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Influence of Inlet Pressure Distortion
on a Convertible Engine Fan

Tarik Kaya*
International Space University, Strasbourg 67400, France

An experimental and computational study of the flowfield of a fan with uniform and distorted inlet
flow is presented. The research facility is a full-scale integrated engine with a constant-speed turbofan.
The blade-incidence angles of the fan-rotor can be changed during the operation. Thrust variation is
thus achieved by altering the incidence of the fan-rotor blades in the same manner as a variable-pitch
propeller. The flowfield of the fan with a uniform inlet flow was first studied by a quasi-three-dimensional
approach based on a radial-equilibrium method. The radial-equilibrium solutions are within 1.5-10%
of experimental measurements. The results indicated the stable operating range of the fan as a function
of the rotor-blade-incidence angles. Then, the results obtained with the uniform inlet flow were used as
a reference basis for the study of the distorted inlet flow. The small-perturbation method was very useful
to design the distortion screens and to study the propagation characteristic of the distortion. The results
revealed that the fan attenuation capacity is augmented when the fan load increases. The distribution of
the periodic and random velocity fluctuations at the rotor inlet and outlet was obtained by hot-film probes
by using an ensemble-averaging technique. This technique proved to be a useful tool for the assessment

of distorted flow characteristics.
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Subscripts

= meridional direction

= radial direction

= axial direction

= circumferential direction
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Superscripts
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I. Introduction

NLET distortion is generally identified by nonuniform pres-
sure, velocity, and flow angle variations at the engine inlet.
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A better understanding of inlet distortion-related problems is
crucial to achieving successfully integrated next-generationen-
gines. The most significant sources of inlet distortions come
from changes in aircraft attitude or shock-wave/boundary-
layer interaction causing flow separation in the air intake,
wakes from the airframe or other aircraft, ground vortices,
crosswinds, and atmospheric turbulence. The distorted inlet
flow causes a performance penalty, and may trigger engine
instabilities with severe destructive consequences on the en-
gine. Because of its importance, a great deal of study has been
devoted to inlet distortion. Comprehensive surveys of previous
studies on inlet distortion are summarized in Refs. 1-4.

This study focuses on describing the response of a fan with
a variable-incidence rotor to induced total-pressure inlet dis-
tortion. In earlier studies, distortion research was based on the
rig tests of individual engine components. Reid’ stated that
data obtained by testing isolated components may be very dif-
ficult to interpret to make quantitative predictions of the engine
tolerance to the distorted-flow conditions. Reid”* also noted that
response and attenuation characteristics of a compressor might
be significantly different if tested individually on a test rig.
Therefore, the full-scale integrated engine, representing the
real operational environment of the fan, was tested for a proper
assessment of the fan response to distortion.

The test engine used in this study was designed for appli-
cation in a unique concept for powering vertical take-off and
landing (VTOL) aircraft. This concept involves a convertible
engine that can either provide shaft power for turning a lift
rotor, or thrust power for horizontal flight. One way of achiev-
ing this is to change the blade-incidence angles of the fan-
rotor during engine operation. The engine can thus deliver the
combination of shaft power and thrust, depending on the rotor-
blade-incidence angle. When the blade-incidence angle is in
the closed position allowing less mass flow, maximum shaft
power can be extracted. With the blades in the open position,
maximum thrust is obtained. In the intermediate positions, a
combination of shaft power and thrust is possible. Thrust var-
iation is achieved by altering the rotor-blade-incidence angle
in the same manner as a variable pitch propeller. The fan ge-
ometry is thus variable, and is dictated by the position of the
rotor blades. Changing the rotor blade angle significantly mod-
ifies blade loading, blade losses, boundary-layer growth, and



blade-row interactions. This leads to different fan pressure ra-
tios for different rotor-blade-incidence angles. The rotor-blade
design is obviously one of the main challenges of this concept,
because the engine should be operational for a wide range of
blade-incidence angles. In this respect, the study of the flow-
field through the fan is already quite involved, and the dis-
torted inlet flow conditions introduce an additional complexity.

The VTOL engines using straight-lift or vectored-thrust
mode operate in distortion levels approximately three times
higher than those encountered by conventional engines.’
Therefore, they require higher tolerance margins to the inlet
distortions. The results obtained in this study suggest that the
convertible engine approach for VTOL applications may offer
a potential solution to reduce tolerance margins to the inlet
distortions. In addition, in comparison to the rotor-driven
VTOL applications, the convertible engine makes faster and
more efficient horizontal flight feasible, as a result of the avail-
able thrust power.

II. Experimental Facility and Instrumentation

The experiments and computations were performed on the
Turbomeca-designed Astafan engine. This engine is a single-
spool, constant-speed, bypass turbofan with a variable-inci-
dence rotor. The blade-incidence angle can be varied from
—8.5 to 35 deg, the 0-deg-incidence angle representing the
design condition and the —8.5-deg-incidence angle for the
maximum load. The fan design employs 11 rotor blades and
13 stator blades. The design-point overall pressure ratio for the
fan stage is 1.25 at a mass flow rate of 34.5 kg/s. The hub-to-
tip radius ratio is 0.45 with a rotor tip diameter of 0.558 m.
Rotor speed is about 9700 rpm.

The principal instruments used for steady-state measure-
ments were three- and five-hole probes, and thermocouples.
The pressure probes were designed to measure the flow angle,
and the total and static pressures. These probes were used in
combination with pressure transducers, and the output from
the transducers was fed into a data processing system to obtain
the desired quantities. The errors were estimated at less than
1% in measuring total pressures, and 3 - 5% in measuring static
pressures as a function of Mach number. The error in mea-
suring the yaw and pitch angles of the probes was =1 deg.
The traversing mechanisms used had two degrees of freedom:
1) linear motion along the radial direction of the fan and 2)
rotation of the probe around its own axis. An additional error
of £0.5 deg was estimated in the alignment of the probes
along the fan axis.

For unsteady measurements, X hot-film probes were cali-
brated as a function of the flow speed and angle. The error in
the measurement of the random and periodic velocity fluctu-
ations was less than 2%.

All measurements were taken with a computerized data ac-
quisition system. The data were first stored and then analyzed.
Details of the instrumentation and the measuring methods de-
veloped are discussed in Ref. 6.

III. Uniform Inlet Flow

A detailed study of the fan flowfield was first performed
with uniform inlet flow. The results of this study served as a
reference base for the study of the engine performance char-
acteristics with inlet distortion. The numerical method used
combines the radial-equilibrium and the blade-to-blade solu-
tions for a quasi-three-dimensional representation of the fan
flowfield.” The radial-equilibrium solutions were compared
with the results of the steady-state measurements. The results
were obtained for different blade-incidence angles to identify
the on- and off-design operating conditions.

A. Radial-Equilibrium Solution

The flow through the fan was assumed to be axisymmetric
between the blade rows. The governing equations of a steady,
inviscid, compressible, adiabatic flow of a perfect gas with
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constant specific heats in the absence of the external body
forces were considered. The radial-equilibrium equation in
terms of the Mach number can be given by the following equa-
tion:

M? 1 P M3 1g>
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M, =M cos ¢ cos B (2a)
My = M sin B (2b)
M, =M cos B (2¢)

Equation (1) was solved by using a fourth-order Runge-
Kutta scheme. The calculations were performed at the inlet
and outlet of the rotor. The solution method required an iter-
ative procedure. The mass conservation equation was used to
check the convergence of iterations. The deviation angles and
the relative flow losses were taken into account by means of
correlations, which are described in detail in Ref. 8.

B. Results

The steady-state measurements were carried out at 11 radial
locations at the inlet and the outlet of the rotor for a set of
rotor-blade-incidence angles. The measurement locations are
shown in Fig. 1. The radial-equilibrium calculations were ob-
tained at the same planes where the measurements were taken.
Figures 2 and 3 show the comparison between these measure-
ments and the numerical solutions for the blade-incidence an-
gles of —5 and +5 deg. The radial distributions of normalized
static pressure and the relative flow angle at the inlet and outlet
are represented in Figs. 2 and 3. The results of static-pressure
calculations are within 0.6-4.5% of the experimental mea-
surements. The comparison of the static-pressure measure-
ments and the calculations is more satisfactory in the midre-
gion where the radial gradients are negligible. As shown in
Figs. 2b and 3b, the static-pressure distribution near the tip
region at the outlet was not well predicted (within 4.5%). This
is because of the secondary flow and clearance flow effects
near the tip. The numerical method used in this study cannot
simulate these effects. The relative flow angles were predicted
within 1.5-10% of the experimental measurements. The flow
angles near the tip at the outlet were not well predicted because
of the same reasons. The negative inlet flow angle is clear in
Fig. 3c for the +5-deg-blade-incidence angle. The difference
between the numerical values and the measurements near the
hub (about 10%) in Fig. 3d could be explained by a possible
flow separation caused by these negative inlet flow angles. The
results obtained for higher values of the incidences showed
that the inlet flow angles become more negative, and the fan
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Fig. 1 Fan test section showing measurement planes. (x,/R =
0.34, x>/R = 0.28, x5/R = 0.88, where R = 0.279 m.)
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Fig.2 Comparison of measurements and calculations for the —5-
deg-blade-incidence angle: a) normalized static pressure at the in-
let, b) normalized static pressure at the outlet, ¢) relative flow
angle at the inlet, and d) relative flow angle at the outlet. ——,
radial-equilibrium calculations; ----, flow deviation correlations;
, solid blade angles; O, experimental results.

is in the far off-design operating regime. The deviation angles
were also calculated separately by using empirical correlations.
The results of these correlations are within 10% agreement of
the experimental measurements (Figs. 2d and 3d). The devia-
tion angle correlations were also valid for the off-design con-
ditions.

C. Blade-to-Blade Solution

A blade-to-blade solution was performed to complete the
quasi-three-dimensional analysis of the rotor with a uniform
inlet flow. The unsteady Euler equations were integrated by a
finite difference scheme of the predictor- corrector type using
MacCormack’s method’ to obtain the steady-state solutions.
Because the solutions of interest here were only the final
steady-state solutions, the equation of energy was replaced by
its simple steady form to reduce the required computer time
and memory.'’ The governing equations in the curvilinear co-
ordinates (m, 0, and x) may be written as
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Fig.3 Comparison of measurements and calculations for the +5-
deg-blade-incidence angle: a) normalized static pressure at the in-
let, b) normalized static pressure at the outlet, ¢) relative flow
angle at the inlet, and d) relative flow angle at the outlet. ——,
radial-equilibrium calculations; ----, flow deviation correlations;
, solid blade angles; O, experimental results.

The radial-equilibrium solutions provide the necessary in-
formation to calculate the shape of the streamlines in the me-
ridional plane. The stream surfaces were then assumed to be
the surfaces of revolution. The intersection of a chosen stream
surface with the three-dimensional blade geometry provided
the solution domain between the two successive blades.

The viscous effects were introduced by using semiempirical
relations."" All of the results were obtained by implementing a
nonreflecting downstream boundary condition. This condition
permits the cutoff of information from downstream and brings
downstream infinity at a finite distance. Convergence was as-
sumed to occur when the pseudotime derivatives of the veloc-
ity components were smaller than 10, The converged results
were used to refine the results of the radial-equilibrium solu-
tions, and this cycle between the radial-equilibrium and the
blade-to-blade solutions was repeated until the stream surface
coordinates did not change more than 0.3% at all grid points
over approximately 10 iterations. More information on the cal-
culation procedure and boundary conditions can be found in
Refs. 6 and 11.

D. Results

Results are provided in Figs. 4, 5, and 6 for the blade-in-
cidence angles of 0, —5, and +5 deg, respectively, at the tip
(90% of the blade height), mid (50%), and hub (10%) sections.
In Fig. 4, the Mach number contours for the 0-deg-incidence
angle show only a small low-supersonic region at the blade
tip. Also shown in Fig. 4 is the pressure distribution for the
hub showing that the flow was rapidly compressed and ex-
panded in the neighborhood of the leading and trailing edge
on the upper surface of the blade. This is a result of the coarse
mesh used to represent these regions. To minimize the com-
putational time and memory, the mesh size was optimized by
a series of test runs. The flowfield was first calculated by using
a very fine mesh. Then, mesh size was increased until the
maximum percentage change of the stream surface values at
the corresponding points in the whole solution domain was



Fig. 4 Mach number contours for the 0-deg-blade-incidence an-
gle, from top to bottom, at the tip (90% of the blade height), mid
(50%), and hub (10 %) sections with the corresponding static-pres-
sure distributions on the blade. ——, upper blade surface; - ---- s
lower blade surface.
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Fig. 5 Mach number contours for the —5-deg-blade-incience an-
gle, from top to bottom, at the tip (90% of the blade height), mid
(50%), and hub (10 % ) sections with the corresponding static-pres-
sure distributions on the blade. ——, upper blade surface; - ---- s
lower blade surface.

less than 0.5%. The influence of the coarse mesh was more
noticeable in the hub section of the profile, which is thicker
than the other two sections represented.

Figure 5 shows the results for the —5-deg-incidence angle,
which is close to the maximum flow design condition of the
blade incidence (—8.5 deg). A weak shock was predicted on
the upper surface at the tip section. The corresponding com-
pression as a result of this shock is clear on the static-pressure
distribution in Fig. 5.

In Fig. 6, for the +5-deg-blade-incidence angle, the negative
inlet flow angles are evident on the static-pressure distribution
plots for three sections: hub, mid, and tip. A rear shock on the
upper surface of the blades at the hub and tip sections was
located as a result of off-design operation. No convergence
was obtained for the higher blade-incidence angles. For these
angles, the three-dimensional and viscous flow effects become
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Fig. 6 Mach number contours for the +5-deg-blade-incidence
angle, from top to bottom, at the tip (90% of the blade height),
mid (50 %), and hub (10 %) sections with the corresponding static-
pressure distributions on the blade. ——, upper blade surface;
~~~~~ , lower blade surface.

more dominant, and these flow characteristics were not cap-
tured by the quasi-three-dimensional method.

IV. Nonuniform Inlet Flow

This section focuses on the effects of an induced total-pres-
sure distortion on the fan performance. The computational and
experimental study of the fan flowfield with a uniform inlet
flow allowed a better understanding of the fan design condi-
tions as functions of the rotor-blade-incidence angles. In this
part of the paper, a small-perturbation analysis is first described
to study the propagation characteristics of distortion through
the fan and the distortion attenuation capacity of the fan. Un-
steady measurements obtained by X hot-film probes are then
discussed.

A. Small-Perturbation Analysis

The inlet pressure distortion was simulated by using gauze
screens. A rapid and simple method was required to design
these distortion screens and to determine the optimum distance
between the distortion screen and the fan. The distortion screen
should be placed far enough from the engine to allow the flow
redistribution of the perturbed flow. However, if the distortion
screen is placed too far from the engine, the generated distor-
tion might be significantly attenuated before arriving at the fan.
In addition, the distortion leaving the fan may influence the
other components of the engine downstream. The amplitude
of the generated distortion should then be small enough not to
cause a significant loss of the engine surge margin for a safe
operation. The linearized theory was a good approach to
quickly calculate the flow redistribution upstream and the
propagation of the distortion pattern throughout the fan as a
function of the rotor-blade-incidence angle.

The method used in this work was based on the linearized
theory developed by Plourde and Stenning.'> This method is
applicable to the small-amplitude circumferential distortions of
the total pressure. In this model, an inviscid, incompressible,
steady two-dimensional flow was considered, and the pressure
rise characteristics of the fan were simulated by the equivalent
body forces. The flow variables were first expressed under the
form of the sum of a mean flow and small perturbations:

’

v="v+ v W' << D) (7)
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The Euler and continuity equations were then linearized by
using the approach in Eq. (7). The resulting Euler equations
in axial and circumferential directions were cross-differenti-
ated and subtracted from one another to eliminate the explicit
appearance of the pressure. The resulting equations are as fol-
lows:
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The linear character of the resulting equations allows a Fou-
rier series solution. The resistance to flow in the tangential
direction was introduced by an empirical parameter, which is
a function of the solidity of the blading and the clearance be-
tween the blade rows. As stated by Plourde and Stenning," it
is found that although the velocity distribution is influenced
by this empirical parameter, the overall attenuation is almost
constant over the range of possible values varying from 1 (very
large axial clearances) to ® (zero axial clearances). Plourde
and Stenning'” also showed that the approximation of no cross-
flow within the compressor gives excellent results.

B. Results

The inlet total-pressure distortion was generated by a gauze
screen with a spoiled sector angle of 30 deg. A fixed rake probe
array with 10 equispaced rakes and five total-pressure probes
per rake was used to measure the distortion patterns. The rake
was placed at one radius upstream of the engine face. The
resulting total-pressure distortion was represented by the Fou-
rier series expansion, which provided the input values for the
small-perturbation analysis.

An important parameter of the linearized theory was the
slope of the corrected constant speed of the fan on the com-
pressor characteristic map (nondimensional mass flow vs pres-
sure rise) for a given rotor-blade-incidence angle. Because the
test engine was a constant-speed turbofan, the equation for the
corrected speed was determined by using five exit nozzles
of different geometrics for each rotor-blade-incidence angle.
Reid’ stated that the compressor nondimensional performance,
i.e., nondimensional mass flow and efficiency, is only slightly
affected by distortion, particularly by predominantly circum-
ferential distortions, and that the variations are generally within
*2% of the undisturbed values. Thus, because of the nature
of the distortion considered in this work (primarily circumfer-
ential with a spoiled sector angle of only 30 deg), the equation
for the corrected speed obtained with uniform inlet flow was
used in the estimation of the distorted flow characteristics.

Figures 7 and 8 show, respectively, the evolution of the cir-
cumferential total-pressure distortion at the midsection through
the fan for the incidence angles of —5 and +5 deg. The total-
pressure values 8P, represented here are the sum of the am-
plitude of the generated total-pressure distortion and the per-
turbation introduced by the fan on the upstream flowfield. All
of the values were normalized by the mean total pressure. The
fan extends from x/R = 0 to 0.931, where x is the axial distance
and R is the fan tip radius. In Figs. 7 and 8, the valley of low-
pressure region is induced by the distortion screen. The other
two low-pressure regions on the right and left of this valley
are a result of the braces of the backup screen, which serves
as a support to the distortion screen.

The distortion at the inlet for the —5-deg-incidence angle is
8% stronger than that for +5 deg, based on DC(60). This is
because the fan is highly loaded for the —5-deg-incidence an-
gle, and the inlet velocities are therefore higher. The total-
pressure losses increase when the flow with higher velocity
passes through the distortion screen. To quantify the overall
attenuation capacity of the fan, the recovery ratio [RR = 1 —

0(degrees)

Fig. 7 Evolution of the circumferential total-pressure distortion
at the midsection (50% of the blade height) through the fan for
the —5-deg-blade-incidence angle.
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Fig. 8 Evolution of the circumferential total-pressure distortion
at the midsection (50% of the blade height) through the fan for
the +5-deg-blade-incidence angle.
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(3P,/3P,))] introduced by Smith,"” was used. The fan overall
recovery ratio for —5-deg-incidence angle was 7% higher than
that for the +5-deg-incidence angle. Because the fan is highly
loaded for —5-deg-incidence angle, it can furnish more work
to the region of deficient energy, which in turn, improves the
fan attenuation capacity. This would be consistent with Long-
ley and Greitzer’s' statement that, the steeper the compressor
characteristics, the greater the distortion attenuation. Longley
and Greitzer' also noted that because the greater pressure rise
in the low-flow region implies a greater work input, a higher
total temperature distortion would be induced downstream of
the compressor.

In Fig. 9, the 3P, values are plotted against the axial distance
for —5- and +5-deg-blade-incidence angles. The calculated
OP, values are seen to be 5-15% higher than those derived
from experimental measurements. Because neither unsteady
flow dynamics nor nonlinear effects is taken into account, the



small-perturbation theory cannot be used for an accurate esti-
mate of the loss of stability margin."* However, as shown in
Fig. 9, because the model underestimates the fan attenuation
capacity, the stability assessment by using the small-perturba-
tion theory would be on the conservative side. The simple
parallel compressor model also always overestimates the loss
of stability margin."> Note that the distortions of the small cir-
cumferential extent have little effect on stability.! As a result,
it would be reasonable to use the small-perturbation theory for
a fair estimation of the safe operating range of the fan. It was
important to ensure that the gas-generator or the hub section
was not operating on the stalled side of the fan characteristics.
In the case of a hub section surge, the distortion leaving the
hub section would be significantly amplified, which may be
the source of trouble for the following compressor and other
components. We used the criterion suggested by Stenning'® to
analyze the fan stability. According to this criterion, the infinite
amplification of any inlet distortion is associated with the oc-
currence of a rotating stall. By using this approach, we esti-
mated that the engine would be within the limits of stable
operation if the distortion screens were placed at the position
of 1.4 fan diameters upstream. This distance allows a safe op-
erating range for the introduced distortion and also an opti-
mized flow redistribution upstream of the fan.

C. Unsteady Measurements

The measurements were taken by using X hot-film probes
and a distortion screen with a spoiled sector angle of 30 deg.
Hot-film probes were placed at both the inlet and outlet of the
fan rotor. The data obtained from the probes were sampled at
2048 points over 45 revolutions of the rotor. The sampling
frequency was selected at 100 kHz. The A/D converter has a
12-bit resolution at an input range of =10 V. The measure-
ments were triggered by an optical sensor that can detect
the passage of a black-painted blade tip with an accuracy of
*1/10 rpm. The distortion screen was also rotated to take into
account the influence of the screen location with respect to the
hot-film position. The data represented here correspond to the
results obtained from the hot-film probes located within the
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Fig. 11 Random and periodic velocity fluctuations normalized by
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deg-blade-incidence angle: a) at the rotor inlet with uniform inlet
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perturbed flow region by the distortion screen. The axial and
tangential components of the flow velocity in the duct were
simultaneously measured with the X hot-film probes. Note that
outside the areas close to the hub and the casing, the radial
velocities are negligible, and the use of X hot-film probes to
obtain the resultant flow velocity is appropriate.

By using an ensemble-averaging technique, the periodic and
random velocity fluctuations were separated. The details of this
technique are discussed in Refs. 17 and 18. The estimation of
the maximum error of the measurements results in 2% accu-
racy with a probability of 0.9."

The periodic and random fluctuation profiles at the inlet and
outlet of the rotor for the —5- and +5-deg-blade-incidence
angle are plotted in Figs. 10 and 11, respectively. All of the
values were normalized by the time-averaged mean value of
the absolute velocity. The measurements were taken at the five
different radial locations of 10, 30, 50, 70, and 90% of the
blade height. The results obtained in the absence of a distortion
screen are also presented for comparison. The distortion
backup screen was maintained during all of the tests to have
a reference base. The level of random fluctuations measured
without the distortion screen at the inlet was approximately 1.3
times higher than expected because of this backup screen.

As shown, respectively, in Figs. 10a and 10c for —5 deg,
and in Figs. 11a and 11c for +5 deg, the form of the periodic
fluctuations measured at the inlet with and without inlet dis-
tortion exhibits considerable resemblance, and their levels
were slightly increased in the case of distorted inlet flow (less
than 1.2 times). This evenly distributed augmentation of the
periodic fluctuations at the inlet appears to be related to the
flow redistribution effects induced by the fan-rotor at the fan
upstream. Because our test engine is at a constant speed, the
blade-induced frequencies are constant in both cases, with and
without inlet distortion. However, the level and form of the
random fluctuations were noticeably influenced by the distor-
tion, as shown in Figs. 10a, 10c, 11a, and 11c. This must be
a result of the increased level of turbulence originated by the
distortion screen with a fine mesh (42% permeability). At the
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same time, for the —5-deg-blade-incidence angle, because the
inlet velocity is 9% higher than that for +5 deg, the augmen-
tation of the random fluctuations is more pronounced up to
30%, as shown in Figs. 10a and 10c.

At the outlet of the rotor, the augmentation of the random
fluctuations in correspondence with increasing losses near the
hub and the casing is clear with and without the distortion
screen. Binder et al.'"® measured the fluctuations in a multistage
low-pressure turbine by using a similar technique. The rising
shape of the random fluctuations near the hub and casing is
inconsistent with Binder et al.’s'"® results. The radial variation
of the fluctuations was clearly amplified (35%) for the —5-
deg-blade-incidence angle in the case of distorted flow (Fig.
10d). Note that the periodic fluctuations are decreased at the
hub (15-35%) in the case of distorted flow for the whole range
of blade-incidence angles tested. This decrease in the periodic
fluctuations, accompanied by an increase in random fluctua-
tions at the hub, suggested a possible flow separation near the
hub. This would be consistent with the earlier results obtained
with uniform inlet flow for +5-deg-blade-incidence angle (see
Sec. III.B). This finding also suggests that the inlet distortion
would induce a flow separation near the hub for —5 deg. As
explained by Reid,” during testing fans of bypass engines, there
may be difficulty in deciding whether the bypass (tip) or the
gas-generator (hub) sections will cause an engine surge. The
suggested measurement and evaluation technique may there-
fore help to identify which section is the source of trouble for
the components downstream, and thus to reduce the design
risk.

Another remarkable observation is the increase of the ran-
dom and periodic fluctuation levels (10-30%) in the midspan
area caused by distortion. This phenomenon is more pro-
nounced when the fan is highly loaded and the blade inci-
dences are higher than 0 deg. The fluctuation patterns could
also be used to analyze the trends of the efficiency distributions
in the various stages.' Thus, the results also indicate how the
introduced distortion causes an efficiency penalty across the
span.

As stated earlier, the distortion screen was rotated with re-
spect to the hot-film position to take measurements at four
different circumferential positions, each spaced apart from the
other by 90 deg. This was to see the effect of the introduced
distortion on the unspoiled regions. The fluctuation patterns
for these regions exhibit a similar behavior to the results ob-
tained with uniform inlet flow, suggesting no strong impact of
the distortion on the unspoiled regions. This is probably at-
tributable to the nature and low extent of the distortion con-
sidered in this study. Chue et al." studied the compressor sta-
bility by considering a model of the fluid dynamic interaction
between the spoiled and unspoiled sectors of the compressor.
They showed the importance of interaction between the high
and low total-pressure sections for more intense distortions (a
spoiled sector of 120 deg). However, they did not consider the
distortions of smaller extents, and no comparison was possible
between their data and our results.

As a result of all of these observations, it would be reason-
able to conclude that the inlet distortion is transferred through
the fan-rotor by a complex transfer mechanism. Also note that
the frequency analysis of these signals did not reveal any in-
dication of the rotating stall in the case of distorted inlet flow.
This result is consistent with the small-perturbation model pre-
dictions regarding the occurrence of the rotating stall (see Sec.
IV.B, last paragraph).

V. Summary and Conclusions
A comprehensive experimental and numerical survey of the
flowfield through a fan with an inlet total-pressure distortion
was presented. The test engine used was a convertible type
with a fan-rotor having variable-incidence blades. The flow-
field through this fan was particularly complex, because blade
loading, blade losses, boundary-layer growth, and blade-row
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interactions were significantly modified when the rotor blade
angles were changed.

The study of the fan flowfield with uniform inlet flow pro-
vided the reference basis for the case of the distorted inlet flow.
The radial-equilibrium solutions are within 1.5-10% of the
steady-state measurements. It was shown that the quasi-three-
dimensional code and associated loss and flow turning corre-
lations (within 10%) were satisfactory for predicting the un-
disturbed performance of the fan flow, both for on- and
off-design conditions. The quasi-three-dimensional model was
used to determine the limits of the design operating regime of
the fan. The numerical method was valid to study the fan flow-
field for the blade-incidence angles ranging from —8.5 to +5
deg; 0 deg representing the optimum design angle.

The small-perturbation theory was very useful in designing
the distortion screens and in optimizing the distance between
the distortion screen and the fan. The distortion screens were
thus placed 1.4 fan diameters upstream of the fan. The model
appears to be in accord with the experimental results, and can
be used for a reasonable assessment of the occurrence of the
rotating stall in the case of an inlet distortion of small circum-
ferential extent (about 30 deg).

The measurements taken by X hot-film probes were ana-
lyzed by using an ensemble-averaging technique. It was shown
that this technique could be a very useful tool for the analysis
of the distorted inlet flow behavior. At the rotor inlet, the pe-
riodic fluctuations with and without inlet distortion show con-
siderable resemblance in shape. At the rotor outlet, the distor-
tion mainly affects the random fluctuations, but affects the
periodic fluctuations less. The results suggest a possible flow
separation near the hub, which is found to be consistent with
the results obtained with uniform inlet flow. No important in-
teraction is found between the spoiled and unspoiled sectors
because of the nature and low extent of the distortion consid-
ered in this study. The results of measurements of the periodic
and random fluctuations suggest a complex transfer of distor-
tion patterns through the fan-rotor. Additional research is re-
quired to understand the relation between the transfer of these
fluctuations and the onset of distortion-induced instabilities.

The results obtained in this study have also shown that the
attenuation capacity of the fan is increased when the fan is
more loaded (—8.5-deg-blade-incidence angle corresponds to
the maximum load). Thus, the fan can provide more work to
the low-energy region created by the distorted sector of the
inlet flow, demonstrating the usefulness of using a convertible
engine to reduce the tolerance margins to inlet distortion. Be-
cause the VTOL engines with straight-lift, vectored-thrust, and
highly curved ducts operate in significantly high inlet distor-
tion levels, the convertible engine provides an efficient option
to power the VTOL vehicles.
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