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ABSTRACT

A panel method for the determination of the
flow field around high bypass engines without 1i-
mitations with respect to geometry, speed and mass
flow rate is presented. Within this computation

~method any flow inside the engine contour causing
an error in mass flow rate and pressure distribu-
tion has been eliminated by developing a mathema-
tical model which represents the real physical
flow by introducing a controlled distribution of
singularities on the surface combined with suit-
able boundary conditions. Hence, this modified pa-
nel method allows to provide an arbitrary mass
flow rate independent of the onset flow velocity
satisfying the continuity of the inlet flow.

Checking the computation model for several
axisymmetric inlets and engine contours, it turns
out that the calculated velocities are physically
accurate in the far field as well as near the en-
gine and compare well with experimental results.
To determine the spanwise and chordwise interfe-
rence effects for typical engine positions the
axisymmetric engine model as a first step is com-
bined with an infinite unswept wing.

1. INTRODUCTION

Performance optimization of modern aircraft
requires an optimal design of the engine inlet as
well as a consideration of the interference ef-
fects between engine and aircraft leading to an
optimal adaption of the propulsion group to the
airframe. For high speed cruise as well as for low
velocity a significant pressure recovery and an
uniform flow in the compressor entrance plane are
necessary since pressure losses and distortions of
the intake flow caused by flow seperation with re-
spect to engine incidence are resulting in engine
power loss and additional mechanical stresses
which can cause engine failure.

On the other hand the large diameters of mo-
dern high bypass engines and the related large
mass flow rates lead to inlet and exhaust condi-
tions which cannot be neglected, when determining
lift and thrust of the total configuration. in par-
ticular the wing design is strongly influenced by
the position and type of the engine. Disturbances
of the engine operation, e.g. changes in the mass
flow rate and interference of the exhaust jet have
to be considered.

This engine airframe integration problem is
important for V/STOL as well as for conventional
aircraft: V/STOL-aircraft during transition flight
develop secondary forces due to engine induction in
the magnitude of the aerodynamic load. ln compari-
son, conventional aircraft result in considerabiy
smaller influences of the inlet flow and the jet
induced flow due to the high onset flow velocities,
but these can determine the economy of such air-
craft.
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In order to achieve an optimum aerodynamic de-
sign the theoretical determination of the engine
induced flow is necessary, since not only an opti-
mum of engine airframe integration can be found, but
also the contour of the engine inlet can be adapted
to the flight mission in an ideal way to avoid flow
separation and to achieve a minimum total pressure
loss in the inlet. To solve this problem the compu-
tation of the inviscid flow can already provide va-
luable results. Hence, a demand for a calculation
method for determining the flow field around engine
airframe configurations without limitations with
respect to geometry, onset flow and mass flow rate
becomes evident. Such a calculation method has to
consider simul taneously the

- flow outside the engine (external flow)
- flow through the engine (internal flow)

to get an accurate representation of the inlet flow
and the exhaust jet distribution. Here the mass
flow rate of the engine must be selectable inde-
pendent of onset flow conditions.

The first problem, the flow around an arbitra-
ry body can be regarded as solved since there exist
numerous numerical solutions based on the ?a el me-
thod firstly formulated by HESS and SMITH (1), Be-
cause of the discretization of the body surface by
means of this numerical singularity method limita-
tions with respect to geometry can almost be omit-
ted. The application of this method to flow calcu-
lations of conventional aircraft has shown that the
calculated pressure distributions compare very well
with experimental results obtained for subcritical
flow

However, the second problem, the calculation
of the flow through a body causes much more diffi-
culties resulting from the discretization of the
surface. Since the kinematic flow condition can be
satisfied in the collocation points only a (leakage)
flow through the surface is possible leading to an
error in mass flow rate and in pressure distribu-
tion on the inlet contour respectively.

Many calculations reveal that even special a-
dapted panel methods only under certain assumptions
are in a position to simulate the inlet contour as
a streamline and to suppress leakage effects. An
essential improvement is possible by the applica-
tion of higher order panel methods with curved pa-
nels (3), but in this case a significantly higher
. However,
developing a mathematical model with an adjusted
choice and distribution of singularities one can
suppress leakage effects without application of
higher panel methods. In the presented paper this
adaption is performed by combining vortex and doub-
let sheets on the fan shroud and taking source dis-
tributions on the center body. In addition, the en-
gine model has to be completed by combining it with
a jet model, since the results depend on the accu-
rate simulation of the flow in the inlet but also
at the jet boundary . The jet induced flow can
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be taken into account by introducing empirically
determined entrainment velocities. Thus, it is
possible to calculate the velocities induced in an
arbitrary distance from the engine, and the calcu-
lation of interferences with the airframe becomes
feasable.

2. NOTATIONS

influence coefficient (normally to the
panel)

b. . influence coefficient (tangentially to
the panel)

pressure coefficient

diameter

unit vectors of the axis x, y, z
i virtual collocation point
mass flow rate

normal unit vector

source density in the point j
surface coordinate

tangential unit vector
velocity -components
coordinates

surface

inner area

engine diameter

chord length

fan shroud length
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engine inlet length

number of singularity strengths

c Z r O o o9 o>

nozzle exit velocity
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external flow velocity
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total velocity

internal velocity
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velocity normally to the panel

velocity in the rotor plane
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velocity tangentially to the panel

onset flow velocity

jet entrainment velocity

chrodwise engine position
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vertical engine position
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vortex strength
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panel length
doublet strength

=

singularity strength

3. COMPUTATIONAL METHODS

3.1 Basis Panel Method

The singularity method is an approved tool
for the calculation of the potential flow around
arbitrary shaped bodies. The flow around the body
is simulated by arranging sources, sinks or vorti-
ces on the surface or inside the body, depending on
the flow problem, in such a way that the body con-
tour becomes stream surface when it is superimposed
with a translating onset flow. The flow inside the
body is without physical signification when the
boundary condition on the body surface is satis-
fied correctly.

As analytical methods fail for arbitrary body
contours, numerical procedures have to be applied
for the determination of resulting singularity dis-
tributions. Among several meEhods the panel method
developed by HESS and SMiTH 1) s exceptionally

suitable because restrictions concerning the body
geometry «can be substantially neglected. The sur-
face is divided into a number of plane field ele-
ments to which singularity sheets with constant

strength are contributed (basic method), figure 1.
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Figure 1., Source panel method

Thus the former continuous singularity distri-
bution is substituted by finite source-, sink~ or
vortex elements and the kinematic flow condition
has to be satisfied only in one point on each panel,
the collocation point. The formulation of the flow
condition for each collocation point yields a line-
ar equation system for the determination of the un-
known singularity intensities. Then the flow velo-
cities in the entire flow field can be computed by
summation of the contributions of each element and
the onset flow.

In order to solve potential flow problems a-
round non-1ifting bodies it is known that the total
velocity can be written as the sum of thg onset ve-
locity V, and the disturbance velocity v induced
by the body:

Hence, the potential problem is being reduced
to the determination of the irrotational distur-
bance field

V=-gradg |,



while the onset flow has not to satisfy a corres-
ponding condition. The total potential of a body
surface with continuously distributed sources

-G
-?’F:j_dxx

and the kinematic flow condition leads to a Fred-
holm integral equation of the second kind
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Due to this equation the body contour may be
considered to be a stream surface when the outward
normal component of the disturbance velocity at an
arbitrary point i of the surface just cancels the
normal component of the onset flow. The disturbance
field consists of the local term 27 q; of the
source in the field point itself and a '‘far field"
term corresponding to the integral due the remain-
ing set of sources on the contour.

(1)

(2)
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This generally unsolvable integral equation
can be approximated by discretization of the body
surface. With the singularity distribution of con-
stant strength on the panel (basic method) the ker-
nel of the integral reduces to that term which is
only dependent on the body geometry. Thus it is
possible to solve the integral equation for each
of these panels, and the kinematic flow condition
is satisfied only in the collocation points. Sub-
stituting the surface integral by a sum and apply-
ing this boundary conditions,a set of linear equa-
tions results which coefficients consist of the
outward normal velocity components corresponding
to the kernel ot the integral. These are induced
in each collocation point of all elements due to
a source strength of unity.

The calculation of a lift generating flow re-
quires the application of extended singularity mo-
dels. For the calculation of the flow around wings
it is not only sufficient, to satisfy the Kutta
condition at the trailing edge, but the wake behind
the wing has aiso to be taken into account. This
can be done by defining an "inner plane' which is
divided into panels like the surface itself (7). A
doublet distribution is used for these panels which
intensity increases from zero at the leading edge
of the wing to the maximum value at the trailing
edge and remains constant along the wake.

Superposition of sources and doublets yields
the total disturbance potential

. /n 9 (1 .
‘pllj'};ﬁr“ A +¥—/"uj—57 (r,.'j) dA;
i

The first integral term in this equation re-
presents the contribution of the sources on the
wing surface, the second that of the doubliets on
the inner plane. Hence, the kinematic flow condition

yields
( )-an-—ﬁL-q.dA
rij !
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Using constant source distributions and plane
panels, inaccuracies in the calculation can occur
which have two essential reasons:

As a result of the plane panels the curved body
contour is not approximated perfectly. Thus the
collocation points do not lie on the body sur-
face, and the induced velocity of the local term
2m q; is wrong in magnitude and direction.

As a consequence of applying a constant singula-
rity sheet on each panel the contribution of the
source density gradient to the tangential velo-
city component is neglected.

Accordingly, the !mathematical efficiency" of this
model can be improved for bodies with non uniform
surface curvature by increasing the number of pa-
nels and considering higher order terms, to get a
better approximation of the exact continuous source
distribution The error occuring in the calcu-
lation of the tangential velo%lty component is in=
terpreted by HUNT and SEMPLE 9 as a consequence
of the flow through the body surface between two
collocation points. This leakage occurs because the
boundary condition is satisfied in the collocation
point on the panel only. The leakage even increases
when additionally a pressure gradient is superposed
on the body surface. That happens for instance for
engine inlets with a prescribed mass flow rate.
This influence grows with increasing divergence be-
tween the velocity in the rotor plane and the onset
flow velocity. Thus the leakage error can be re-
duced if one succeeds in decreasing the difference
of source densities between adjacent panel elements.

3.2 Panel Method for Engine Flow

on the method developed by KUCHEMAN! and
WEBER {10) a number of numerical singularity me-
thods have been developed. So HESS and SMITH (11)
suggested the application of a source panel method
for an idealized engine contour which consists of

a real inlet and a cylindrical body, figure 2.

Base

SOURCE-SINK-DISC

SOURCE-SINK-DISC
WITH ANNULAR CLEARANCE

FRONT-SOURCE - SINK-DISC

Figure 2, Earlier idealizations for inlet flow
calculation

However, leakage losses occur along the inner
inlet contour by using this method for real inlets
with arbitrary mass fiow rates. These errors can
be avoided by positioning the rotor disc into the
entrance cross section. But then it is only pos-
sible to compute the external flow field, the de-
termination of the pressure distribution on the
inner inlet contour is not possible.



This panel method can be improved by using
additionally to the source distribution vortices on
the inside or on the surface of the inlet. Thereby
the sources generate the inlet contour while the
variation of the mass flow rate is controlled by
the vortices. For that either the trailing edge
flow direction of the annular wing or the circula-
tion on the section can be prescribed, figure 3.

PRESCRIBED TRAILING EDGE FLOW
(ANNULAR WING)

- "1‘0 T T T
~a . -
/'m.g\. cp -
—— e 05 ==, 4
- g Ve/V,, =055
COLLOCATION POINT 0 t t t
PRESCRIBED CIRCULATION
-20 T T 7
Cp Ve/Vo, 20406
-15 J

600 800
x [mm]

Figure 3. Vortex models for the calculation of the
inlet NACA 1-70-50 (according to
zimmer (12))

This method has been applied successfully for
the calculation of engine inlets gof conventional
and V/STOL aircraft by STOCKMANN 13) whereas,
however, the inlet contour had to be idealized in
a suitable manner. Systems of vortices disposed on
the chord of the investigated annular wing have
been applied by ZIMMER (12), whilst GEISSLER (14)
uses vortices also for a surface distribution and
provides an additional circumferential variation of
the singularity intensities by Fourier analysis,
by which annular wings at angle of attack as well
as the interference between several bodies can be
investigated. TRULIN and IVERSEN (15) show that
the application of a linearly varying vortex dis-
tribution on the contour substitutes an additional
" source and sink distribution on the section sur-
face.

These models turn out to be problematic when
the flow through the inlet is coupled with an en-
gine jet because the prescription of a defined
exit angle of the trailing edge flow is not compa=-
tible with the real exhaust jet distribution, em-
pirically determinable. For similar singularity
models RUBBERT and SAARIS (16) for inlet flow and
GILETTE (17) for nacelles have provided additional
boundary conditions, prescribed in the fan plane.
Yet, this approach leads to an increase in the
leakage error. This error has been investigated for
two different singularity models by SCHMIDT (18)

figure 4,
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Figure 4. Leakage dependent on the mass flow ratio
for different singularity models

Figure 4 shows the difference between the cal-
culated mass flow rate and the prescribed mass flow
rate in the rotor plane, depending on the onset
flow ratio ('leakage"). Since the flow through the
surface becomes maximal near to the rotor, figure
5, the application of an actuator disc turns out to
be the main cause for the leakage increase. For
this reason the application of such singularity
planes was avoided when developing new mathematical
methods, or the accuracy of the calculation was
improved by suitable variation of the inlet geo-
metry.
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Figure 5. Computed leakage through the inn

g; inlet
surface (according to SCHMIDT {18))

In order to analyse the entire flow field a-
round the engine, the entrainment velocities at the
jet boundary as well as the inlet flow have to be
known. The jet is considered to be a free jet with
special initial conditions. The momentum is con-
stant in longitudinal jet direction, the velocity
distribution in a jet cross section remains affi-
nitiv downstream the potential core region. Thus
the velocity profiles in the fully developed tur-
bulent jet re?ion can be represented by a Gaussian
distribution (19,20), Because of the turbulent mix-
ing at the jet boundary the environment air will



be accelerated in jet direction, jet mass flow and
width increases, the maximum velocity decreases.
Since no analytical solution of the turbulent flow
mechanism in the jet exists, experimental results
have to be used to develop a mathematical jet mo-
del. By integration of the known velocity profiles
the jet mass flow can be determined at any jet
cross section, so that the entrainment mass flow
along the jet boundary and the corresponding velo-
cities can be calculated (22,23), |n the non affi-
nitiv region these velocities can be determined
with empirical formulas according to SNEL 24}, For
the calculation of the jet induced flow numerous
singularity models have been developed which are
using either line sinks along the jet axis, to ge-
nerate entrainment flow 25), or sink- (24) or vor-
tex sheet distributions at the surface

Comparisons of theoretical and experimental
results have shown (26,27) that a correct determi-
nation of the jet induced flow is only possible
when not only the entrainment velocity at the jet
boundary corresponds to the real physical condi-
tions, but also the jet geometry. Considering jet
cross-flow interference problems further developed
models for the determination of the jet deflection
and change in jet cross section have to be applied
(28,29,30,31) . "Also the interference with other bo-
dies, ground effects and multi-jet interaction have
a reasonable influence on the jet development,
therefore an adaption of the boundary conditions to
the geometrical situation becomes necessary (32),

4. CALCULATION OF THE ENGINE INDUCED FLOW FIELD

4.1 Adapted singularity model

Engine

According to the demonstrated state of art a
mathematical model has been developed which en-
ables the calculation of the engine induced flow
in simultaneous consideration of inlet flow and
turbulent jet entrainment. This model has the fol-
lowing properties:

- Leakage effects on the inlet contour are negli-
gible for arbitrary onset flow conditions.

- An actuator disc is provided for controlling
the mass flow rate.

- The entrainment velocities on the jet boundary
can be prescribed as a function of the distance
from the nozzle exit.

The exact reproduction of the physical flow by the
mathematical one has been obtained in such a way
that the engine contour also in a mathematical
sense acts as a solid body and velocity disconti-
nuities of the flow through the engine are avoided.
For that reason the calculation model satisfies the
following necessary and adequate conditions:

- The flow inside the fan shroud must vanish
independent of the onset flow conditions.

- The continuity of the external and internal
flow has to be preserved.

Hence, the corresponding singularity model follows
immediately. The first condition can be satisfied
only when vortices and doublets are used and ar-
ranged on the engine surface because the use of

source sheets would induce a velocity jump perpen-
dicular to the panel. Also for a flow through ele-
ments like an actuator disc or a jet boundary no
source panel can be chosen because they would vio-
late the continuity perpendicular to the panel.
Only a non-1ifting body like the center body is
suited for using source panels because the resul-
ting internal flow has no influence on the remai-
ning flow field.

The resulting singularity distributions on
the engine model are demonstrated in figure 6:

- Actuator disc with doublets,

- Fan shroud (engine contour) with vortices and
near to the rotor plane additionally with
doublets,

- Jet boundary with vortex sheets and with doub-
lets,

- Center body with sources or sinks.

FAN §HROUD (VORTICES + DOUBLETS)
/
" ACTUATOR DISC (DOUBLETS)

ve

FUSELAGE (SOURCES) %

|
JET BOUNDARY
(VORTICES + DOUBLETS)

Figure 6. Singularity model of an engine airframe
configuration

The intensity of the vortex sheet on the jet boun-
dary is fixed by the vortex strength at the fan
shroud trailing edge corresponding to a smooth flow
over the trailing edge (satisfying the Kutta condi-
tion). This model can be superimposed with an arbi-
trary onset flow.

In order to exclude numerical problems arising
as a result of distributing vortex sheets on the
surface, on the other hand to use a physically mea-
ningful boundary condition which in the first place
influences the adjacent field of the singularity
sheet, for the calculation of the vortex strength
boundary conditions tangentially to the surface
have to be used as an analogous approach to the
source panel method. However, a flow normally
through the panel can happen which cannot be neg-
lected in particular when a strong cross flow
exists. Such a cross flow arises by using an actua-
tor disc in the end section of the inlet of the ma-
thematical engine model: At the intersection of the
rotor and the inlet contour a discrete vortex, as a
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consequence of the doublet distribution on the ro-
tor panels, yields a disturbance field on the en-
gine contour normally to the adjacent surface,

figure 7.

SINGULARITY CONTRIBUTION:
FAN SHROUD: VORTICES V=0

RESULTING FLOW:

ROTOR:  DOUBLETS V, =-Vg r;=0
ey
+
ADDITIONAL CONTRIBUTION: Vit= 0
FAN SHROUD: DOUBLETS V,=0
{INNER CONTOUR} /

Figure 7. Schematic graph of the computed engine
flow for different singularity models
(static condition)

OB
2
Mol . Mo + "a%‘s
V)
s ZAS
a
Y=§&
COUPLED ~ | B
SINGULARITIES

h

Figure 8. Superposition of singularities

The consequence is an increasing flow through the
engine contour as demonstrated in figure 5. The

suppression succeeds in a simple way by distributing

additional doublet sheets on the engine surface.
Their intensity is determined by the conventionally
applied kinematic flow condition. Thereby it is
sufficient to limit the doublet distribution to the
inner part of the engine contour so that a cross
flow cannot develop, figure 7. Thus in this region
a distribution of vortex and doublet sheets and
consequently a simul tanous suppression of the velo-
city components normally and tangentially to the
panel does exist. The total velocity in the collo-
cation points of these panels, that is at ¥y = - 0,
therefore equals zero, figure 8. In this case it is
inconsiderable whether the flow is twodimensional
or axisymmetric.

Since in this paper the emphasis has been laid
rather on an accurate engine model than on the jet
model, as a first approach a simple law for the jet
development has been applied which in future
efforts can be exchanged by a more sophisticated
one.

Engine Wing Configuration

The described engine model can be combined
with other bodies for the calculation of interfer-
ence effects and secondary forces. In that case,
the wing contour is generated by source distribu-
tions on the surface, and the Kutta condition is
obtained from a vortex distribution, figure 9.

The model applied in the present calculations
has been simplified to reduce computing time. It
consists of an axisymmetric engine, coupled with a
twodimensional unswept wing. This way, the change
of the singularity intensities on the wing in span-
wise direction as well as in the circumferential
direction on the engine in fact have been neglected
so that calculation errors can occur for small en-
gine wing distances, but useful results are expect-
ed for conventional engine positions.

SINGULARITY SHEETS q=SOURCES
y = VORTICES
y = DOUBLETS

TWO-DIMENSIONAL

AXISYMMETRIC

Figure 9. Mathematical model of an engine wing con-
figuration
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4.2 Boundary Conditions and Equation System

Boundary Conditions

The use of vortex distributions require some
further consideration concerning the treatment of
boundary conditions. Using the panel method in a
way that sources and sinks are substituted by vor-
tices, a plane panel does not induce a normal out-
ward velocity component in its own collocation
point, and the kinematic flow condition cannot be
satisfied in the conventional application of V,=0.
The reason for this problem is the application of
the conventional boundary condition which influen-
ces only the singularity intensities of the far
field panels but not these of its own, although
these intensities induce the major portion of the
total velocity. Therefore numerical problems arise
in the solution of the linear equations system,
because all elements on the principal diagonal of
the matrix of coefficients equal zero. Requiring
instead a disappearing tangential velocity compo-
nent on the panel, a predominant influence of the
boundary condition on the near field portion of
the induced velocity is caused. To obtain a vanish-
ing flow inside the contour, the collocation point
has to be defined on the lower side of tgg vortex
panel. Thus the boundary condition with £ as tan-
gential unit vector yields

o /1 - -
211'Vi+ﬂ—a—n-(7j)-yjdA:Vm't (5)

A

This equation is very similar to the kinematic
flow condition equation (2).

In the case of zero onset flow the two boun-
dary conditions differ only in the sign of the
near field term resulting from the infinitesimally
different position of the collocation points. For
source panels the boundary condition is satisfied
outside the contour (in the external flow), for
vortex panels inside the contour (in the internal
flow), figure 10.

DISTURBANCE VELOCITY

KUTTA POINT

NORMAL VELOCITY COMPONENT = 0
(E.XTEBNAL FLOW) :

(Vi « V) =0

TANGENTIAL VELOCITY COMPONENT=0
(INTERNAL FLOW):

(Vi+Vyu)t; =0

KUTTA CONDITION :

& -
Vioty*fin = 0

Figure 10. Boundary conditions

Set of Linear Equations

The specified boundary conditions have to be
satisfied in the collocation points of the panel
model. By the discretization of the singularity mo-
del these boundary conditions lead to a linear equa-
tion system which, with the use of a source distri-
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bution for a replacement problem, yields

e

~

- - .
al.J.-qj.--Vmi-nl. R i=1.. N, (6)

Js
In the collocation point i the normal components of
the onset flow and the disturbance flow must be of
the same magnitude and opposite direction. The dis~-
turbance velocity results from the summation of in-
fluences due to all source panels of intensity q..
A coefficient of the equation system can be inter-
preted as a perpendicular component of the distur-
bance velocity to the panel i due to a source sheet
of unit density on a panel j. For a constant source
distribution on a 2D-panel, the velocity induction
related to a panel coordinate system is

oy

v L
v (X,y) -{2 Inm ’

arc tanf - arc tanﬁ—}is—} (7)

From this equation a jump .in the velocity distribu-
tion of 27 normal to the panel results for the
collocation point in the middle of the panel

7(%,:0) - {Q, tm )

Thus the boundary condition has to be satisfied in
the outside flow on the upper side of the panel.
This restriction can be dropped by applying a doub-
let destribution. The disturbance velocity of a
constant doublet sheet with unit intensiy ( yu = 1)
yields

- ] 1
v(x,y)z 45 {y- ((x-As)_-’+y2 B x2+F) !

X

V(%,o):{OJ},

and the flow through the panel in the collocation
peint is shown to be continous. Such a doublet pa-
nel is in particular suitable to define a flow
through the surface by prescribing a specified ve-
locity normal to the panel. In this case the boun-
dary condition is

-(x-4s X (8)

N
gai‘j-;zj:-vw-nﬁFi , PzNp. N, (9)
J= :
For the various parts of the contour with a doublet
distribution one has to take the flow functions

- Inlet contour: Fi =0

- Rotor plane: Fi = - VR

- Jet boundary: Fi = VZ

Thus a variation of the velocity ration VR/V°° suc-
ceeds.

The flow fields of twodimensional source and
vortex sheets of the equal geometry as well as of
elemental sources and vortices are orthogonal.



Therefore the velocity induced by a vortex panel
can be calculated with respect to equation (7). For
the velocity components in the collocation point
thus follows with Y = 1

7 (4. 20) < {em o)

The flow through the panel equals zero whereas the
velocity in the panel direction shows a velocity
jump of 2 m . The application of the boundary con-
dition in tangential direction, according to equa-
tion (5), results in

-

H -Vom -t

b,',j'y. i ’

r=N,...
i i 2

N, . (10)

N
Jj=1
in this case the influence coefficients are repre-
sented by the tangential component of the induced
velocity due to all panels. Contrary to the kinema-
tic flow condition for source panels from equation
(6), equation (10) has to be satisfied for inside
flow.

The total set of equations can be derived by
application of the three boundary conditions equa-
tion (6), (9) and (10) for the different singulari-
ty distributions of the panel model. As an example,
the coefficient matrix of such an equation system
for a symmetric engine contour is shown in figure
11. This scheme is valid for the twodimensional as
well as for the axisymmetric flow but the value of
the coefficients differ according to the chosen
case.
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Figure 11. Physical interpretation of the influence
coefficients (symmetric engine singula-
rity model)

Figure 11 also contains the equation system for a
combination of an engine and a wing. In this case
the calculation of the influence coefficients is
obtained in the following way:

~ matrix '"engine'' corresponding to figure 11 with
the relevant formulas for axisymmetric flow (33)

- matrix '"wing'' with equation (7) for source and
vortex panels at two-dimensional flow
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interference matrix “E'" - '"W" with relevant for-
mulas for axisymmetric flow and determina-
tion of the normal component according to

figure 12

- interference matrix “W'* - “'E'" with equation (7)
for two-dimensional flow.
EQUATION SYSTEM: %
7 EZAW-E
V2 {Uiv‘Viv} 7z 11
SBLL8CATION Sl 2
[]| APONT ajj - GV
1 i i V;;:[Uivlvivcosg,V;V-sing}
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Figure 12. Wing panel influence coefficients

The consideration of the wake is not necessa-
ry, because the variation of the singularity inten-
sities in spanwise direction of the wing has been
neglected.

4,2 Pressure distribution

The solution of the linear equation system
can for example be performed with GauB algorithm.
It delivers the intensities of the source,vortex
and doublet singularities which generate the de-
sired contour of the body. With this solution, the
total velocity can be determined at any point of
the flow field by summation of the onset flow and
the disturbance velocities of all panels.

N

Vto"i:%ﬁvﬂjAdj*Vw;' i=1...N

Here, o: is the intensity of the singularity of the
panel j. The velocity at the control points of the
vortex panels of the engine contour can be obtained
immediately from the vortex strength with

Vtat,' 2my;

since all singularities are calculated such that
within the engine contour the total velocity dis-
appears. Then the corresponding pressure coeffi-
cient for incompressible fiow is

.- "Vtot ; 2
Co; = le_ -




5. COMPUTATIONAL RESULTS

5.1 Singular Engines

To check the quality of the developed computa-
tional method for axisymmetric engines, the flow
field has been calculated for chosen engine con-
tours at different onset flow velocities.

As a first engine contour a modified NACA
0018 annular wing has been used with such a camber
that from the point of maximum thickness the aftend
of the inner surface is a cylinder. A center body
has been placed to simulate a real inflow. Figure
13 shows the calculated velocity field for the sta-
tic condition:
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Figure 13. Velocity field and streamlines, computed
for axisymmetric flow (static condition)

The velocity vectors of the flow field show that
the engine inlet flow dominates the flow towards
the jet. The induced velocities very quickly de-
crease with increasing distance from the engine,
a distance of about one engine diameter from the
inlet respective the jet, the induced velocities
are close to zero. The velocities induced inside
the center body are not included in the picture,
because this internal flow has no physical meaning
and is without significance for the rest of the en-
gine flow. On the other hand, the induced veloci-
ties within the engine contour have been calculated
at various points. As the picture shows, there is
no inside flow. In consequence of that, in the out-
side flow in the immediate vicinity of panel boun-
daries, the velocity is tangential to the surface
although the collocation points are in some dis-
tance. That indicates that the developed panel mo-
del very well satisfies the requirement of preven-
ting a flow perpendicular to the surface.

To demonstrate the continuity of the flow, a
stream line picture has been calculated and added
in figure 13. It is remarkable that in all areas
the flow is continous especially through the rotor
plane which shows that the application of doublet
panels in this area is correct. In addition, the
stagnation streamline has been calculated which di-
vides the flow into the inlet flow and the flow to-
wards the jet. This line ends in the stagnation
point which in this case - zero onset flow veloci-
ty - is located in 65 per cent of the chord length.

The streamlines for an onset flow velocity ra-

152

tio Vo, /V, = 0,25 shows the same quality of the de-
veloped mathematical model, figure 14,

/i

|

0 T R

Vi

V,./Vg =0.25

Figure 14. Velocity field and streamlines for axi-
synmetric flow (flight condition)

Again the flow is continous and the induced veloci-
ties within the engine contour are close to zero.
The stagnation point in this case has moved fore-
ward to the leading edge of the inlet corresponding
to take off conditions of aircraft. Caused by the
fast decrease of the engine induction, undisturbed
parallel flow exists already in a lateral distance
of only one engine diameter.

To verify the computational results, experi-
ments have been performed for an engine model at
static condition. This engine model is designed as
an ejector engine. The jet is generated with pres-
surized air which is ejected in the rotor plane
so that at the same time the inlet flow and the jet
can be simulated, figure 15. The curvature of the
engine shroud corresponds to the calculated modi-
fied NACA 0018 profile, the ratio of the diameters
of center body and shroud is di/de = 0,53.

Figure 15. Ejector engine with pressure air duct

For computation of the axisymmetric flow a-
round this engine the mathematical model has been
slightly adapted to the experimental model: the
increased mass flow due to the additional pressur-
ized air has been taken into account. The results
are shown in figure 16. The focus in this picture
is in the flow inside the engine, and for this rea-
son a larger scale has been selected. One can re-
cognize that a strong contraction of the flow at
the inlet takes place and that within the engine
contour the flow disappears and the velocity vec-
tors are reduced to points.
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Figure 16. Computed flow field of an axisymmetric
ejector engine model (static condition)

e

Figure 17. Comparison of experimental and computa-
tional flow field at the ejector engine
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In Figure 17 this flow field is compared to
an experimental one. The photograph on the upper
half has been taken according to the light section
method (33). In this method only one plane of the
complete flow field is illuminated. The air around
the model engine contains white, strongly reflec-
ting polyaethylen particles which are illuminated
by the light section and can be photographed a-
gainst the dark background. With a time exposure
the particles appear as streaks which are parallel
to the stream lines. The light section has been
put through the center line. The lower half of fi-
gure 17 also shows the streamlines calculated ac-
cording to the panel model of figure 16. The coin-
cidence of the experimental flow field and the
computed one is very good in all areas. Even the
stagnation point has an identical position in both
pictures.

Within an engine inlet strong interferences
can occur. This is shown for the static condition
in figure 18. It shows the relative velocity on
the ejector shroud for different center bodies.
The influence of the center body on the flow a-
round the leading edge of the engine is obvious.
With increasing diameter of the center body the
velocities at the inlet contour decrease due to
the contraction of the inlet flow. Therefore the
form of the center body can have a considerable
influence on the design of the engine inlet.
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Figure 13. Computed velocities at a NACA 0018 inlet
for different center bodies

For a further check of the computational me-
thod the pressure distribution of an axisymmetric
inlet has been calculated for two different mass
flow ratios and compared with measurements of NASA
(34) | Here, contrary to the previously investiga-
ted engine inlets, a relatively thin annular wing
section NACA 1-85-100 with a keen leading edge
(r/D = 0.0018) has been used. The onset flow ve-
locity is of the same order as the velocity in the
entrance plane. Figure 19 shows the results. For
both mass flow ratios the measured and the calcu-
lated pressures coincide to a large extend. A sig-
nificant difference of experiment and calculation
is only found at a mass flow ratio of m/m, = 1.16
at the inner part of the inlet. This difference
can be traced back to viscous effects. The steep
pressure rise leads to a quick increase of the



boundary layer thickness which changes the effec-
tive inlet contour so that the real flow decele-
rates less than the computed potential flow.
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Figure 19. Pressure distribution at an axisymme-
tric inlet NACA 1-85-100 for different
mass flow rates

Another example is calculated in order to com-
pare the results of the present method with other
computational methods, especially higher order pa-
nel methods. The results are shown in figure 20:
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Figure 20. Computed surface velocities at an axi-
symmetric inlet

For the inlet flow there is a very good agree-
ment with a higher order vortex panel method accor-
ding to HESS and MARTIN (5) \ihich can be considered
as a very accurate solution because control calcu-
lations with the double number of panels have shown
no improvement. Computational methods which apply
only source panels are less accurate. Even a higher
order source panel method with a higher number of
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panels renders correct velocities only inside of
the inlet. Outside of the shroud results a non rea-
listic direction of the flow which is indicated by
an additional stagnation point. The basic method,
applying source panels with constant strength on
the surface only, yields results with considerable
errors all over the engine contour.

This shows that the presented computational
method, which can be described as a modified panel
method with a combination of vortex and doublet pa-
nels, is superior even to higher order source panel
methods. It has an accuracy which compares well
with a higher order vortex panel method although
the theory is as uncomplicated as the basic method.
Furthermore, it seems that there are no constraints
to be considered concerning the geometry of the en-
gine and the onset flow conditions. The method en=
ables the theoretical treatment of the aerodynamic
properties of engine inlets and nacelles for the
entire flight speed range.

Therefore the computational method has been
applied to a more realistic engine geometry. The
results are shown in figure 21 for three different
flight speeds. As in the former examples, the velo-
city inside the engine contour equals zero (left
part). The right part shows the corresponding
streamlines.
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Figure 21. Computed flow field for different onset
flow velocities

Figure 22 shows the velocities on the surface
and the resulting pressure distributions. On the
major part of the inner side of the inlet nearly a
constant pressure is obtained for any flight speed.
On the other hand, on the outer contour of the en=-
gine shroud the pressure gradient along the surface



is negative for low flight speeds and positive for
high flight speeds. Furthermore it seems remarkable
that a negative pressure peak is observed at the
leading edge of the inlet only at very low or very
high flight speeds. For V_, /V, = 0.4 this negative
pressure peak is on the inner'side, at V, /\fg= 1 it
is found on the outer side of the inlet. For V_ /V
= 1 a compressibility correction according to Krahn
has been applied.
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Influence of onset flow velocities on
the pressure distribution at the engine

Figure 22,

5.2 Engine Wing Configuration

In extension of the calculations the engine
has been combined with a cambered wing section
with rear loading (infinite unswept wing). For an
onset flow velocity Vo/Vp = 1 and a specified ver~
tical and chordwise engine position the spanwise
pressure distributions have been calculated in

figure 23.
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Figure 23. Pressure distribution on an infinite
wing (engine below the wing)

It shows that the influence of the inlet flow
is very limited in spanwise direction. In a dis-
tance of only two engine diameters the influence is
already negligible. The main interference influence
is found on the lower side of the airfoll where at
engine position (y/D = 0) a negative pressure coef-
ficient difference between upper and lower side is
obvious,
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Figure 2h. Local 1ift coefficient on an infinite
wing dependent on chordwise and spanwise
engine position and onset flow velocity

The results of a parametric variation of the
onset flow veloci%; and the engine position rela-
tive to the wing 3) are summarized in figure 24:

- The variation of the onset flow velocity shows
a significant difference in the local 1ift coef-
ficient at low or high flight speeds. At low
speed a considerable interference is noticable.
The local 1ift coefficient in the vicinity of
the engine is greatly decreased which is caused
by the increased entrainment flow to the jet.
This leads to a decrease of the negative pres-
sure peak at the leading edge of the wing and a
negative pressure difference at approximately
the middle of the chord at y/D = 0.

- As it is to expect the influence of interference
is decreased when the engine is at a larger ver-
tical distance of the wing. However, if the en-
gine .is mounted very closely to the wing (figure
23), the flow on the upper airfoll side is near~
ly without influence, even close to the leading
edge.

- If the chordwise position is varied, a flow in-
terference at the leading edge is very noticable.
If the trailing edge of the engine and the lead-
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ing edge of the wing are just positioned one a-

bove the other, the flow around the leading edge
of the wing is restrained resulting in a smaller

1ift coefficient. When the engine is mounted

more foreward the interference concerns only the

lower side of the airfoil, leading to a more
spanwise influence on the 1ift coefficient,

Additionally, pressure distributions for en-
%ines mounted above the wing have been performed
33). As an example, for V_/V, = 1 and specific
engine positions the spanwise pressure distribu-
tions are shown in figure 25.
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Figure 25. Pressure distribution on an infinite
wing (engine above the wing)

In this example a very small engine wing dis-
tance has been chosen leading to a 1ift decrease
which results from a pressure drop on the upper
side of the wing ahead of the engine intake.

5.3 Leakage Effects

For an estimation of the leakage effect which
may cause an error in the developed computational
model the two-dimensional flow around a single en-
gine has been investigated. The results, as a con-
sequence of the stronger replacement effect, are
also representative for the axisymmetric case. The
continuity of the flow has been investigated in the
engine inlet control area which is bordered by the
entrance plane, the inner inlet contour, the rotor
plane and the center body. On account of symmetry
the flow has been considered only on one side of
the engine axis. The difference in mass flow rate,
entering the control volume through the entrance
plane and leaving it through the rotor plane, cor-
responds to the leakage flow which leaves the con-
trol area through the engine shroud surface.

Figure 26 shows the calculated distributions
of the velocities perpendicular to the entrance
plane and rotor plane respectively for different
onset flow velocities. For all velocity profiles a
mean velocity of V, = 1 is obtained in the actuator
disc. For reasons of continuity, corresponding to
the ratio of rotor plane area and entrance plan a-
rea, the mean velocity in the entrance plane for

the selected geometry has to be V. = 0.6. This value
can be verified by means of the calculated velocity
distributions in figure 26.
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Figure 26. Velocity distribution in the engine in-
let dependent on the onset flow velocity

A numerical integration has been performed for
a range of onset flow velocities of OgV _  /V.<5,
resulting in a maximal error of 3,6 per cent, fi-
gure 4, That means that in the applied singularity
model calculation errors due to leakage through the
engine contour are negligible for all practical
flight speeds.

6. CONCLUDING REMARKS

Based on the concept of an adapted singularity
model the present panel method for the axisymmetric
engine appears to be capable to provide reasonable
results. However, real flow around engine wing con-
figurations requires an extension of the theory in
order to get the method more general for an appli-
cation to design optimization. Therefore future ef-
forts for the following subjects will be necessary:

-~ The axisymmetric engine model should be extended
to a three-dimensional one to allow non axisym-
metric flow (engine at angle of attack, multi-
engine configuration) and geometry (optimization
of the engine contour due to the wing influence
on the engine).

- In order to adapt the exhaust jet model to that
of a high bypass engine with a fan jet contrac-
tion along the afterbody, a parametric treatment
of the jet characteristics appears desirable,
especially for the purpose of using experimental
results.

~ The extended engine model should be coupled with
an existing three~dimensional wing panel method
to include modern wing and pylon design.

- Finally it appears necessary to check the theo-
retical results with existing wind tunnel mea-



surements and with turbo power simulation tests.
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