prototype flight testing conducted by
British Aerospace Warton with the easier-
to retrofit fixes (cowl fence in the left
hand intake and duct fences in the right
hand intake) resulted in complete success,
i.e. from engine/intake compatibility
point of view the modified aircraft has no
incidence limitations subsonically and
there are no flight restrictions up to

the maximum Mach number. The more compli-
cated solutions like inlet guide vanes
(IGV) and honeycomb flow straighteners
were, therefore, abandoned. In the mean-
while, the left hand cowl fence has been
introduced into series production.

As a by-product of the supersonic
wind tunnel testing, the subsonic fix,
the left hand cowl fence, was found to
be effective in reducing swirl also in
the right hand intake at supersonic Mach
numbers, although only with about half
the effectiveness of the duct fences
(Fig. 17). However, subsequent flight
tests up to the maximum Mach number
proved the cowl fence to be sufficiently
effective in preventing engine surge also
in the right hand installation. Espe-
cially for retrofitting, the cowl fence
represents a noteworthy cost saving as
compared with the duct fences.

5. Similar Trend in Different
Compatibility Parameters

Fig. 18 compares time variant pres-
sure distortion with mean swirl as func-
tion of Mach number. The similar trend
is apparent. For a given Mach number and

DCeqy) AAID'S Closed
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0 T T
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AAID = auxiliary air intake doors
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Figure 18. Comparison of Instantaneous
Total Pressure Distortion with
Mean Swirl Angles. Basic Intake,
Sea Level, R = 0.87 Ryax
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varying engine mass flow Fig. 19 shows
that the rate of change in angular posi-
tion of the DC60 sector and the total
pressure maxima/minima corresponds to the
rate of change of the mean swirl angle.
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Figure 19b.

These results suggest that the parameters
shown are closely interrelated.
considering the surge events in Tornado,
one could argue that swirl is the decisive
compatibility parameter rendering steady
state and time variant pressure distortion
to secondary importance. This is not to say
that the flow in a different inlet with
maximum total pressure distortion and 'zero"
swirl could not cause engine surge, since
it is the change in velocity triangles at
the compressor face which matters and this
change can be caused not only by swirl but,
to a much smaller degree, also by total
pressure distortion (see next paragraph).

In fact, such a flow type has been found in

recent MBB investigations for an intake
configuration in which the cowl separation
was located symmetrically relative to the

In addition,

symmetry plane of the S-bend. That is, the
total pressure deficit is only a prerequi-
site for swirl to be generated in a bend
and may, but need not always trigger swirl.
To put it in perspective, had all Tornado
inlet compatibility testing been re-
stricted to (steady state) swirl and had
all dynamic pressure distortion measure-
ments been left out, the same good com-
patibility result would have been achiev-
ed at an earlier stage of the programme
perhaps, however, by different means,

e.g. by the provision of engine inlet
guide vanes (IGV). This, of course, im-
plies that the engine manufacturer can
specify what type and magnitude of swirl
and pressure distortion harm his engine.

6. Oscillating Blade Loads

According to Lecht and Weyer (3) cir-
cumferential non-uniformities in total
pressure as well as in pre-swirl flow
" ... do not only affect the compressor
stall margin but result in severe unsteady
aerodynamic load of the rotor blades thus
initiating or aggravating airfoil vibra-
tions and flutter ... . Preswirl distor-
tions tend to create more intense blade
force fluctuations than even very strong
total pressure distortions™. The paper
on the high cycle fatigue problem encoun-
tered in the APU of the Airbus A300 (®) is
another example of the paramount impor-
tance of intake swirl.

In the Airbus APU inlet there is an
almost pure twin swirl present, similar to
that in the modified Tornado inlet, Fig.20.

2
I ]

Figure 20. Typical Twin Swirl Pattern
(Mean Swirl = ), Intake with
Cowl Fence

However, for the unmodified Tornado, as
has been shown above, there is in addition
bulk swirl in both critical flight condi-~-
tions (o >> 0° M < 1 and a = 0° M > 1,8).
The resulting spanwise incidence distribu-
tion felt by one blade during one revolu-
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tion is shown in Fig. 21 for two extreme
circumferential positions: there is a
change in sign not only per revolution but
also in spanwise direction for a fixed
angular position (alternating "twisting"
and oscillating bending of the blade).

330°=¢
oB

uB

I e

.43"‘7"

0°

e R/Rmux

Figure 21. Alternating "Twisting" and os-
cillating Bending of Blade
during one Revolution, Basic
Intake

7. Swirl Simulation in Engine
Bench Tests

In engine bench testing with bellmouth
inlets the flow distortions of the real
inlets are normally simulated by gauzes.
AEDC uses computer controlled airjets
blown upstream (8}, DFVLR (5) and RR (9)
used gauzes and swirl producing guide
vanes. Whilst NASA (7) have shown that
their 180° gauze produced a sinusoidal
variation in swirl of about +15° in the
annulus ahead of the compressor face
(Fig. 22) and DFVLR (5) produced similar
circumferential variations of *25° by
guide vanes, neither of the above simula-
tion methods reproduced the hub to tip
differences required for twin swirl simu-
lation. The work in (5) suggests further-
more that, even if gauze and preswirl
generating vanes yield the same deviation
in blade incidence, the effect on blade
relative velocity is still vastly different
in both simulation techniques.

In summary, there seem to be signifi-
cant short-comings in the correct simu-
lation of inlet flow disturbances in cur-
rent engine bench tests. In particular,
the interaction of the real engine with
the flow pattern obtained from intake
model tests without engines seemed diffi-
cult to account for.

Fig. 23, therefore, suggests a differ-
ent experimental approach to this problem:
a) The swirl pattern, undisturbed by en-
gine interaction is obtained from the
wind tunnel intake model.

- Engine bellmouth tests -

swirl simulation

by gauzes and
vanes (5) (7) (9)
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In the bellmouth bench tests the en-
gine is either shifted downstream, to

avoid interaction,
tion is applied instead.

or external suc-

In addition,

the individual disturbance components
(swirl, pressure distortion) and
their combinations are simulated by

gauzes and guide vanes.

The correct-

ness of the simulation is checked by



flow survey. For cost reasons most
of this development of the individual
distortion simulators could be done
using smaller scale models.

c) Having duplicated the inlet distur-
bance flow, the engine is installed
and interacts with the simulated
inlet flow.

The advantage of this method is that
the interaction need not be known but may
be checked, if so desired, by wall stream
line measurement or other techniques.

8. Sensitivity of Engines
to Swirl

In this paper it has been suggested
that practically all supersonic combat
aircraft with unshielded, variable geo-
metry intakes produce similar flow angu-
larities as the unmodified Tornado unless
special measures to suppress separation
and swirl respectively have been taken, as
for example in the Saab Viggen (tangential
blowing) or in the Russian MIG25 (variable
cascade attached to the subsonic ramp).
The question therefore arises, why air-
craft like F-14, F-15, etc. seem to be
less sensitive to swirl than the unmodi~
fied Tornado. Fig. 24 offers an explana-
tion: all American modern military high
performance engines - except the TF41,
which is a derivative of the European
Spey = and also the Russian Tumansky
engine, have inlet guide vanes (IGV).

The Tumansky engine even seems to have
fixed, axisymmetric IGV, which have a
purely flow straightening function. In
Fig.17 it has been shown that as little
as 8 vanes reduce bulk swirl noticeably
and also twin swirl to a small degree.
Should, therefore, all future engines of
supersonic combat aircraft have IGV? The
author feels that the answer is "no",
since it appears to be better to tackle
the problem at source, i.e. introduce a
simple, lightweight fence, rather than to

cure the problem where it becomes effec-
tive in hurting the engine (IGV). Further-
more, no penalties for the additional en-
gine length and weight and for the de-
icing of the IGV need to be accepted. At
least from compatibility view point,
therefore, the (modified) Tornado engine/
intake combination appears to be the
better solution.

9. Concluding Remarks

9.1 Investigations on Tornado and other
projects have shown that most conven-
tional supersonic intakes of combat
aircraft produce swirl (bulk and twin
swirl). While bulk swirl can be re-
duced by relatively simple means e.g.
by intake fences, twin swirl is rather
stable and can only be moderately
attenuated by simple devices.

9.2 From the above and from Tornado flight
testing it has been found that en-
gines without inlet guide vanes (IGV),
like the RB199, react in a very sen-
sitive manner to even small changes
in magnitude of intake swirl if
contra~-rotational to the engine fan
("handed" problem). The resulting
adverse effects are surge and forced
blade vibration.

9.3 From compatibility view point it
appears that the Tornado intake/engine
combination, with fenced intakes and
IGV-less engines, is superior to con-
ventional intakes which are coupled
with IGV-engines (less engine weight
and length, no deicing requirement).
The idea is to tackle the problem of
swirl generation at source rather
than trying to eliminate it by IGV.
Copying of the Tornado intake fence
is, therefore, recommended. It is
speculated that even existing air-
craft with IGV engines like the F111,
F14, F15 might be improved by the
installation of intake fences.

Englne Engtne Installed tn Inlet Gulde Remarks
Type Manufacturer Alrcraft Vanes
RB 199 TV Tornado No
M 53 SNECMA Mirage 2000/4000 No
Tumansky MIG 25 Yes 30 16V, fixed,axisymmetric
TF 30 P 412 P+ F 14 Yes Fixed
F 100 P+ F15/F 16 Yes 211GV, variable
F 401 P+W V/STOL Yes Variable
F 101 GE B 1 Yes Variable
F 404 GE F 18 Yes Variable
TF 41 Allison/RR A7 No Spey-Derivative

Figure 24. Inlet Guide Vanes on Modern Military High Performance Engines
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9.4 The validity of dynamic total pressure
distortion as a decisive compatibility
parameter is gquestioned at least for
engines without IGV. 1In retrospect,
had dynamic pressure distortion mea-
surement been completely left out and
swirl measurement been done instead,
the same good engine/intake compati-
bility result would have been achieved
at an earlier stage of the Tornado
programme. Additional engine swirl
tests to confirm the applicability of
this result to other engine types are
recommended.

9.5 Current engine bench testing tech-
nigues need improvement. The simula-
tion, of individual swirl components
as well as combinations of them should
be added to the duplication of (steady
state) total pressure distortion.
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12. Legend of Fiqure 5

Model

MC 19 == == =« supersonic, M_=2

supersonic simulation

MC 284 ————— (6,=16°), M_=0
MC 2A subsonic simulation, Mm;O
MC 19 subsonic, M_=0,6



