536 J. AIRCRAFT

VOL. 20, NO. 6

An Axisymmetric Nacelle and Turboprop Inlet Analysis
| Including Power Simulation

D. P. Golden,* T. J. Barber,t W. C. Chin
Pratt & Whitney Aircraft, East Hartford, Connecticut

An axisymmetric nacelle and turboprop inlet analysis is presented. The transonic small disturbance potential
equation is solved in nonconservative form by means of column relaxation on a Cartesian mesh. Exact surface
boundary conditions are implemented to account for the influence caused by the strong interatcion of nelgh-’
boring bodies. The Kutta condition is included so that flow-through as well as sting mounted configurations can
be simulated. The analysis includes an actuator disk model to simulate power input for either ducted fans or
propeliers. The actuator disk formulation specifies the necessary jump conditions both at the disk and along the
jet plume or propeller wake slipstream. Comparisons are made with exact full potential solutions and with wind

tunnel data.

Nomenclature
c =nacelle length
C, = static pressure.coefficient
K =(ransonic similarity parameter
M,  =freestream Mach number
m  =mass flux
MFR =mass flow ratio
P = static pressure
qd. =freestream dynamic head
R,, =meanradius of nacelle
t =maximum thickness of nacelle
v =velocity vector
(x,r) =cylindrical coordinate system
v =gpecific heat ratio
€ =R, /c
0 = den31ty
T =thickness ratio=t/c
¢ = velocity potential
b =wake image point potential
[ 1 =jumpinincluded property
Subscripts
L =lower or inner wake flow
u =uppér or outer wake flow
0 =stagnation state
oo =freestream state

Introduction

HE inherent complexity of complete aircraft con-
figurations renders largely impractical the purely
experimental optlmlzatlon of such systems, especially when
operating in the transonic flow regime. Aside from being very
expensive, it i$ often difficult or impossible to obtain the sort
of detailed information which can be garnered from an
analytic solution of the flowfield. The remarkable success of
transonic flow analyses over relatively simple geometries
which has been demonstrated in the past decade has en-
couraged the extension of the techniques to more complex
configurations.
Some of the most successful three-dimensional aircraft
simulations to date have been based on a small disturbance
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formulation and utilize Cartesian grids. Prominent examples
are Boppe’s!? inclusion of pylon and powered nacelle effects,
and Shankar and Malmuth’s? inclusion of pylon and weapons
stores effects. While the basic wing/body scheme has
demonstrated reasonable agreement with test data, prediction
of the influence of the nacelle and pylon has not been
satisfactory. Thus there is still plenty of room for im-
provement even in the context of small disturbance theory.

This paper discusses several approaches at improving
existing small disturbance formulations of nacelle/engine/
aircraft interference effects. The question of nacelle modeling
will be directly addressed with improvements to the basic slit
boundary conditions and a more consistent formulation of
the effects of power transfer for turbofan and turboprop
application. A.cylindrical Cartesiah mesh is retained for its
simplicity. Although conventional small disturbance theory
assumes that improvements to slit boundary conditions are
not warranted by the approximations in the governing
equation, the results presented in this paper demonstrate that
significant improvements can be obtained with little effort.
This is especially important for extending the method to
complicated three-dimensional geometries. Calculations using
the various small disturbance methods will be presented and
substantiated in cases where comparisons with full potential
solutions and experimental data are possible.

- Small Disturbance Formulation for Nacelles

Governing Equations

Most transonic methods for complex geometries apply
small disturbance theory (SDT) to the governing equations,
but frequently arrive at different model equations. Different
models are obtained by considering alternate nondimensional
scalings to identify the appropriate nonlinearities associated
with a particular problem.* This approach can be complicated
by the existance of multiple scalings.’ The nacelle geometry is
characterized by such a multiple limit process. The
corresponding nacelle scale parametérs are 7 and e.

In the limiting situation of ¢/R,, —0, the nacelle approaches
an annular or ring wing limit, introduced by Kuchemann and
Weber.6 A scaling consistent thin wing theory

e~723 <]
K=(I-M2) /723 =0(])

reduces the potential equation to. the Guderley-voh Karman
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equation in cylindrical coordinates:
[((I=ML)— (y+ )M, 1+, +(1/r),=0
ro . (x,r—R,)=R,(xX)R, (x) (1)
The outer and inner solutions are both consistent with Eq.
(1). The alternative case of R,,/c—0, however, introduces
additional considerations. The external solution reduces to
the slender body limit when the scaling

e~ <l

K=({1-M%)/m?~0(1)

is introduced and again Eq. (1) is retrieved. The internal flow, ‘

however, sees the centerline as an effective ground plane that,
away from the leading edge, can be treated as a locally one-
dimensional flow,” again consistent with Eq. (1).

Although a conservation form of Eq. (1) can be readily
obtained, the model can be criticized for not being a proper
small distrubance form of the mass conservation law$8

V-lpUI+¢,)i +p0,i]1=0 ()]

Perturbation equations which do have this property can be
derived by properly truncating the series expansions for the
mass flux components; for example,

pu= 14 (1= M)~ 15 [3— (2—7) M2 1ME 6
YL~ (2= ML 1M @)

The present second-order expression is adequate for our
purposes and, at transonic spleeds,, is reasonably ap-
proximated by the Guderley-von Karman axial mass flux:

pu=l+(1-ML)o, — [(y+1)/21 M5 ¢2 “

It should be noted that even though the axial velocity is
nonzero when Eq. (4) is equal to zero, it will be shown that
this does not represent a serious limitation even at stagnation.

The radial mass flux component is approximated by only
the first-order linear term, pv=wv. This is consistent with the
second-order approximation for the axial mass flux, since as
M, approaches 1, it is dominated by the quadratic term.
Although the-arguments lose their validity around the leading
edge, a linear cross-flow term obviates the need for rotated
differencing and thus simplifies the algorithm. As will be
shown, reasonable results can nonetheless be achieved even at
the leading edge. : ‘

Surface Boundary Conditions

It was assumed for the nacelle surface boundary condition
that all solid surfaces are stream surfaces, i.e.,

(pv-m) =0 | ©

Given a specific contour representation of an axisymmetric
body R=7f(x%), where 7 is the thickness ratio of the nacelle,
one cannot arbitrarily apply the tangency condition (5)
without considering the linearized conservation law used in
the solution algorithm.%!° When Eq. (5) is viewed in terms of
the effective mass-flux components corresponding to Eq. (1),
the tangency condition reduces to

5. (X,R) = ’Iz_r (63)
m
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,

m

__ effective radial mass flux
effective axial mass flux

X

_ 9,
I+ (I-M2) o — [(y+1)/21M2 42

(6b)

Equations (6a) and (6b) are now consistent with Eq. (1) and
can be called a mass-flux surface boundary condition. Ad-
ditional improvement in the results can be obtained by ap-
plying the mass-flux conditions on the actual surface of the
body. This is especially necéssary when considering the close
interaction of the nacelle and centerbody. For any given
power setting, the nacelle internal mass flow will be controiled
by the nozzle exit area. Failure to set this area correctly can
have a dramatic influence on the global characteristics of the
flowfield. ‘A demonstration of this interaction will be given
shortly. ’

. The exact surface boundary condition used for this paper is
a first-order scheme applied at the nearest mesh point. As
such, it required very little coding effort.

The differential -equation is solved on a nonuniform
Cartesian mesh. Type-dependent differencing is used with a
successive live over-relaxation solver (SLOR) algorithm. Far- -
field boundary conditions that set the perturbation velocity ¢,
to zero are imposed on upstream and downstream surfaces. A
Kutta condition is imposed at the cowl trailing edge, with the
jump in potential convected downstream on a lihe of constant
radius.

Pressure Relation

Reduction of the solution into a meaningful representation
requires some pressure relation consistent with the differential
equation and boundary conditions. Treating the mass flux in
the momentum equation in the same fashion as in the con-
tinuity equation® and integrating along an arbitrary
streamline from the reference condition at infinity produces

Cp==20,— U=M2) o3+ [(v+ D) /31Me65 =67 (Ta)

where the leading term is the basic small disturbance theory
contribution and the second the standard higher-order
correction term. ’

Figure 1, however, compares several C,, formulas for a one-
dimensional flow. The reference cutve (solid line) is the exact
C, formula, o

C,= ‘ﬂif—i {[ - (%J)Mi( lu|2—1)]7/”'”—1} (7b)

is plotted vs the corresponding exact one-dimensional ex-
pression for pu. The various C, expressions in combination
with the small disturbance mass flux [Eq. (4)] are compared
against this standard. It should be noted that the mass flux,
whether exact or small disturbance, is used for the abscissa,
since it is the quantity conserved by both the differential
equation and boundary conditions.

The figure shows that the lower-order C,, formulas (—2¢,,
—2¢,—B¢2) have a very limited range of applicability. The
exact C, formula vs the small disturbance pu follows the
reference curve quite closely over the entire range of interest.
Equation (7a) compares equally well for this one-dimensional
example (not shown on Fig. 1); however, the radial terms in
Eq. (7a) can yield excessive overexpansions around the
leading edge in a two-dimensional flow. The results of two-
dimensional calculations are therefore presented with the
exact C, formula. '

It should be noted, however, that any drag calculation
should use the consistent C,, expression (7) to guarantee zero
wave drag in a shock free flow. Following the scheme .of
Steger and Baldwin!! results in the following mass-flux.form
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Fig. 3 Comparison of surface boundary condition and C models
for inlet, M, =0.8.
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Results of Improved Boundary Conditions

The combination of the modified boundary condition (mass
flux at the exact surface) with the exact pressure coefficient

» =0.795, MFR=0.7%4.
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Fig. 5 Pressure coefficient comparisons for advanced inlet design,
M, =0.798, MFR =0.64.

calculation significantly improves the small disturbance
theory applicability. This is demonstrated in the following
two numerical calculations. The first study shows the failure
of the standard 'small  disturbance boundary conditions to
correctly establish one of the primary controlling influence on
the flowfield, i.e., the nozzle area. (Cowl surface is defined

with an exact surface boundary condition in all methods used

in this study.) In this example, a nacelle/centerbody through-

flow calculation in a M, =0.5 freestream is studied. The

nacelle mass flow is set by the nozzle exit flow area. Three

different small disturbance schemes can be considered: 1) a

basic small disturbance applying slope condition along a slit,

2) a mass-flux.boundary condition also applied along a slit,

and 3) a mass-flux boundary condition applied on the actual

surface (modified scheme). The latter method utilizes the

local potential, rather than the slit potential, to evaluate the

boundary condition. For the centerbody, the slit is the cen-

terline. Streamline comparlsons near the cowl inner surface

and the centerbody are given on Fig. 2. The centerbody

streamline is dependent on the choice of boundary conditions

used and can, in the case of the basic small disturbance
scheme,! differ significantly from the actual contour shape.

This error at the nozzle exit plane effectively modifies the-
mass flow ratio, and the overall flow solution is quite dif-

ferent. '

The second study focuses both on the boundary condition
model as well as the pressure relation used. A sting mounted
nacelle inlet without centerbody, operating at a typical cruise
condition of M, =0.8, MFR=0.75, is considered next.
Comparisons are presented in Fig. 3 against a full potential
analysis!? using an exact C,, calculation. The nonconservative
full potennal is used- as a benchmark to check out the
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modifications to a nonconservative small disturbance
method. The basic scheme not only overpredicts the leading
edge expansion but indicates the existence of a strong shock.
The modified approach with an approximate first-order C,
calculation shows significant improvement but predicts too
much leading edge recompression near the hilite. Finally, the
agreement predicted by combining the modified boundary
condition approach with an exact C, calculation shows ex-
cellent agreement with the ‘‘exact’’ calculation. Again, as seen
in Fig. 1, the higher-order terms do not contaminate the C,
calculation. It should be noted that all the small disturbance
calculations were made on the same grid in an attempt to
segregate the known grid dependence of the basic scheme. -

This brings out one of the big advantages of the exact
surface boundary conditions. Experience indicates that by
modifying the grid, the standard small disturbance model can
be made to correlate rather well with the-data. Exact surface
boundary conditions, on the other hand, yield results which
are quite insensitive to the grid.

Further proof of the accuracy of this modified approach is
shown on Figs. 4 and 5, where pressure coefficient com-
parisons with experimental data!’> are made on an inlet

designed for an advanced transport aircraft. The small -

disturbance results for both mass flow ratio cases are in
substantial agreement with the full potential predictions and
the data, with only slight differences being noted, as should be
expected, in the hilite region.

Power Addition

The generation of thrust from an engine results from the
transfer of power to the ambient air. Though conceptually
similar, a ducted fan and a free propeller differ in certain
fundamental aspects. A free propeller interacts directly with
the freestream so that conditions at the face of a free propeller
depend upon both the propeller power setting and the flight
Mach number. This is in contrast to the- behavior of
a ducted fan in which the Mach number at the face of the fan
is dependent only .on the fan power setting, not on the flight
Mach number. These considerations have implications with
regard to the computational demands. Thus the fan stream is
coupled to the freestream flow rather indirectly through
matching conditions across the wake (or slip) discontinuity,
whereas the free propellor stream is coupled directly to the
freestream flow in the immediate vicinity of the propellor tip.

The enthalpy and axial momentum increases actually
provided by a fan or propellor are conveniently represented
mathematically by use of the actuator disk concept.!¥ The
actuator disk simply provides a method for introducing the
enthalpy and axial momentum increases as a discontinuous
‘“‘jump’’ at the actuator disk. As a result, the effects of the fan
or propellor appear only as matching conditions across the
disk, and it is not necessary to consider the detailed
representation of the blade geometry.

Flow irrotationality is implicity assumed in the governing

~equation (1) discussed in the previous section through
definition of a velocity potential. The problem formulation
can retain the convenience 6f the potential formulation if we
restrict our attention to situations where the powered stream
as well as the freestream are irrotational. By so doing, the
only vorticity present within the field will exist as a singularity
on the slip surface joining the exhaust jet to freestream. The
entire powered stream is then matched to the freestream
through the jump conditions across the actuator disk and
along the exhaust jet slip surfaces.

The jump conditions across the actuator disk may be
written!?

[oul=0 (9a)

1 b
wi= | ofax )
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In this latter expression, f, is the volumetric radial force of the
blade row, so the-integral from — & to & represents the effect
of the total radial force of the blade at the given radius. In
many applications the radial force of the almost radial blades

. can be considered small, so for simplicity the radial force

contribution is ignored. We thus introduce the approximate
matching condition [v] =0.

Prescription of the downstream stagnation pressure and the
downstream stagnation temperature allows introduction of
the downstream reference Mach number M ,, defined as the
Mach number existing when the internal flow reaches the
ambient static pressure (p,, ). In order to apply the continuity
matching condition, Eq. (9a), it is necessary to relate the
density to the local velocity and appropriate reference Mach
number. Utilization of the mass-flux form of the continuity
relationship in Eq. (9a) leads to

+1
=1+ (1—MZ,)u;~ (VT)M?,,,ug
1
=A [1+ (I—M2,)u,— (%)Mgﬂug] (10a)

in which there has been introduced the mass-flux scaling
parameter

e (To,/T5,) M., '[1+ [(7+1)/2]M§°2](v+1>/2<v—1>
P, /Py, M., LI+1(v—1)/21Mz,

(10b)

Equation (10a) is a quadratic equation for u,, so that an
expression for the jump in velocity across the disk follows
directly to give

1

—_ — 2
(v+1)M2, [” Mz)

[u]=u2’~u1=

—\/(1—M£°2)2—2(7+1)Mi,2(fnx/A—1)] —u; (11
This expression gives u, as a function of u; and the known
upstream and downstream reference conditions. It is to be
noted that the negative root was selected to ensure that both
the jump in velocity remains zero for an unloaded disk and
the velocity u, be subsonic. The assumed condition of
neglecting radial force effects ([v] =0) can be integrated to
show that [¢] across the disk is zero. These two jump con-
ditions act like a ¢, operator and determine ¢ across the disk.

Exhaust Plume/Wake Considerations

Across this ““wake’’ there is a discontinuity in properties
which must be accounted for in the solution algorithm. Even
in the flow-through situation, where no power transfer oc-
curs, a jump in potential corresponding to the circulation of
the nacelle (Kutta condition) must be accounted for. The wake
is defined by the boundary streamlines of the coflowing
streams, with the potential of each being (¢,,¢, ) defined in
terms of the direction of approach to the discontinuity. An
alternate approach, consistent with the classical application of
the Kutta condition, is to define a mean potential ¢ and a
corresponding jump in potential '

(6] =0,—9, 12)

Two relationships are needed to determine ¢,[¢].
Orienting the equations in a streamwise/normal coordinate
system results in

continuity of mass

[ov,]1=0 (13a)
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continuity.of pressure -
[p]=0 ’ (13b)

Equation (13a) is equivalent to a condition enforcing
continuity of streamline slope, using the effective mass-flux
definitions for the upper and lower flow, e.g.,

®,,
= 1
1+(1—an1)¢xu—[(7+1)/2]M§°1¢£u] 4

tanf = [

Ideally, Eqgs. (13a) and )14) should be applied aldng the
separating streamline; but keeping in mind the basic small
disturbance philosophy, the auxiliary conditions are imposed
instead along a line of constant radius. The flow, however, is
not constrained to this path.

Imposing the pressure identity (13b) in terms of the velocity
potential requires two Bernoulli equations of the form,

p=polI={U=¢,)2+ 67} = (pe/py) VDI }]V/ =D
as)

The use of p, as the reference condition for all flow regions
means that separate reference Mach numbers must be used for
the bypass and energized flow in their respective differential
equations. The pressure matching results in the following
relationship between the bypass and energized velocities:

U+ ) 7462, =c, (146, )7 462 1+, (163
where
;= (P, /Do, ) D1 =(pe/p,, ) D]
+[I—(pm/poL)‘7"’)7] (16b)
e;=1(I=(py, /Do, ) "D/ 1= (Pos/Pp, ) (*-D/7] (16¢)

Negelecting the ¢? term -as small (slender wing theory
model), Eqs. (16a-c) can be recast in terms of the wake
potential jump, :

Va(I-c)) [912—=(I+c;) (1+4,) (9],

+(I—c;) (I+28,+¢2) —c,=0 -an

The quadratic equation (17) could be solved directly for
[¢]; however, such an approach encounters iteration
problems as c¢—1 (unpowered limit). A standard Newton-
Raphson technique is therefore used to determinie [¢], from
the trailing edge or turboprop tip, with the appropriate root
chosen to generate coflowing flows. The boundary conditions
at the downstream ‘‘infinity”’ plane do not require any
modification except to account for upwind differencing in a
supersonic plume. Since both streams are referenced to the
same p., the perturbation velocities in both streams go to
zero as the pressure returns to its ambient value of p. Thus
at the downstream boundary,

¢x=¢xu =¢XL =0

The slope condition defines [¢],, while the pressure match
defines [¢],. In contrast to the disk modeling, the jump in ¢
is not zero across the wake.

A second-order accurate scheme defining the flow on each
side of the wake introduces image points (¢%,¢L) to make
finite differencing of the radial derivatives (¢,,¢,,) possible.
These additional unknowns require two additional or
auxiliary relations to close the system that again can be ob-
tained from ‘‘upper’’ and ‘‘lower’’ versions of Eq. (1).

J. AIRCRAFT

The effect of power on the jet behavior can be analytically
demonstrated by considering the limiting case of small power
addition, i.e., Ap,/p,<1. Taking the lower-order form of
Eq. (16a), ' '

(1426, )=c,; (1420, ) +c,

and evaluating the limiting forms of ¢;,c, results in the
pressure coefficient expression

2 Ap,
c, =C, — ( — )
L TP \yMZ, po,

Power addition to the internal stream therefore reduces the
local C, and raises the flow Mach number. The discontinuity
inC, is introduced by using a different reference g, for the
internal and external streams (not the definition used in the
graphical results, showing C,, continuity).

Powered calculations have been made for the flow-through
geometry already examined in Fig. 2. Figures 6 and 7 show.
Mach number contour plots of the exhausting flow, both with
and without power. The ambient Mach number 0.8 and the

0.79

0.91

Fig. 6 Mach number contours of afterbody of unpowered flow-
through nacelle with convergent-divergent nozzle, M =0.8.

Fig. 7 Mach number contours on afterbody of powered nacelle with
convergent-divergent nozzle, M, =0.8, AP,/P,=0.5.
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Fig. 8 Pressure coefficient comparisons for both an unpowered and
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Fig. 10 Geometry and streamlines for turboprop -calculation,
M, =0.8,AP,/P;=0.10, AT,/ T, =0.03.
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Fig. 11 Pressure coefficient on centerbody and cowl for turboprop
configuration, M, =0.8, AP, /P, =0.10, AT,/ T; = 0.03. )

power setting is pg,/py; =1.5, T, /Ty =1.123. The oblique
shock forming off the afterbody trailing edge indicates the
powered case is overexpanded (p., <Pj,c.amp)- The alternating
compression and expansion zones seen on the afterbody (Fig.
7) are commonly found in powered plug nozzle experiments. 6
Furthermore, Fig. 8 shows that the addition of power
produces a decreased acceleration on the external contour,
corresponding to the expected increased mass flow into the
nacelle. This is graphically seen in the stagnation streamline
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Fig. 12 Demonstration of streamline contraction effect on tur-

boprop configuration at low Mach - numbers, M =0.1,
AP,/P;=0.05,AT,/T,=0.03. .

calculations shown on Fig. 9. This comparison was made at a
lower Mach number to enhance the effect. ,

The procedure has been applied: to the simulation of a
turboprop/nacelle interaction, where the centerbody
protrudes outside the inlet. The propeller is also modeled by
an actuator disk and, for simplicity, the exit flow is assumed
to have no swirl. Modifications to'the analysis had to be made
since in the turboprop case, the wake and propeller share a
common origin at the tip, while in the turbofan case the wake
dividing the external and energized streams originates off the
fan cowl trailing edge. Figures 10 and 11 present streamline
plots for a 90% efficient propeller and the corresponding inlet
and  centerbody pressures. The cross-hatched - regions
represent local supersonic flow bubbles. The two shocks on

- the inlet tip cause a total pressure loss and an increase in inlet

spillage drag. Even though no tip vortex rollup is modeled,
the expected streamtube contraction produced by the disk is
obtained (Fig. 12).

Conclusions

An improved small disturbance procedure for modeling
nacelles has been formulated. The method utilizes mass-flux
boundary conditions consistent with the governing small
disturbance equation. These boundary conditions are applied
to the actual contour surface. Furthermore, the use of an
exact C, expression is found to improve agreement with true
solutions, indicating that the higher-order terms do not
contaminate the calculated solution. Finally, the results of
this method not only show a substantial agreement with full
potential results, but have simulated the global effects of
turboprop and turbofan power transfer.
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