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Measurements of Intake Separation Hysteresis
in a Model Fan and Nacelle Rig

C. A. Hall* and T. P. Hynes’
University of Cambridge, Cambridge, England CB2 1PZ, United Kingdom

A 1/20-scale, low-speed model rig representing the fan and nacelle of a high-bypass-ratio jet engine has been tested
in a range of simulated crosswinds. The flow conditions under which the intake flow separates and reattaches have
been found to exhibit considerable hysteresis. This phenomenon has been examined by a careful test procedure
in which the crosswind angle has been slowly increased and then decreased. Measurements of the hysteresis
associated with separation and reattachment are presented for independent variations in stream-tube contraction
ratio, ground clearance, fan operating point, and Reynolds number. The results reveal that particular care must
be taken to allow for any hysteresis when testing intakes under crosswind conditions. They also indicate that
separation hysteresis is particularly sensitive to fan operating point and the position of the ground plane. These
findings suggest that it is important for high-Reynolds-number intake tests and calculations to include a ground
plane and a model of the downstream turbomachinery.

Nomenclature
A = area
surface-pressure coefficient

H
1

D, = intake highlight diameter

DCgq = total pressure distortion coefficient

h = height of the rig or engine centerline

L, = size of the captured stream tube in the far field

m = mass flow rate through the rig or engine

p, po = static pressure, stagnation pressure

Re = Reynolds number based on highlight diameter and the
mean flow velocity entering the intake

r = radial coordinate measured from the rig centerline

Voo = far-field characteristic mean wind speed

X = axial coordinate measured from the inlet highlight

Y, = intake loss coefficient

o = wind direction relative to the rig centerline

0 = intake circumferential position

0 = density

¢ = flow coefficient (ratio of the mean axial-flow
velocity to the mean blade speed)

Subscripts

f = fan parameter

HL value at the nacelle highlight (the most forward point
of the intake)

TH = value at the nacelle throat (the minimum flow area
within the intake)

2 = value at the fan face

00 = far-field value in the freestream

I. Introduction

HE intake of a jet engine is least tolerant to crosswind when it
is operating statically and close to the ground. The flow drawn
into the engine can separate from the inlet lip leading to nonuniform
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flow within the intake duct. This pushes the operating point of the
fan towards instability, and, if the distortion is large enough, the fan
might stall.

Freeman and Rowe' demonstrated that engine fan stall events
could occur as a result of dynamic interaction between the atmo-
spheric flow, the intake flowfield, and the fan aerodynamics. In other
words, the response of an engine to natural wind cannot be deter-
mined from the steady performance of the intake when tested in
isolation in a crosswind. These findings initiated a study aimed at im-
proving our understanding of the behavior of a large turbofan engine
operating close to the ground in natural wind, which is described in
Hall.> A major conclusion from that study was that in order to under-
stand the behavior of the intake in unsteady, natural wind conditions
it is necessary to take account of the considerable hysteresis exhib-
ited in the separation and reattachment of the flow into the intake as
the wind angle changes. The present paper represents a detailed ex-
perimental investigation into separation hysteresis. The companion
paper, Hall and Hynes,® uses the results presented here, in conjunc-
tion with measurements taken in unsteady flow, to develop a model
of how an engine intake responds to atmospheric wind conditions.

There are many examples of hysteresis phenomena observed in
fluid mechanics:

1) In the stalling of a compressor, the throttle opening required
for stall is much greater than that needed for stall cessation.*

2) For an aerofoil operating at high angles of attack, the flow
structure is ambiguous for a range of flow conditions.’

3) In the transonic flow past cylindrical bodies, there are regions
of the flow that can be separated or attached depending on how the
condition was approached.®

4) The conditions at which a thin jet is attached to an adjacent
surface are not unique because the flowfield possesses some memory
of the previous transients.’

In every example, the hysteresis leads to nonunique behavior,
where a given set of boundary conditions is compatible with more
than one solution. This has serious implications. It means that the
state of a flowfield investigated using steady experiments or calcu-
lations can depend on how the steady condition is established. In
terms of aerodynamic design, it is difficult to predict the extent of
hysteresis and the variation of aerodynamic parameters around a
hysteresis loop. Therefore, the design must eliminate the hysteresis
or avoid any regions of nonunique behavior by ensuring that there
can be no unfavorable transients.

At present there are few established theoretical bases for analyz-
ing aerodynamic hysteresis, and it remains a difficult phenomenon
to examine numerically. This is especially true of hysteresis phe-
nomena associated with boundary-layer separation and reattach-
ment. However, there have been several experimental studies, and
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these are considered further here as they were used to guide the
experimental procedures described in the present paper.

Zanin® showed how separation hysteresis could be investigated
using a wing mounted at a constant angle of attack with slow vari-
ations in the wind-tunnel speed. With the flow velocity increasing,
flow reattachment starts at the edges of the wing and progresses in-
wards gradually as the flow speed rises. For the velocity decreasing,
the flow remains completely attached for much longer than with the
velocity increasing, and separation is restored rapidly over the entire
wing surface. A similar phenomenon was observed in studying the
hysteresis arising from varying the angle of attack. Instantaneous
separation occurs with an increase in the angle of attack, and grad-
ual reattachment is seen as the angle is reduced. Golovkin et al.’
describe similar experiments with rectangular wing profiles in wind
tunnels in which the angle of attack was increased slowly from O to
30 deg and then decreased from 30 deg back to 0 deg. Significant
hysteresis was found in the measured coefficients of aerodynamic
forces and moments with respect to the flow angle.

Guzhavin and Korobov® investigated the regions of attached and
separated flow around bodies of revolution immersed in transonic
flow. A series of experiments was performed that enabled the sep-
aration hysteresis to be expressed in terms of Mach number, flow
angle, Reynolds number, and geometry. It was found that at super-
sonic velocities an important part is played by the formation and
breakup of supercritical flow regions around the points of reattach-
ment. The authors concluded, similarly to Horton,!” that the origin
of the hysteresis is the attainment of instability in the fluid flow and
an abrupt changeover to a new stable state.

There is limited literature available relating to separation hys-
teresis in the flow entering engine intakes. Quemard et al.!! indicate
that large hysteresis effects can be observed when testing model
intakes at varying angles of attack, and they describe measures that
are taken to avoid any ambiguous results. Seddon and Goldsmith'?
state that there is significant hysteresis in the separation of an inlet
at incidence, but there are no measurements presented that clearly
show the separation and reattachment boundaries. The current pa-
per aims to improve this situation by providing the first systematic
study of intake separation hysteresis. It provides some insight into
the physical mechanisms that are important to intake separation and
reattachment and explores how the hysteresis varies with the rele-
vant nondimensional parameters. It thus aims to make a contribution
to the fields of engine intake aerodynamics and flow separation.

II. Experimental Method

Figure 1 is a photograph of the instrumented setup used for the
investigation of inlet separation hysteresis. The rig scale, relative to
a typical modern high-bypass-ratio turbofan, is nominally 1/20.

The fan unit used in the rig is a commercially available product
that would normally be driven by a small internal combustion engine
and mounted on a remote control model aircraft. In the current

Fig. 1 Model fan and intake rig mounted above a ground plane in the
Osney Laboratory environmental wind tunnel.
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Fig. 2 Model intake geometry and the location of pressure tappings.

application, a high-speed motor drives the fan. The function of the
fan is to provide the mass flow rate through the rig and, if possible,
to reproduce features of the interaction between a full-scale engine
fan and nacelle. A traversing throttle plate downstream of the stage
controls the fan pressure ratio.

The model rig nacelle geometry and the location of the basic
instrumentation are shown in Fig. 2. The inlet lip was designed to
match the fan and to operate satisfactorily at the Reynolds number
of the experiments. It was not practical to use a scaled-down engine
nacelle because this would tend to be separated all of the time at low
Reynolds numbers. As a result, the rig intake lip is much thicker,
and the diffuser angle is lower. The geometry is axisymmetric, and
it can be rotated, using a stepper-motor, through 360 deg enabling
the internal flowfield to be surveyed.

All of the experiments were performed inside the environmental
wind tunnel at the Osney Laboratory in Oxford. A complete descrip-
tion of the tunnel can be found in Wood.!* The working section is 2 m
high and 4 m wide. There is a 3.5 meter diameter wooden turntable,
on which the model rig was mounted, that is rotated by a motor.
Upstream of this, a length of 12 m is available to arrange turbulence
generators for the simulation of atmospheric boundary layers. For
the experiments in this paper, the tunnel was cleared except for the
model rig and a raised wooden platform to simulate the ground (see
Fig. 1).

The velocity field of the flow above the ground plane without the
rig present was shown to be uniform with a streamwise turbulence
intensity of less than 0.5%. This low level of unsteadiness was used
for all of the experiments in the present paper. The effect of signifi-
cant freestream turbulence on the intake flowfield is explored in the
companion paper, Hall and Hynes,? when the turbulence generators
were present.

Nondimensional Parameters and Test Procedure

For steady flow conditions in the wind tunnel, the flow-field within
the model intake only depends on the nondimensional parameters
shown on the right-hand-side of the following equation:

DCe = f{Re, ¢, Ly/Dy,a, h/Di} (e))

The distortion coefficient DCg, (defined later) is used to char-
acterize the performance of the intake. For a full-scale engine this
correlates with the effect of the intake flow on the stability of the
fan, which is critical for operation within crosswind. However, DCgg
could be replaced in Eq. (1) by any measure of the intake flowfield
because the parameters on the right-hand side fix all of the flow
characteristics. The following subsection shows how each of the pa-
rameters on the right-hand side of Eq. (1) can be set independently
using the rig and wind-tunnel control systems. The experimental ar-
rangement thus provides an ideal vehicle for the type of phenomena
that are the topic of this paper.

Two types of experiments are detailed in this paper. The first are
extensive steady flowfield measurements completed with the rig at
a fixed operating condition. Once the parameters in Eq. (1) were set
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Table 1 Summary of the experiment parameters and the uncertaintly in their measurement and control

Parameter Re=my/uD Qr=myr/pcArUy Ly/Dq :,/m_f/pVOODf o, deg h/D
Typical engine values 2 x 107 0.5 2-5 0-180  0.80-1.20
Range of rig values 04 x 10° 0.3-0.65 2-4 0-90 0.75-1.25
Uncertainty on rig values +2% +2% +6% +4 +0.5%

to the required experimental condition, the intake pressure field was
traversed through 360 deg in 10-deg intervals. These tests show the
details of the intake flowfield, as fixed by the terms in Eq. (1), and
they are important to the current research because they demonstrate
the presence of separation hysteresis and the need for a further study
of this phenomenon.

The second type of experiment examines the hysteresis in the
intake flowfield. The test procedure used is similar to that used by
Golovkin et al.” for separation on a wing section: for an otherwise
fixed steady operating condition, the crosswind angle was increased
at a constant rate of 2 deg/s from 0 to 90 deg by rotating the turntable
on which the rig was mounted. The flow angle was then reduced at
the same rate until the flow was parallel with the rig centerline. This
variation in wind direction is slow relative to any rig timescale, and
therefore the test can be described as quasi steady.

Control and Uncertainty of the Experimental Variables

The control of the parameters on the right-hand side of Eq. (1)
is of fundamental importance to the experimental results shown in
this paper. The following paragraphs show how these parameters are
adjusted independently, and estimates in the error associated with
their measurement are presented.

The intake Reynolds number is defined using conditions at the
highlight plane, Re =m1;/uD;, and is therefore independent of the
wind speed. It determines the state and stability of the boundary
layer on the nacelle surface, and it is the parameter that is most dif-
ferent in the experiments from the full-scale engine. It was carefully
controlled in the experiments by setting the rig fan speed to give
the desired rig mass flow once the throttle position had been fixed.
The main uncertainty in the intake Reynolds number was caused
by the error in rig mass flow calculated from the flow coefficient
(see the following). The overall experimental error determined in
the appendix is £2%.

The flow coefficient, ¢y =n1 s/ pocA Uy, fixes the model fan op-
erating condition. For the incompressible conditions used in these
experiments, ¢ is the only independent variable required to de-
termine the mean flowfield within the fan. It was set using the rig
throttle, which was accurately controlled via a stepper motor. This
was much more convenient than measuring the rig mass flow for
each experimental condition, and this approach is also more con-
sistent with engine tests in which the nozzle exit area is adjusted to
set the fan working line. The rig mass flow was calibrated against
throttle position using a detailed radial traverse of a pitot tube in
a uniform pipe section fitted upstream of the intake. This was re-
peated for the full range of throttle positions and fan speeds. The
resulting error between the calibration and the true flow coefficient
was estimated as £2%. However, the level of repeatability between
experiments should be much better than this because the throttle
position was set to within 0.1%.

L,/ D; is the stream-tube contraction ratio of the flow entering the
intake. The parameter, L, = /(i1 / pos Voo, is the length scale of the
capture stream tube in the far field, and this determines the geometry
of the flow outside the intake: a small value represents a strong cross-
wind that is not greatly perturbed by the engine presence, whereas a
large value represents a light crosswind that contracts strongly as it
is drawn into the engine. The stream-tube contraction ratio is there-
fore the nondimensional group that accounts for the wind speed.
Setting the wind-tunnel speed once the fan speed and the rig throttle
position had been fixed allowed this to be controlled independently
of intake Reynolds number and fan flow coefficient. The error in
stream-tube contraction ratio is determined in the appendix to be
+6%.

The wind direction « has a large influence on the intake flowfield
because it determines the distribution of lip loading around the cir-
cumference of the nacelle. Section II shows that as the local inci-
dence angle increases the velocity at the highlight increases, and
greater diffusion to the throat is required. It was set using the tunnel
turntable and recorded by a potentiometer wind vane positioned on
the turntable above the level of the rig. For each session of exper-
iments, the wind vane was calibrated in situ against a protractor
marked on the tunnel turntable. The accuracy in measured flow an-
gle during the quasi-steady hysteresis tests was found to be + 4 deg.
However, in the steady flow measurements when the flow angle was
set using the turntable protractor, the accuracy should be within
+0.5 deg.

The ground clearance distorts the shape of the approaching cap-
ture stream tube and determines whether an inlet vortex can form
between the ground and the intake. The height of the metal frame
that the rig was mounted on was adjustable, and the distance from the
ground to the rig centerline was simply measured with a ruler. This
was estimated to give an uncertainty in 4/ D, of less than £ 0.5%.

Table 1 summarizes the experimental variables, showing the range
of values that could be achieved in the tests and comparing these
with typical full-scale values for a modern civil turbofan engine.

III. Steady Flowfield Measurements

An exhaustive study of the intake steady flowfield is presented
in Hall.? The results shown in this section were all obtained with
the following datum values of experimental variables: h/D; =1,
L,/Dy=3,Re=3x 10°, and ¢ = 0.62. In terms of ground clear-
ance, stream-tube contraction ratio, and wind direction, these con-
ditions are typical of a modern wing-mounted jet engine operating
in crosswind. These datum parameters were also chosen so that the
fan would be well clear of stall (even with the intake separated) and
so that the dependency of the results on Reynolds number would
be weak. The suitability of the datum values is demonstrated by the
hysteresis results shown later.

The aims of this section are to show that the intake measurements
clearly show the flow features that lead to intake separation and to
demonstrate the existence of nonunique behavior in the flowfield.
These findings are the basis of the following detailed investigation
of intake separation hysteresis.

Surface Pressure

The surface-pressure field is the main indicator of how the nacelle
responds to the external flow conditions. Separation of the flow from
the intake lip is expected when the local pressure gradient becomes
too high.

The surface-pressure coefficient for the nacelle static pressure
tappings is defined as follows:

CP — Pocc — P (2)

Poco — PTH

The circumferentially averaged static pressure at the nacelle
throat pry is used as the reference static pressure because this is
measured accurately and it remains relatively constant for a given
intake Reynolds number. Figures 3a—3c show plots of pressure co-
efficient measured around the circumference of the nacelle for the
pressure tappings at the highlight, the peak suction point, the throat,
and three positions along the diffuser duct. The nacelle circum-
ferential position is measured clockwise from the top dead center
looking into the rig. With the wind at an angle to the intake, the
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Fig. 3¢ Nacelle surface static pressure for a = 60 deg.

most windward point is at 270 deg, and the most leeward point is at
90 deg.

Figure 3a shows the surface-pressure distribution with the wind
parallel to the rig centerline. The presence of the ground causes
more flow to be drawn from above the intake than below leading
to higher aerodynamic loading at the top lip. This effect is also
shown in numerical predictions such as Nangia and Palmer.'* There
are perturbations in the lip pressure distributions near to the bot-
tom of the intake that can be attributed to the presence of an inlet
vortex. As the wind direction increases, the circumferential varia-
tion in pressure coefficient increases. Figure 3b shows the surface-
static-pressure distribution for a 45-deg crosswind with the inlet

flow attached. The aerodynamic loading of the intake lip follows an
almost sinusoidal variation, which is consistent with the change in
momentum required to turn the incoming wind to the axial direc-
tion. Figure 3c shows the surface-static-pressure distribution once
the intake flow has separated. Along the windward surface of the na-
celle, the measured pressures collapse to an almost constant value.
High aerodynamic loading occurs at the top and bottom of the na-
celle where the flow remains attached, and there is still significant
loading from the local incidence of the flow onto the intake.

Intake Performance
The loss coefficient for a sector of the intake is defined as follows:

_ (Poss — Po2)e
DPo2 — P2

Yp 3

where (pooo — Po2)e 1s the area weighted average loss in total pres-
sure for the sector considered and py, — p, is the area-averaged
dynamic head at entry to the fan. The choice of area, rather than
mass, weighting is driven by our ultimate interest in fan stability
issues rather than installed performance. The positions of the rake
pressure tappings, as shown in Fig. 2, were optimized to look at sep-
arated flow and are therefore inadequate for measuring the details
of the intake boundary layer. Indeed, attached boundary layers will
appear unrealistically thick with this arrangement. The uncertainty
in the measurement of loss coefficient is further exacerbated by the
fact that the pitot tubes are not necessarily aligned with the flow
direction. This was estimated to give an overall error of £5% in
local total pressure measurement.

Figures 4a and 4b show contours of measured loss coefficient
for the rig operating at identical experimental conditions. In the
first case, Fig. 4a, the far-field wind angle was being increased be-
tween each traverse of the intake. For Fig. 4b, the flow had already
separated, and the wind angle was being decreased between each
traverse. The differences between the figures are surprising. They
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Fig. 4a Contours of loss coefficient with the intake flow attached;
a =45 deg.
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Fig. 4b Contours of loss coefficient with the intake flow separated;
a =45 deg.



876 HALL AND HYNES

reveal that the performance of the intake for a given operating point
is not unique and that separation hysteresis has a significant effect
on the measurements.

With the intake flow attached, the greatest loss occurs near to the
bottom of the annulus where the ground vortex is ingested. Once the
intake flow separates, the flow approaching the fan becomes highly
nonuniform. Although the shape of the separated region is three
dimensional, it was found to be highly repeatable between tests.

The distortion coefficient for the model intake is defined as

_ Po2 — Po2,60
Po2 — D2

DCg (€]

where py, and p, are the area weighted average total and static
pressures at the fan face and p» ¢ is the area averaged total pressure
for the 60-deg segment with the lowest mean total pressure.

For the case with the flow attached, the level of distortion,
DCgy=0.05, would be acceptable for an engine fan, whereas the
value with the flow separated, DC¢y = 0.77, would be unacceptable.
This indicates the importance of knowing the state of the inlet flow
and in understanding the separation hysteresis.

IV. Quasi-Steady Measurements

Using the quasi-steady test procedure described earlier, separa-
tion hysteresis can be examined in terms of the variation of the
aerodynamic parameters C,, and DCg. This procedure, despite the
unpredictability of flow separation, was found to be remarkably re-
peatable, and it was clear when the flow was attached and when
it was separated. These observations are demonstrated by Fig. 5,
which follows the variation in aerodynamic lip loading with wind
direction for three separate tests performed with identical oper-
ating conditions. The aerodynamic lip loading used is defined as
loading = (VHL - VTH)/ VHL~

Figure 5 shows that below a particular wind direction the reattach-
ment angle, the intake flow is always attached. For wind directions
greater than the separation angle, the intake is always separated.
The hysteresis region lies between these two critical directions, and
within this range the flowfield can exist in one of two distinct states.

Intake Performance Variations

Figure 6a follows the variation in the pressure coefficient at the
highlight of the windward lip. Results are shown for three values of
stream-tube contraction ratio L,/D;. For small crosswind angles,
as the size of the capture stream tube increases, the flow approach-
ing the inlet stagnates further back from the highlight. This leads to
greater acceleration around the highlight and higher aerodynamic
loading. The rate of increase of pressure coefficient with wind di-
rection increases with decreasing L, /D, . This is expected because
a lower value of L,/D; corresponds to a higher wind speed. The
pressure coefficient at the point of separation is similar for all three
cases, and this suggests that the inlet flow separates once a critical
level of aerodynamic loading is exceeded. Although the results are
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not presented here, the same level of critical loading was found to
apply for a large number of experiments, Hall.?

The separated part of the hysteresis loop also has some regular
features. The rate of increase of pressure coefficient with far-field
angle is reduced when the flow is separated, but it still decreases
with stream-tube contraction ratio. In all cases the minimum pres-
sure coefficient occurs close to o« =20 deg, and a region where the
rate of change of pressure coefficient with angle becomes nega-
tive precedes reattachment. The study of aerofoil dynamic stall in
McCroskey et al.!> suggests that this might be relevant to the reat-
tachment process, but further measurements are needed to examine
the mechanism further. In all cases, reattachment returns the flow to
attached operation at an almost identical condition to that measured
with the angle increasing.

Figure 6b shows the variation of distortion coefficient for the same
experimental conditions investigated in Fig. 6a. To measure the dis-
tortion coefficient, the quasi-steady variation in wind direction was
repeated eight times with the inlet rake at different circumferential
positions. The plot shows that there is very little distortion whenever
the flow is attached and that the flow separates later as the stream-
tube contraction increases. When separated, the distortion is highest
for low stream-tube contraction, as expected, and it increases with
further angle increases. The separated distortion curves are smooth,
continuous functions, and before reattachment the measured distor-
tion is much lower than the distortion just after separation.

Hysteresis Maps

The measurements from hysteresis tests can be reduced to simple
plots that show the variation of the experimental conditions on the
separation and reattachment points. A comprehensive matrix of tests
covering a wide range of values of each of the experimental variables
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was completed. The results of these tests are summarized in this
section, and they represent, to our knowledge, the most complete
study of intake separation hysteresis to date.

Figure 7 summarizes a series of hysteresis tests in which the
stream-tube contraction ratio has been changed between each quasi-
steady variation in the wind direction. For each test all of the other
experimental variables are held fixed, and the separation and reat-
tachment angles are found automatically from the angles where the
lip static-pressure field changes most rapidly. Polynomials have been
fitted to the measured separation and reattachment points to mark
the boundaries between the different flow regimes. These polyno-
mials are applied in Hall and Hynes? to define criteria for separation
and reattachment.

The results in Fig. 7 show that the wind direction required for
separation is fairly constant until the stream-tube contraction ratio
exceeds about 3.5. Above this value the separation angle increases
rapidly with increasing L,/D,. This is consistent with the results
in Fig. 6a. The measurements also show that as the stream-tube
contraction increases the reattachment angle reduces. Hence, the
overall amount of separation hysteresis increases with stream-tube
contraction ratio.

Figure 8 shows the effect of ground clearance on the separation
and reattachment boundaries. For nondimensional ground clear-
ances up to about 1.5, the wind direction required for separation
increases with 4/ D;. This is expected because the aerodynamic lip
loading is increased by the ground proximity. Between ground clear-

ance values of 1.5 and 1.7, there is a sudden rise in the separation
angle. This corresponds to the point where the captured stream tube
lifts off the ground plane completely, and this condition was inves-
tigated with flow visualization using smoke. The flow entering the
inlet was seen to not make contact with the ground plane if the cap-
tured stream-tube radius in the far field was less than the centerline
height of the rig, that is, if the following were true:

h/Di = (1/3/)(Ly/ D) 5)

From the results in Fig. 8, it appears that the ground has negligible
influence on the flowfield once the inequality in Eq. (5) is satisfied.
However, modern wing-mounted jet engines have a value of ground
clearance in the range 0.75 < h /D, < 1.25, where the onset of sep-
aration in crosswind will be strongly affected by the presence of the
ground plane.

The reattachment condition is insensitive to the ground clearance,
except at very low values where the flow becomes more reluctant to
reattach. This implies that once the flow has separated the presence
of the ground has a reduced effect on the internal flowfield.

Figure 9 shows how the separation and reattachment angles vary
with Reynolds number with all other experimental variables fixed.
Below a Reynolds number of 10, the flow is always separated. Be-
tween Reynolds numbers of 10° and 1.5 x 10°, the flow only reat-
taches with a wind direction parallel to the centerline. The separation
angle increases rapidly, and at Reynolds numbers above 2 x 10° the
flow separation and reattachment angles are fairly constant, but in-
creasing slowly.

Figure 10 shows the effect of the fan operating condition on
the separation hysteresis. The crosswind angle at separation is
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Fig. 9 Hysteresis map showing the effects of inlet Reynolds number:
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insensitive to the fan flow coefficient. This is presumably because
the fan does not influence the pressure gradients around the inlet lip.
However, a large effect is seen for the reattachment angle. As the fan
flow coefficient is reduced, the inlet flow reattaches sooner. In fact,
there is a point where the hysteresis is almost entirely eliminated,
and this is not seen on any of the other plots. The same experiment
was performed at different values of ground clearance, and the effect
of the fan was found to be similar.

The mechanism by which the fan influences the flow reattachment
is a subject for further work. A fan would typically be expected to
have a smaller effect on a distorted inlet flowfield as stall is ap-
proached because the gradient of the pressure rise characteristic
is reduced at lower flow coefficients (see Longley and Greitzer!'®).
However, in this case the reverse is true, and the fan seems to have
a greater effect on reattachment when at or beyond the stall bound-
ary. Unsteady pressure measurements made upstream of the fan
show that for low values of fan flow coefficient the pressure fluc-
tuations become significant, and this could be an indication of the
mechanism that is causing early reattachment. Further research is
therefore recommended in the area of determining how a fan at or
beyond instability interacts with separated inlet flow.

V. Discussion

The present paper has presented a complete, self-contained study
of intake separation hysteresis. The authors believe that the results
are applicable to full-scale engine intakes, but some further discus-
sion of this point is merited.

The model rig nacelle separates at crosswind angles that are typi-
cal for the Reynolds number of the experiments. The low Reynolds
numbers used are a fundamental consequence of the model rig ex-
periments, and equivalent tests at full-scale Reynolds number were
not possible. As the Reynolds number increases, the flow becomes
gradually more resistant to separation (see Fig. 9). This trend con-
tinues up to full-scale Reynolds numbers in the range 10° to 107, as
shown by Younghans et al.'” This suggests that although the flow
angles at separation are low for the model rig the trends in how the
separation conditions vary with other experimental variables should
apply at higher Reynolds number.

Across the complete range of Reynolds numbers, separation of
the flow entering an intake operating within a crosswind is a result
of the same effect: overspeed of the flow around the inlet lip leading
to an increased adverse pressure gradient. For the current study, we
are primarily interested in how the intake performance in uniform,
steady flow relates to that within natural wind (see Hall and Hynes?).
Thus the absolute values of the conditions at separation are not
critical.

For a full-scale intake, the Mach number of the flow in the far-field
wind can be as low as 0.02, whereas around the lip of the nacelle
it can be higher than 1.5. This introduces significant compressibil-
ity effects into the flowfield. In particular, the flow separation will
often be caused by shock-boundary-layer interaction, whereas for
the model rig it is thought to be the bursting of a laminar separation
bubble. However, both mechanisms are initiated by increased aero-
dynamic loading of the inlet lip in crosswind, and downstream of
the separation point the flow is comparable: the separation forms a
region of low total pressure fluid that convects downstream towards
the engine face. The size of the separation produces levels of distor-
tion that are similar in both cases. Compressibility can, therefore,
affect the separation hysteresis, but it will not eradicate it. There are
several examples of transonic flowfields that exhibit hysteresis, and
shock waves are a source of irreversibility that have been shown to
promote nonunique behavior.

In steady conditions for an engine, an engine fan is known to
reduce the size of a separated region but to have little effect on the
lip pressure field (see Motycka'®). Thus the fan has an effect on the
internal flowfield post separation, but it has little influence on when
the flow separates. This is also true for the model rig.

The fan operating condition used for most of the model rig experi-
ments is much further from stall than would be typical of a full-scale
engine fan. The poststall behavior of a full-scale engine is expected
to be quite different to that of the model rig, and further research is

required to examine the coupling between intake separation and a
stalled fan. It would be particularly interesting to determine whether
an engine fan can affect flow reattachment in a similar way to that
shown by Fig. 10.

VI. Conclusions

An extensive series of tests have been completed with a model
fan and intake rig operating in uniform, low-turbulence crosswinds.
The effects of the rig Reynolds number, fan flow coefficient, stream-
tube contraction ratio, wind direction, and ground clearance have
been assessed. Separation hysteresis was found to be of fundamental
importance to the rig behavior, and a detailed investigation of the
separation and reattachment behavior has been completed.

The far-field flow direction o and its variation are the main factors
determining whether the inlet flow is separated or attached. When
the flow is attached, increasing the wind angle increases the peak lip
loading bringing the flowfield closer to separation. Once the flow is
separated, the size of the distortion presented to the fan face grows
as the angle of the wind increases. If the wind angle is reduced after
the flow has separated, reattachment occurs at a much lower angle
than that required for separation. The separation and reattachment
angles are unique functions of the other experimental variables.

The stream-tube contraction ratio L,/D; determines the extent
of the engine influence into the far field. When the wind direction
is parallel to the engine centerline, the peak aerodynamic loading
on the inlet increases with stream-tube contraction. However, when
there is a crosswind component, the rate of change in lip loading
with respect to wind angle decreases with increasing L, /D,. These
trends agree with the available data on high-speed inlets. The overall
effect for the model rig is that when the stream-tube contraction
ratio increases the wind angle required for separation increases, and
the angle required for reattachment decreases. Thus, the separation
hysteresis increases with stream-tube contraction ratio.

The rig has shown that for the nondimensional ground clearances
typical of jet engines, as i/ D;. decreases the tendency for the flow
to separate rises. High-speed nacelles exhibit the same trend (see
Quemard et al.'"). The proximity of the ground promotes separation
in two ways: first, it redistributes the pressure field around the na-
celle circumference, increasing the lip loading towards the top; and
second, it causes the flow drawn into the intake to be less uniform.
Flow drawn from close to the ground has lower total pressure, and
the presence of an inlet vortex introduces swirl. It is thought that
the more three-dimensional and nonuniform internal flowfield is less
stable and more easily separated by adverse pressure gradients. If the
ground clearance is sufficient for the entire capture stream tube to be
clear of the ground, then the internal flowfield is considerably more
stable, and the wind direction required for separation is much greater.

The fan has negligible effect on the onset of inlet flow separation
but a strong influence on the reattachment condition. As the fan flow
coefficient reduces, the inlet flow reattaches at a greater wind an-
gle. This effect of the fan on the flow reattachment is thought to be
the result of interaction between the separated portion of the internal
flowfield and the part of the fan annulus that is operating at a reduced
flow coefficient, on the stalled characteristic. The unsteadiness gen-
erated by the interaction is believed to encourage entrainment into
the separated shear layer thus promoting reattachment.

Although the experiments were performed at low Reynolds num-
ber and Mach number, the results demonstrate behavior that we be-
lieve is applicable to full-scale engine intakes. In particular, the tests
indicate the effects of separation hysteresis should be accounted for
in all tests and calculations of intakes in crosswind. The observed
effects of the fan operating point and the position of the ground
plane highlight the need for intake tests and calculations to include
a ground plane and a model of any downstream turbomachinery.

Appendix: Uncertainty Analysis

The error in an experimental variable that is derived from a
combination of measurements, such as stream-tube contraction or
Reynolds number, has to be determined using uncertainty analysis.
For this paper, the partial differential method described in Abernathy
et al.'” was applied. This technique calculates the relative influence
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of each raw measurement on the parameter of interest. The total
measurement error is then the sum of the rms of the influences of
each measurement.

The stream-tube contraction ratio can be expressed in terms of
quantities that have been measured directly using the following
equation (also known as a data-reduction equation):

L

Ly _ \/ my o _ \/PooAfo¢f _ AT [R50 g,
D, Poo Voo D? Poo Voo D} D, Voo

The fan area, mean fan radius, and inlet highlight diameter are all
geometric quantities that are determined with high accuracy and are

therefore assumed to contribute minimal error. Thus the uncertainty
equation for the stream-tube contraction can be written as

8(Ly/Dy) _ [[9e/D0 o T, a(Lq/Dl)&p
L,/Dy 99, d Y

(Ly/Dy) ¢, Q¢
[} /R

Replacing the partial derivatives with quantities that can be eval-
uated, the uncertainty in the stream-tube contraction ratio can be
determined using the following formula:

2
/DY _ [ (1o tse [0\ 4 (Lytsy [%
o = |Gt 82 + (350 32)
N
+<_%voo’favoo\/m> } /,/% (A3

The fan speed €2, was recorded using an optical sensor that re-
ceives a once-per-rev signal from the model rig fan, and a strobe
light showed the accuracy of this measurement to be £0.1%. The
fan flow coefficient ¢, was determined from the throttle calibra-
tion, and, as discussed in Sec. II, the error in this is expected to be
+2%. The characteristic mean far-field wind speed V,, was deter-
mined using a rotating vane anemometer positioned at the side of
the wind tunnel upstream of the wind-tunnel turntable. This mea-
surement was corrected to account for the fact that the wind speed in
front of the rig was found to be less than at the measurement point.
By comparison with a sensitive differential pressure measurement
method, the anemometer output was found to be accurate to within
+4%. The overall uncertainty in stream-tube contraction ratio was
determined using Eq. (A3), with the preceding uncertainties com-
bined with nominal values for the measured quantities. This gave
an overall error of £6%.

The data-reduction equation for the intake Reynolds number is
derived as follows:

iy PpxAfUsdr  poo ApUsdy  AfFy PS¢y
uDy uDy RT» Dy uDiR Ty
(A4)
Thus, the uncertainty in Reynolds number is determined using the
same process as shown for the stream-tube contraction ratio. This
leads to the following relationship:

2 2 2
SRe Qi Doo®f DooS2f
— = —4 682 Yoy

2= 1
P21y P P29y
+< B el ) } /T (A5)

The errors in the measurements of atmospheric pressure and tem-
perature are relatively small, and in the preceding equation the error

Re =

in the calibration of the rig throttle to calculate flow coefficient dom-
inates. Thus the overall error in Reynolds number was calculated to
be £2%.
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