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Numerical Investigation of Installation Effects
in Turbofan Engines

W. G. Joo*
Yonsei University, Seoul 120-749, Republic of Korea

One of the important issues in the assessment of intake/engine compatibility in civil turbofan engines is the
prediction of the coupling effects between the intake and the engine. An actuator-disk model has been applied to
the calculations of the flow through a high-bypass-ratio turbofan geometry, including the presence of the core-
support pylon and a nonaxisymmetricinlet, and the effects of the core engine. The results of a series of calculations
are presented, and the nature of the interactions between the flow through a fan and the system components is

addressed.
Nomenclature
A = area vector of the control volume surface
C,,Cy = specific heat
E = total internal energy, cy T + V2/2
H = total enthalpy
i,,1p, I, = unit vectorsin r, 6, and x directions
m = mass flow rate
Py = total pressure
p = pressure
Ty = total temperature
t = time
\4 = absolute velocity
V., Vo, V, = velocity componentsin r, 0, and x directions
P = density
T = stress tensor containing both the static pressure and
viscous stresses
Q = volume of the control volume
Subscripts
x,0,r = axial, tangential, and radial directions
Superscript

- = mass averaged at dadius

I. Introduction

HE design of the intake for modern turbofan engine instal-
lations traditionally and to a large extent still takes place in-
dependently of that of the engine. The acceptability of the intake
design is usually determined by experiments performed on the in-
take alone. However, when the engine is installed in its intake, the
performances of the intake and the fan can be very different from
those measured in isolation. This is largely caused by the coupling
between the flowfield delivered by the intake and that of the engine.
The intake of a civil high-bypass-ratio turbofan engine (Fig. 1)

is usually drooped relative to the engine centerline, typically, at ap-
proximately 6 deg, to align the intake more fully with the oncoming
flow, which has a positive vertical componentinduced ahead of the
wing. In addition, the intake is usually asymmetric, with a thicker
lower lip to allow for the inlet being subjected to positive incidence
at various parts of the takeoff and climb. Even though the flow de-
livered to a fan is a uniform stagnation pressure flow, a nonuniform
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static pressure field is produced at the fan face by the asymmetric
nature of such a drooped nonaxisymmetric intake.

In addition, there is usually a large pylon, which supports the
weight (and carries various engine services), and at least one other
strut, which provides some rigidity for the engine structure. These
support structures for the core and rotating assemblies of a mod-
ern turbofan engine present a considerable blockage for the bypass
section and subject the fan to a nonuniform back pressure. This
nonuniform static pressure field upstream and downstream of the
fan affects the performance and the stability of the fan, and it is a
matter of some concern to manufacturers. Despite the importance
of the problem, however, few prediction methods or empirical cor-
relations have been reported for the flow through a fan that take into
account the interaction with the inlet and with the pylon.

For the calculation of nonuniform flow, the whole blade passage
in the annulus must be included in the calculation domain, but this
calculation, which requires large CPU time and large memory, is
not practical at the design stage. This leads to the need to model the
flow within the blade rows, and various blade row models could be
considered for this purpose. Joo and Hynes' argued that actuator-
disk models of blade rows are an appropriateapproximationbecause
the nonuniformities of static pressure due to the droop and due to
the presence of the pylon have a length scale of the order of the
circumference, and they' developed a three-dimensional compu-
tational method using actuator-disk models of blade rows for the
calculation of nonuniform flow with a long length scale.

This paper presents the results of a series of calculations per-
formed for a typical modern high-bypass turbofan engine using the
method developed by Joo and Hynes' and discusses the nature of
the interaction between the flow through a fan and through system
components.

I1.

A. Calculation Domain

Calculation Method

Figure 2 shows a cross section of the calculation domain that is
used to model the flow through the engine and its installation. The
engine has a droop simulator designed for taking into account the
effect of a drooped intake at cruise.

A fan and an outlet guide vane (OGV) in the bypass duct are
contractedto plane actuatordisks, which are located at the midchord
of each blade row. The flowfields upstream and downstream of the
blade row are found using a fully three-dimensional computational
method and are coupled by boundary conditionsimposed across the
actuator disk to represent the blade row performance. The locations
of the OGV actuator disk and the splitter are moved slightly toward
the fan to keep the true actual gap distances between them and
the fan.

It is necessary to simulate all components of the engine down-
stream of the fan that are thought to affect the response of the fan.



698

Section to Simulate Flight Conditions
in Intake Under Static Conditions

JOO

Drooped Intake

Fig. 1 Schematic of typical turbofan engine with inlet simulator.
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Fig. 2 Calculation grids used for predictions of fan/OGV/pylon flowfield interactions.

The flowfield downstreamis splitinto core and bypass streams. The
calculation domain in the core engine section is extended to just
upstream of the engine section stator (ESS), where a boundary con-
dition simulating the presence of the core engine is imposed. The
calculation domain in the bypass stream is continued around the
pylon and the correspondingstrut at bottom dead center to a section
well past the pylon leading edge.

General details of the computational method using actuator-disk
blade row models and the important issues related to an actuator-
disk model, such as the sensitivity of solution to the disk location,
are describedby Joo and Hynes,!"? and thus, only a brief description
of the method and the extradetailsrelevantto the currentcalculation
are given here.

B. Computational Method for Flowfield Regions

The flowfields upstream of the fan, between the fan and OGYV,
and downstream of the OGV, shown in Fig. 2, are found from the
solutions of three-dimensional Reynolds averaged Navier-Stokes
equations in conservation form. These equations are written in the

absolute frame using a cylindrical coordinate system because the
distorted flowfield is assumed to be steady in this frame; thus,
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These equations are discretized on a set of control volumes,
formed by a simple, structured H-grid construction. Flow variables
are stored at cell centers, and values on cell faces for flux evaluation



are, thus, found by a simple average of the cell variables on either
side of the face with second-order accuracy on smoothly varying
grids.

There are potential problems raised by the singular points at zero
radius in a cylindrical coordinate system, but these singular points
pose few problems for cell-centeredfinite volume methods because
flow variables need not be defined there. Only the evaluation of
fluxes through the face located at zero radius is required to solve the
discretizedequationsof motion. These fluxes are set to zero because
the face area is zero.

The size of the grids near the boundaries used for the calcula-
tion is too large in comparison with a boundary-layer thickness to
resolve annulus boundary layers. Therefore, only the laminar shear
stress, not turbulence, is considered, and the calculation effectively
would become an inviscid one. The discretized set of equations of
motion are solved by time marching. The basic solution algorithm
is the same as that developed by Dawes® for the calculation of the
flow within a single blade row passage. This time marching scheme
consists of a two-step explicit and one-step implicit scheme derived
as a preprocessed simplification of the Beam-Warming algorithm.

The flow at the inlet boundary to the calculation domain is as-
sumed to be nonswirling, to have uniform stagnation pressure and
stagnation temperature, and to be roughly aligned with the stream-
wise surfaces of the calculation grid.

Attheoutletboundarylocatedjustupstreamof the ESS in the core
engine section, a condition simulating the presence of the core en-
gine is imposed. The pressurerise characteristicsof the core engine
are very steep when compared with those of the fan root, and thus
the core compressor will not accept much in the way of a circum-
ferentially nonuniform reduced mass flow. A constant mass flow
coefficient, m \/(C,, Tyv)! APy, therefore, is specified at each radius
and circumferential position.

The outlet boundary in the bypass section is located at some dis-
tance downstream of the pylon leading edge and the corresponding
strut leading edge at the bottom. If the flow at the outlet to the cal-
culation domain is assumed to have no circumferential variation,
the imposed boundary conditionis usually the fixed hub or tip static
pressure, with the radial variationconsistent with simple radial equi-
librium. This is a good approximationfor blade to blade calculations
where the only circumferential static pressure variation present has
a length scale of at most one blade pitch and variations that are
made up of such high order that circumferential harmonics decay
axially in a short distance. Any interaction of these static pressure
variations with the downstream boundary usually has a negligible
effect on the flow in the blade row.

However, the static pressure variations present in the flow with
strong flowfield interaction have considerable low-order circumfer-
ential harmonics, which persist a long way downstream, and thus
radialequilibriumis notappropriateas an outletboundarycondition.
Its imposition,even at some far distantdownstreamlocation, caused
considerable problems with numerical convergence to a steady
solution.

Joo and Hynes' suggesteda simple, new approach to handle such
a complicatedboundary condition. The calculation domain is imag-
ined to be terminated at the downstreamend by a gauze honeycomb.
This was chosen because a gauze honeycombis an almostrealizable
device that will turn the flow at each radial and circumferential po-
sition to the axial direction. The static pressure downstream of the
honeycomb will, thus, be uniform. The gauze honeycomb also has
throttlelike pressure drop characteristics,and this might be expected
to have a benign effect on the transient aspect of the convergence
process. The presence of such a device will, of course, affect the
flow upstream of the outlet boundary, so that the outlet boundary
should still extend to a sufficient length downstream of the fan to
ensure thatthe flow throughthe rotoritselfis not affected. A detailed
description of the implementation of this outlet boundary condition
into a numerical scheme is found in Ref. 1.

C. Actuator-Disk Boundary Conditions

The length scales that characterize the flow interactions between
fans and intakes and the downstream components are likely to be
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much larger than a blade pitch. In addition, it will be seen that some
of the compatibility issues do not directly involve the flow within
the blade rows. In these circumstances, an actuator-disk model for
a blade row would seem a useful first approximation.

The flowfields upstream and downstream of the blade row are
coupled by boundary conditions imposed across the actuator disk
to represent the fan performance. Five matching conditions are re-
quired across an actuatordisk, correspondingto the five independent
flow variables in the equations of motion. The boundary conditions
used in the present model, which are applied at each radial location
and at each circumferential position, are: 1) conservation of mass,
2) conservation of radial momentum, 3) conservation of rothalpy,
4) relative exit flow angle specified, and 5) entropy rise (or total
pressure change) specified.

The last two conditions are associated with blade performance,
which are given as input data. The flow angle at the exit to the
actuatordisk could be takendirectly from the values of the measured
or calculated flow angle at the blade trailing edge. In the present
calculations, the values of the relative flow angles and losses at the
exit to the fan actuator disk were obtained from a three-dimensional
viscous calculation (using BTOB3D) of the flow through the fan
operating near design in a uniform inlet flow. The radius of the
annulus varies significantly through the fan blade row, as shown
in Fig. 1. The work done by the fan disk, therefore, is influenced
somewhat by the disk location if the true blade exit flow angles are
used. Toreproducethe correct work distribution, the true flow angles
are corrected slightly using an approximate method suggested by
Joo and Hynes.! The OGV is assumed to turn the flow to the axial
direction without deviation. The flow through the rotor subjected to
the nonuniform inlet flow is unsteady to a certain extent, but this
unsteady effect is assumed to be neglected.

Conditions 1-5 just described must be modified when blade sec-
tions are choked because this set of boundary conditions does not
contain an allowance for blade blockage. In the presentcalculations,
a simple model for choking, suggested by Joo and Hynes,' based on
two-dimensionalflow into a chokedblade section, was incorporated
into the actuator-disk boundary conditions 1 and 5.

The way to integrate these actuator-diskboundary conditionsinto
anumerical model depends on the numerical scheme used for calcu-
lating flowfield regions. Detailed implementation of actuator-disk
boundary conditions used in the present calculation may be found
in Ref. 1.

III. Calculation Results

The calculations are performed for an engine operating at 95%
of design fan speed, where the total pressureratio is about 1.68, the
mass flow is 916 kg/s, and the bypassratiois 4.51. A27 X121 X 19
finite volume grid is used. Computations reach an acceptable level
of convergence at approximately 2000 time steps corresponding to
240 min of CPU time with an IBM RISC 6000/350.

The calculationresults are compared with the total pressure mea-
sured using a number of rakes mounted near the leading edge of
the OGV and ESS in Fig. 3, which was also presented by Joo and
Hynes,? for the validation of the present computational methods.
Because our major interest is the circumferential asymmetry in the
flow, the values shown in Fig. 3 are percentage variations about the
mean representing the average value at that particular radius,

Py(r, 0) — Py(r)

X100 (%)
Po(r)

Figure 3 shows that the calculationresults are in good agreement
with the experimental data for both the level and the pattern of the
variation. The major difference between the two results is in the
angular position; the predicted flowfield is shifted by about 30 deg
in the directionoppositeto fanrotationrelativeto the measurements.
The neglect of unsteadiness, which causes the time lag response of
the fan, in framing the rotor actuator-disk boundary conditionsis a
possible reason for the difference, as is the modeling of the entire
core section of the engine by a boundary condition. The shift in
angular position is also due to the actuator-disk model with zero
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length that cannot consider a particle path within a blade passage.
This is the only comparison with experimental data for validation
of the method because the experimental data available are limited,
but the agreement between the calculated and the measured results
in Fig. 3 is sufficient for many engineering purposes. The flowfield
immediately downstream of the fan and, by inference, the flowfield
immediately upstreamare probablyaccurateenough, for example, to
enable realistic estimates of the circumferential variationin loading
on rotor blades to be made for the purposes of fan vibration and
noise-level assessments.

Both sets of results show that the total pressure delivered by the
fan has an 11% variation about the mean value around the annu-
lus at the tip and 8% variation at the hub. This asymmetry of to-
tal pressure rise is caused by the effects of nonaxisymmetric inlet
geometry combined with the upstream effects of the core engine
and the pylon. Therefore, a series of calculations was performed to

Low Loading

Experiment
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identify the magnitude of the effect of each component on the fan
performance.

IV. Drooped Intake/Fan Flowfield Interaction

To investigate the characteristics of drooped intake and fan flow-
field interaction, calculations have been performed for the drooped
intake and fan flowfields where all components downstream of the
fan are removed. In addition, the calculation for the duct alone with
no fan present was performed to see the upstream flow redistribution
due to the presence of the fan. In the both calculations, the throt-
tlelike boundary condition is applied at the outlet boundary to the
calculation domain. The throttle coefficient for the calculation of
the duct alone was set to give the same mass flow as the one for the
calculation of the drooped intake with the fan.

The percentage variation of static pressure at the fan actuator-
disk inletis shown in Fig. 4 for both calculations. The calculationof

2

High Loading

Prediction

Fig. 3 Comparison of measured and predicted variations (%) of total pressure near OGV inlet.

Without fan

Fig. 4 Comparison of predicted variation (%) of static pressure at fan actuator-disk face for drooped inlet with and without the presence of a fan.

With fan
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Without fan

With fan

Fig. 5 Comparison of predicted variation (%) of static pressure at half mean radius upstream of fan actuator disk for drooped inlet with and without

the presence of a fan.

the duct without the fan shows the symmetric and small static pres-
sure variation. This shows that the large-scale nonuniform static
pressure field produced by the asymmetric drooped intake becomes
uniform as the annulus becomes axisymmetric. On the other hand,
the presence of the fan considerably modifies the static pressure
field upstream of the fan for both the level and phase of the vari-
ation. The circumferential position of the peak value is rotated
by about 45 deg in the direction opposite to fan rotation, and
the level of nonuniformity is much higher. The effect on the up-
stream flow redistribution appears more strongly in the hub re-
gion than in the tip region. The strength of this effect decays up-
stream of the fan and is negligible at half a mean radius upstream
(Fig. 5).

The static pressure variation at the fan face must be accompanied
by variationsin axial and circumferentialvelocity becausetotal pres-
sure is uniform upstream of the fan. The resulting changes in flow
coefficient and in incidence will produce nonuniform fan perfor-
mance at each circumferential and radial position. The percentage
variation of the total pressure at the fan actuator-disk exit is shown
in Fig. 6. The result indicates that the effect of the drooped intake
on the fan performance is stronger in the hub region (7% variation)
than in the tip region (4% variation).

When compared with the prediction including the combined ef-
fects of all components (Fig. 7), it can be seen that the asymmetry
of the fan performance is similar in the core section, whereas in the
bypass section, the total pressure variation due to the drooped intake
is small, particularly in the top region. This suggests that the effect
of the drooped intake dominates the change of fan performance in
the core section, but other components have a stronger effect on the
flow in the bypass section.

V. Core Engine/Fan Flowfield Interaction

When operating in circumferentially nonuniform flow, a com-
pressor generates a nonuniform static pressure field upstream to
match upstream and downstream flowfields across the compressor:*
Hence, the core compressor can be coupled with the nonuniform
flow that is delivered by the fan and the compressor produces a
nonuniform static pressure field upstream. This static pressure dis-
tortiondecays upstreamof the core compressor,butitis still possible
to significantly affect the fan exit flow condition.

Fig. 6 Predicted variation (%) of total pressure at the exit of a fan
operating behind a droop inlet without all downstream components.

To investigatethis effect of the core compressor,a calculationwas
performed for the fan with the drooped intake and the core engine
but with no pylon. The predicted fan performance is compared with
that without the core compressor in Fig. 8. As one might expect,
the presence of the core engine does reduce the asymmetry of the
flow produced by the fan in the hub region, but the effect on fan
performance s relatively small near the design operating condition.

An important factor that may strongly affect the strength of flow-
field interaction between the fan and the core compressor is the by-
pass ratio.’ At design, the bypass ratio is usually similar to the
effective bypass ratio for the isolated fan, which is defined by the
streamline that passed through the position occupied by the leading
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Fig. 7 Predicted variation (%) of total pressure at the exit of a fan
operating behind a droop inlet with all downstream components.

Fig. 8 Predicted variation (%) of total pressure at the exit of fan op-
erating behind a droop inlet with core engine and no pylon.

edge of the splitter. Therefore, the change in bypass ratio due to the
presence of the core is usually very small.

Near stall, however, the core engine, which usually has very steep
pressure rise characteristics, will not accept much of a variation in
reduced mass flow, so that more flow moves into the core stream. As
aresult, the bypassratio will be lower than the effective bypassratio,
and the flow in the core region is always accelerating. As bypass
ratio is reduced, the stabilization of the fan is stronger due to the
interaction with the core compressor, as observed by Lambie.’ The
investigation of the effect of changing the bypass ratio is suggested
for future work.

VI. Pylon/Fan Flowfield Interaction

The pylonrepresentsa considerableblockageto the bypassstream
and generates large static pressure disturbances associated with the
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low harmonics of long length scale. Its effect can be felt a long
way upstream and will still be significant at the fan exit. A view
of the grid in an axial-circumferential sense in the vicinity of the
casing is shown in Fig. 2, where the grid is drawn with equal
scales for axial and circumferentialdistances to show justhow close
(in aerodynamic terms) are the fan, the OGV blade rows, and the
struts.

To investigate the effects of the pylon only in the bypass stream
section, the effect of the drooped intake is eliminated by the use of
an axisymmetric inlet. The percentage variation of total pressure at
the fan actuator disk exit is shown in Fig. 9. The pylon effect on
fan performanceis almost symmetric and greatestin the top region.
Note that this pylon effect is not restricted to the bypass region;
it also appears in the core region. This is clearly the result of the
radial redistribution of the flow, which cannot be predicted using
two-dimensional analysis. When this is compared with the results
that include the effects of the droopedintakein Fig. 7, it can be seen
that the fan performance in the top region is primarily influenced by
the presence of the pylon.

Fig. 9 Predicted variation (%) of total pressure at the exit of a fan op-
erating behind an axisymmetric inlet with all downstream components.

Pylon

Datum +5°
( 14 blades)

Datum -5 °
(15 blades}

Datum ( 29 blades )

- Thin strut

Fig. 10 Typicalcyclic pattern of bladeanglesatthe OGYV exit for block-
ing the pylon effects.



The OGV between the fan and the pylon can significantly affect
the characteristics of the upstream propagation of a static pressure
disturbance. Chiang and Turner® demonstrated that the magnitude
of static pressure perturbation propagating across the OGV is a
function of the inlet and exit angles of the OGV by modeling the
vane as an actuator disk. Therefore, modern turbofans often use a
nonaxisymmetric set of OGVs to ameliorate the upstream effect of
the pylon blockage.

Figure 10 shows the typical patternof blade anglesat the OGV exit
designed to block the pylon effects. To fully block the pylon effects,
more blades with differentexit angles should be used, but this cyclic
OGYV consists of only three types of exit blade angles to reduce cost.
Using the present method, an investigation is made of how much
this type of cyclic OGV can block the pylon effects. To calculate for
cyclic OGV, the nonuniformset of OGV exit flow anglesis simply
specified as an OGV actuator-disk boundary condition for the exit
flow angles.
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Figure 11 shows the comparison of static pressure variations pre-
dicted at the OGV inlet for uniform and cyclic OGVs. The static
pressure variation at the uniform OGV exitis about 9% of the mean
value near the casing, whereas the variation at the cyclic OGV exit
is about4%. As the static pressure variationis reduced, the variation
of total pressure rises by the fan will be reduced. Figure 12 shows
the total pressure variations predicted at the OGV inlet for uniform
and cyclic OGVs. The total pressure variation at the uniform OGV
exit is about 8% of the mean value near the casing, whereas the
variation at the cyclic OGV exit is about 3%. The static and total
pressure variations in the circumferential direction at the casing,
midspan of OGV, and at the hub of a core engine are shown in
Figs. 13 and 14, respectively. It can be seen that a large reduction
in the circumferential variation of the static and the total pressure
occurs at the position of pylon. The calculations suggest that this
type of cyclic OGV can reduce the propagated variations by half as
compared to the uniform OGV.

Cyclic OGV

Uniform OGV

Fig. 11 Comparison of predicted variation (%) of static pressure at the OGYV inlet for uniform and cyclic OGVs with an axisymmetric inlet.

Cyclic OGV

Uniform OGV

Fig. 12 Comparison of predicted variation (%) of total pressure at the OGV inlet for uniform and cyclic OGVs with an axisymmetric inlet.
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VII. Conclusions

One of the important issues in the assessment of intake/engine
compatibility in civil turbofan engines is the prediction of the cou-
pling effects between the intake and the engine. An actuator-disk
model has been applied to the calculationof the flow through a high-
bypass-ratioturbofan geometry includingthe effects of the presence
of the core support pylon, the core engine, and a nonaxisymmetric
inlet.

The upstream flowfield is significantly redistributed by the inter-
action between the engine and nonuniforminlet static pressure due
to the drooped intake. The axial scale over which the upstream flow
redistribution takes place is about half a mean radius.

The asymmetry in the flow through a modern turbofan is mainly
attributedto the droopedintake and to the pylon, and the effectof the
core compressoris relatively small near the design operating condi-
tion. The pylon has a stronger effect than the drooped intake in the
bypass stream section, whereas the droop effect is more important
in the core engine section. It appears that the two effects have simi-
lar phasing, which unfortunatelyimplies a purely additive effect. In
addition, estimates of the asymmetric flow entering the core section
of the engine indicate that the levels of asymmetry there are likely
to be almost as high as in the bypass section of the engine.

The effects of a pylon can be blocked by the circumferential
nonuniform distribution of OGV exit blade angles. The calculation
shows that about half of the nonuniformity propagated through the
uniform OGV can be blocked by the use of the cyclic OGV, which

has a simple pattern of three types of blades with different exit
angles.
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