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Calculations of Propeller/Airframe Interference Effects Using
the Potential/Multienergy Flow Method

T. Q. Dang*
Douglas Aircraft Company, Long Beach, California

This paper describes an analytical/computational model to predict propeller/airframe interference effects. In
the present method, the propeller is modeled by an actuator disk and is assumed to have free-vortex blading. The
flowfield consists of two potential flow regions of different stagnation conditions separated by a bound-vortex
sheet located at the actuator disk and a free-vortex sheet located on the propeller slipstream. A newly developed
technique of handling these vortex sheets is embedded into an existing finite-volume, full-potential code to
analyze the flowfield. Comparisons of the results obtained using the present model to those from dissimilar
models and some experimental data indicate that this simple method is adequate for integration studies of
current ultra-high-bypass (UHB)-powered aircraft ranging from the subsonic takeoff/climbing flow regime to
the transonic cruising condition.

I. Introduction

THE continuing quest to improve propulsive efficiency for
aircraft operating in the subsonic and transonic flow

regimes has caused growing interests in the ultra-high-bypass
(UHB) or propfan engine as an alternative to the turbofan
engine. Numerous studies1'2 confirm that advanced, turbo-
prop-powered aircraft offer substantial improvements in fuel
consumption, up to 30% when compared to aircraft recently
entering service and up to 50% when compared to the major-
ity of aircraft in service. However, studies indicate that these
dramatic gains can only be achieved if the propfan is properly
integrated with the airframe so that undesirable propeller/air-
frame interference effects are minimized.3'4 To quantify this
interaction phenomenon, it is desirable to have a computa-
tional tool for the prediction of propeller effects on the flow-
field around complex configurations.

The concern of an airplane designer is not focused on the
details of the blade-to-blade flowfield but rather on the inter-
ference effects of the propeller on the airframe. In this case a
simple, computationally easy and inexpensive, time-averaged
method is preferable to a direct propeller analysis approach:
the propeller is represented by an actuator disk5 with proper
jump conditions prescribed along the disk. This simplified
model for simulating the presence of the propeller has been
shown by several authors to be adequate for airframe integra-
tion studies.6'7

The flowfield behind propellers is inherently rotational due
to the blade variable loading characteristics in the spanwise
direction, flow incidence, and interference effects caused by
the various airplane components. Consequently, an Euler for-
mulation is required for the analysis of the flowfield within the
propeller slipstream region behind the actuator disk. There are
many recently developed methods to solve the Euler equa-
tions. Among these, the time-marching, finite-volume Euler
schemes8'9 solve for the primitive variables and have been
applied to treat three-dimensional wing/body configurations.
Yu et al.6 and Whitfield and Jameson7 have successfully em-
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ployed these Euler algorithms to compute the flowfield
around complex, three-dimensional propfan configurations.

If the configuration under consideration involves a propfan
of the pusher type, such as the aft-pylon-mount pusher (see
Fig. 1) selected by the Douglas Aircraft Company as the most
attractive arrangement,1 then previous calculations10 indicate
that the detailed structure of the rotational flowfield behind
the propeller does not play an important role in propeller/air-
frame integration studies. In this case, the simpler potential/
multienergy flow model11'12 can be used to effectively simulate
propeller/airframe interference effects. The flowfield is di-
vided into two potential flow regions of different stagnation
conditions separated by a bound-vortex sheet located at the
actuator disk and a free-vortex sheet located on the propeller
slipstream.

In the present study, the location and strength of the bound-
vortex sheet are prescribed, but those of the free-vortex sheet
must be calculated. A conceptually easy-to-understand proce-
dure to handle discontinuities occurring at the free-vortex
sheet is to use a full-potential approach with boundary-con-
forming grid at the propeller slipstream.11'12 In this method,
the grid surface leaving the actuator disk tip is either assumed
to be the slipstream or modified during the calculation to
conform to the actual slipstream. The latter is known as the
adaptive grid technique. The equal-pressure condition across
the free-vortex sheet, which implies a discontinuity in the
velocity vector at this surface, can be satisfied by enforcing a
double-valued potential on this surface.

Although this rather brute-force approach appears to be
attractive, it has several restrictions and disadvantages. First,
it is difficult to find and enforce the correct direction of the
jump in the velocity vector across the free-vortex sheet. In
practice, the jump in the velocity is taken to be along the
stream wise grid lines. Second, the required use of the adaptive
grid technique to satisfy the propeller slipstream kinematic
condition is not desirable because it tends to slow down con-
vergence and can introduce instabilities into the calculation,
especially for complex geometries. Last, the implementation
of the multigrid technique, a method of accelerating conver-
gence, turns out to be complicated and cumbersome.

The findings of the studies summarized in Refs. 11 and 12
suggest the usefulness of a technique which can capture the
free-vortex sheet during the calculation rather than fit a grid
surface to it. In addition, these studies recognize that accurate
modeling of this vortex sheet requires an effective way to
satisfy the vorticity transport equation. The "smoothing"
technique described in Ref. 13 is such a technique. It has been
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Fig. 1 Illustration of aft-fuselage/pylon/nacelle configuration with
actuator disk.

developed to accurately treat all types of vortex sheets in
transonic potential methods including trailing vortex sheets
behind lifting surfaces. The idea is to remove singularities in
the flowfield at the vortex sheets using generalized functions;
all discontinuities are expressed in terms of the step function.
The location and strength of the free-vortex sheet are deter-
mined by satisfying the no-flux boundary condition and the
vorticity transport equation, respectively, and the remaining
irrotational flowfield is determined from the continuity equa-
tion. The smoothing technique can be considered to be the
external-flow version of the smoothing expansion tech-
nique,14'15 which was developed earlier for periodic internal
flows.

II. Potential/Multienergy Flow Actuator Disk Model
In this section, the model used to simulate flow through an

aft-fuselage/pylon/nacelle-mounted, counter-rotating prop-
fan of the pusher type is presented (see Fig. 1). As mentioned
in the introduction, the presence of the propeller is replaced by
a single actuator disk with proper jumps in the flow properties
prescribed across it. In principle, the specifications of jumps
in five flow properties are allowed in order to be consistent
with the conservation laws of mass, momentum, and energy.
These five independent quantities can be chosen to be the
mass, the stagnation enthalpy, the entropy, the circumferen-
tial velocity (or swirl), and the radial velocity. Since the mass
is conserved across the propfan, a maximum of only four
jump quantities is required to be prescribed downstream of the
actuator disk.

In the counter-rotating propfan, the forward propeller in-
duces a swirl to the oncoming flow, and the aft propeller is
designed to remove it. Hence, it is reasonable to assume that
the jump in the swirl across the actuator disk is zero. As
mentioned in the introduction, the propeller blades are taken
to be of the free-vortex design so that the jump in the stagna-
tion enthalpy across the propfan is constant. Finally, for
simplicity, the flow is assumed to be isentropic across the
actuator disk.

Consequently, the flowfield consists of two potential flow
regions, each having different stagnation conditions, sepa-
rated by a bound-vortex sheet at the actuator disk and a
free-vortex sheet on the propeller slipstream (see Fig. 2). This
is called the potential/multienergy flow actuator disk model.
In this model, the location and strength of the bound-vortex
sheet are prescribed; whereas those of the free-vortex sheet are
not known a priori and must be determined during the calcula-
tion. Across this free-vortex sheet, two conditions must be
satisfied:

actuator
disk E

propeller slipstream

Region B
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Fig. 2 Potential/multienergy flow actuator disk model for a coun-
ter-rotating propfan.

1) no-flux boundary condition: a kinematic condition which
is satisfied by ensuring that the vortex sheet coincides with the
stream surface emanating from the tip of the propeller and

2) equal pressure condition: a dynamic condition which can
be satisfied by invoking the vorticity transport equation. As
the two potential flow regions have different stagnation condi-
tions, this condition implies that the velocity vector is discon-
tinuous in magnitude and possibly in direction across the
vortex sheet.

In practice, it is more useful to prescribe the propeller thrust
loading coefficient rather than the jump in the stagnation
enthalpy across the actuator disk. Using the one-dimensional,
incompressible-flow Froude-Rankine analysis,10'11 the jump in
the stagnation enthalpy across the actuator disk is related to
the thrust loading coefficient by

(1)

where T is the thrust, Q is the dynamic pressure, and Ad is the
propeller frontal area. Equation (1) is used to compute the
required stagnation enthalpy jump corresponding to the pre-
scribed thrust loading coefficient. Numerical simulations have
shown that this relationship is accurate throughout the practi-
cal range of the thrust loading coefficient.13

Finally, the present method can be generalized to include
jumps in the swirl and entropy across the actuator disk. In
order to be consistent with the potential/multienergy flow
model, these jumps must satisfy the following conditions:

and

A(rK0) = const

As = const

(2)

(3)

Equation (2) is the free-vortex flow condition and is derived
from the Euler turbine equation.16 Equation (3) ensures that
the stagnation pressure jump across the actuator disk is con-
stant so that the flowfield behind the actuator disk and within
the propeller slipstream remains irrotational.

III. Theory
The smoothing technique described in Ref. 13 is used to

handle discontinuities in the flowfield occurring at the bound-
and free-vortex sheets. This technique consists of removing
the singular part of the flowfield at these vortex sheets using
generalized functions. Consider the velocity field. As the ve-
locity vector is allowed to have jumps across the actuator disk
and across the propeller slipstream, it can be expressed as

V = (4)

where a(x,y,z) = 0 defines the prescribed actuator disk sur-
face, £(x,y,z) = 0 defines the propeller slipstream surface, and
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H is the step function which is defined to be

H(\)=l X>0

-0 A<0 (5)

In Eq. (4), the step functions are used to represent the jumps
in the velocity vector across the bound- and free-vortex sheets.
As a result, the remaining part of the velocity vector V(/> is
smooth everywhere in the flowfield.

Taking the curl of Eq. (4), the vorticity vector is

fi = 6(a){//(f)A/Zo[Va X Vt}} + 5(f){//(a)A/20[Vf X V t } } (6)

where the Dirac delta function17 <5(A) is defined to be zero
everywhere except at X = 0. As expected, the vorticity vector is
zero everywhere except at the actuator disk, which is the first
term on the right side of Eq. (6) and at the propeller slip-
stream, which is the last term on the right side of Eq. (6). In
Eq. (4), the Clebsch18 representation of the velocity vector is
employed. This type of decomposition of the velocity vector
into potential and rotational parts has been extensively em-
ployed in the calculations of three-dimensional rotational
flows in turbomachines up to the subcritical flow regime using
mostly analytical approaches.14'15'19'20 Recently, a Euler-cor-
rection method was developed based on the Clebsch transfor-
mation of the Euler equation to model rotational flows in
full-potential methods such as the vorticity field generated
behind shocks21 and the flowfield behind propellers of the
forced-vortex blading.10

To determine the flowfield, the Clebsch variables are chosen
to satisfy the equations of motion. For steady flow, the conti-
nuity equation is

(7)

and the momentum equation, written in Lamb's form for
isentropic flow, is

Fx tt = V/z0 + FB (8)

where FB is a body force per unit mass (local imposed acceler-
ation) reacting on the fluid as a result of forces concentrated
at the actuator disk. In the present model (see Fig. 2), given
the locations of the actuator disk and the propeller slipstream,
the stagnation enthalpy field is automatically known

//(a)//(f)A/z0 (9)

Furthermore, the body force FB is concentrated at the actuator
disk and can be expressed as

FB = (10)

In the present approach, the potential part </> in Eq. (4) is
determined using the continuity equation, and the Clebsch
variable / is chosen to satisfy the momentum equation. On
substituting Eqs. (6), (9), and (10) into the momentum equa-
tion, Eq. (8), along with the use of vector identities, several
relationships are obtained. Along the actuator disk, the mo-
mentum equation relates the body force to the local flow
conditions by

/* = V f - l ) Va)V/ j (11)

where < > d denotes the average value in front of and behind
the actuator disk. This body-force term is similar to the pre-
scribed finite-volume force vector employed by Whitfield and
Jameson7 in their calculation of propeller/airframe interac-
tion. Equation (11) can be used to derive Eq. (1) by linearizing
the flowfield about the freestream condition.

Along the propeller slipstream behind the actuator disk, the
momentum equation reduces to

( < K > 5 - V O V f - ( < K > 5 - (12)

where < >5 denotes the average value above and below the
propeller slipstream. On imposing the no-flux boundary con-
dition on the propeller slipstream, namely

<y>s- v r = o (13)

the governing equation for the Clebsch variable t is obtained

<V>S (14)

Conceptually, the Clebsch variable / is the classical Darwin-
Lighthill-Hawthorne drift function.22 The variation of t from
streamline to streamline lying on the propeller slipstream sur-
face is directly connected to the stretching and tipping of the
vortex filaments located on this surface.

In principle, the entire flowfield can be computed by solving
iteratively between the governing equations for the potential
part, Eq. (7), and the governing equations for the rotational
part, Eqs. (13) and (14), subjecting them to the appropriate
boundary conditions. The following subsections describe
methods of solving these equations along with the iterative
procedure employed to determine the flowfield.

A. Solution Method for the Potential Function
When the smoothing technique is employed to remove sin-

gularities in the flowfield occurring at the bound- and free-
vortex sheets, the gradient of </> is smooth across them. Conse-
quently, </> is single-valued at these vortex sheets. Taking
advantage of this fact, the potential part can be determined by
solving the continuity equation using existing efficient and
reliable full-potential flow solvers with minor modifications.
In the present study, the Jameson/Caughey, finite-volume,
full-potential method23'24 is employed to determine the poten-
tial function </>. In this numerical scheme, the discretized
quasilinear form of the potential equation utilized for formu-
lating the iterative scheme is

L"(</>"+!-0") = -Res" (15)

where n is the iterative level, L is the potential equation
operator, and Res is the residual of the continuity equation
during the calculation. The discretized form of the residual is
expressed in the computational space as

Res = fJLYZdx(phU + P) +

R)

+ Q)

(16)

In Eq. (16), p is the averaging operator, d is the differencing
operator, h is the Jacobian of the transformation, (X, Y,Z) is
the computational coordinate system (see Fig. 1), and
(U, V, W) is the contravariant velocity vector. The artificial
viscosity fluxes P, Q, and R are added in order to stabilize the
algorithm in the supersonic flow regions.

When the present power method is included, the general
form of the operator L and the artificial viscosity fluxes re-
main unchanged. The only modifications involved are in the
evaluation of the cell-averaged velocity, speed of sound, and
density, which appear in the expression for the residual of the
continuity equation and in the coefficients of the potential
equation operator.

As an illustration of the method of computing cell-averaged
quantities, consider the velocity vector. According to Eq. (4),
the velocity vector takes on appropriate forms depending on
the location of the cell under consideration (see Fig. 3). In the
present study, the grids are constructed to conform to the
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Fig. 3 Method of weighted-averaged volume applied to cell-averaged
quantities.

specified actuator disk location and size but not to the propel-
ler slipstream location since it is not known a priori. Hence, in
general, there exist cells which lie in both regions A and B,
such as cell AB shown in Fig. 3. In this case, the method of
volume weight-averaged is used to evaluate the cell-averaged
quantities. For cell A, which lies in region A, the cell-averaged
velocity is computed from

F = V < / > (17)

For cell B, which lies in region B, the cell-averaged velocity is
computed from

V = (18)

and finally, for cell AB, which lies in both regions, the cell-av-
eraged velocity is computed from

VA
(19)

where VA and VB are the partial volumes of cell AB which lie in
regions A and B, respectively (see Fig. 3).

B. Solution Method for the Propeller Slipstream Location
The propeller slipstream along with the actuator disk form

boundaries which separate regions A and B (see Fig. 2). In the
present method, the location of the actuator disk surface is
given; whereas the propeller slipstream geometry must be de-
termined. The propeller slipstream kinematic condition, Eq.
(13), is used to compute the location of the propeller slip-
stream surface. As the computational coordinate system em-
ployed in the original full-potential solver is cylindrical-like24

(see Fig. 1), it is convenient to define the propeller slipstream
surface in the computational space

= Y-F(X,Z) (20)

On using this definition, Eq. (13) written in the computational
space is

Given the solution of the velocity field from the previous
iteration, Eq. (21) reduces to a linear, first-order, partial-dif-
ferential equation of the hyperbolic type. In order to solve it,
boundary conditions for F need to be prescribed at the actua-
tor disk. The initial location of the propeller slipstream sur-
face is at the actuator disk tip. Finally, Eq. (21) is solved
numerically using the implicit, second-order accurate Crank-
Nicholson scheme.

Two types of power-simulation modes have been developed
to investigate the importance of the propeller slipstream ge-

ometry. In the assumed propeller slipstream mode, the propel-
ler slipstream is taken to be the grid surface emanating from
the tip of the actuator disk, and this grid surface is kept fixed
during the calculation. In the captured slipstream mode, the
initial guess of the propeller slipstream is chosen to be this grid
surface, but the propeller slipstream geometry is constantly
updated during the calculation through Eq. (21). The outcome
of this investigation is given in Sec. IV.

C. Solution Method for the Drift Function
In the present formulation, the drift function t is employed

to describe the convection of the vortex rings lying on the
propeller slipstream surface. Hence, it is necessary to compute
the drift function on the propeller slipstream surface only. The
governing equation for /, Eq. (14), written in the computa-
tional space is

Vz = l (22)

Equation (22) can be simplified by invoking the propeller
slipstream kinematic condition. On the propeller slipstream
surface, in addition to Eq. (13), the no-flux boundary condi-
tion also requires the jump in the velocity vector across this
surface be tangent to it. On using Eq. (4), this condition
translates to

Vt • vf =0 (23)

Equation (23) imposes a constraint on the derivatives of t. In
the computational space, the expression becomes

dx dz (24)

where / = I(x,y,z,F) and K = (x,y,z,F) are defined in Ref. 25.
On using this relationship, Eq. (22) reduces to

« U>s V>s) -
oX

W>s + K < V>s) - =

(25)

Similar to the governing equation of the propeller slipstream
location, Eq. (25) is of the hyperbolic type. In order to solve
this equation, initial values for t need to be prescribed. From
the zero- jump conditions in the radial and circumferential
velocities across the actuator disk, the initial values for t along
the tip of the actuator disk are taken to be zero. As before, the
implicit, second-order, accurate, Crank-Nicholson scheme is
used to solve Eq. (25).

D. Iterative Procedure
The flowfield is determined by solving iteratively between

the potential and the rotational parts in Eq. (4). The following
iterative procedure is employed.

1) Set the initial velocity field to the freestream condition.
2) Update the potential function c/> using a modified version

of a finite- volume, full-potential method described in subsec-
tion III A. In this step, the implementation of the volume
weight-averaged procedure to compute cell-averaged quanti-
ties results in an increase of 25% in the computing time per
multigrid cycle over the original full-potential flow solver.

3) Update the drift function / by solving Eq. (25). The
computing time required in this step is negligible compared to
the second step since the calculation is performed only on the
propeller slipstream surface behind the actuator disk.

4) If the assumed slipstream mode is employed, bypass this
step. Otherwise, in the captured slipstream mode, the propel-
ler slipstream f is updated by solving Eq. (21) from the actua-
tor disk to the downstream boundary. Again, the computing
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time required in this step is negligible compared to the second
step.

5) Check for convergence and repeat steps 2-5 until conver-
gence is attained.

Numerical experiments show that the computing time per
multigrid cycle is roughly 30% more than that of the original
code. When the assumed slipstream mode is employed, the
number of multigrid cycles required to obtain a converged
solution comparable to the prop-off case remains the same,
independent of the magnitude of the thrust loading coeffi-
cient. However, more iterations are required when the cap-
tured slipstream mode is employed. Specifically, in the tran-
sonic flow regime where the thrust loading coefficient is small,
the number of multigrid cycles required to obtain a converged
solution comparable to the propoff case remains unchanged.
In the subsonic flow regime where the thrust loading coeffi-
cient is large, the required number of multigrid cycles is in-
creased by about 50%. Finally, this proposed iterative proce-
dure is stable throughout the practical range of the thrust
loading coefficient.

IV. Results
The present method for simulating propeller effects has

been implemented into an existing multigrid, finite-volume,
full-potential code.24 This code was originally developed to
analyze the transonic flowfield about aft-fuselage/pylon/na-

0.0 1.0 2 .0 6 .0

Fig. 4 Comparison of surface pressure distributions for configura-
tion A at A/oo = 0.2, «= -3 deg, and T/QAd = 2.

celle configurations without propeller effects. Generation of
the computational grid for this complex configuration was
accomplished using the hybrid conformal-mapping/algebraic
technique of Halsey.26 This method conforms grid lines to the
specified actuator disk shape.

Figure 4 illustrates comparisons of the pressure distribu-
tions on the pylon, nacelle, and fuselage stations between the
prop-off and prop-on cases for the configuration A in the
subsonic flow regime. In this configuration, the actuator disk
is located at a nondimensionalized axial distance of 2. These
results show that the effect of power is prominent in the
low-speed regime: the pressure level is modified over the entire
aft portion of the airplane. As expected, the presence of the
propfan results in a higher flow velocity in front of the propel-
ler as shown by the negative higher Cp level of the prop-on
curves for x <2. Along the nacelle station, the presence of the
propfan produces a jump in the static pressure across it. Along
the fuselage station, power effects introduce an adverse pres-
sure gradient near the actuator disk plane indicating a poten-
tial flow separation region. It is important to note that the
same conclusion cannot be drawn for the nacelle station be-
cause the stagnation quantities in front of and behind the
actuator disk are different. In fact, for this nearly incompress-
ible flow case, the velocity plot on the nacelle surface shows
that the velocity increases smoothly across the actuator disk
and reaches a downstream value higher than the freestream
value.13

Figure 5 shows comparisons similar to Fig. 4, but at the
transonic cruising condition. This figure indicates that power
effects are less prominent in the transonic flow regime with a
narrower domain of influence. When shocks appear on the
pylon near the propfan, the effects of power are to increase
the shock strength and move it further downstream resulting
in higher wave drag and earlier onset of shock-induced flow
separation. Note that the potential separated flow region on
the fuselage station, which is triggered by the presence of the
propfan in the subsonic flow regime, does not appear to exist
in the transonic flow regime.

Figures 6 and 7 demonstrate the importance of using the
correct propeller slipstream geometry in predicting propeller/
air frame interference effects. These calculations are per-
formed in the subsonic flow regime where the effect of power
is prominent. In addition, a lifting case is chosen to test the
robustness of the method in capturing propeller slipstream
geometries, which are highly nonconformed to the employed
grid distribution. Figure 6 illustrates the propeller slipstream
geometries at the symmetry employed in the assumed slip-
stream mode and calculated by the captured slipstream mode.
As expected, the captured propeller slipstream geometry
shows a contraction effect and becomes aligned with the
freestream flow direction in the downstream region. Figure 7
shows comparisons of the Cp increment due to power on the
pylon and nacelle stations between the results obtained using
the assumed and captured slipstream modes. Here, the Cp
increment is defined to be the difference in Cp between the
prop-on and prop-off solutions. This figure shows that the

assumed slipstream
captured

siipstream

Fig. 5 Comparison of surface pressure distributions for configura-
tion A at Moo = 0.76, a= -3 deg, T/QAd=Q.l6.

Fig. 6 Comparison of assumed and captured slipstream geometries
at the nacelle symmetry plane for configuration B at A/oo = 0.2, a. = 5
deg, and T/QAd = 2.
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Fig. 7 Effect of slipstream geometries on Cp increment due to power
for configuration B at Moo = 0.2, a = 5 deg, and T/QAd=2.
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Fig. 8 Comparison of Cp increment due to power between the pre-
sent method and the Euler-correction method for configuration A at
the transonic cruising condition.

solutions obtained using the assumed slipstream geometry
overpredict the Cp increment by as much as 25% on the pylon
station. The same observation can be made for the portion of
the nacelle station that does not include the region occupied by
the actual propeller blades. This large overprediction is due to
the fact that the flow enters the higher energy region not only
through the actuator disk surface, but also across the em-
ployed assumed-propeller-slipstream geometry, which is larger
than the actual shape (see Fig. 6). In the transonic flow regime
where the thrust loading coefficient is small, numerical exper-
iments indicate that the sensitivity of the solutions on the
propeller slipstream geometry is small, except for flow condi-
tions and configurations which produce strong shocks near the
pylon trailing edge.

To validate the method, a comparison of its predictions
with experimental data is necessary. Unfortunately no high-
speed test data is available. However, there exists a Euler-cor-
rection method10 to verify with the present method. The Euler-
correction method was developed earlier for propeller/
airframe integration studies in the transonic flow regime
where the thrust loading coefficient is small. In the Euler-cor-
rection method, the propfan is also modeled by an actuator
disk, but the propeller is assumed to be of the forced-vortex
blading type—namely the stagnation enthalpy jump is allowed
to vary in the blade spanwise direction. In the following calcu-
lations performed with the Euler-correction method, the em-
ployed propeller loading characteristics is of the tip-loaded
blading and is typical of many advanced propeller blades.10

Figure 8 shows comparisons of the predicted Cp increment
due to power between the solutions obtained using the present
method and the Euler-correction method for configuration A
at the transonic cruising condition. Along the pylon station,
the two solutions are virtually identical. Both methods give the
same predictions of the shock movement and shock strength
as can be seen by the spike in the Cp increment curve near the
pylon trailing edge. Along the nacelle station, the comparison
deteriorates behind the actuator disk because the Euler-correc-
tion method employs small perturbation approximations for
the rotational flow region behind the actuator disk.

In the subsonic flow regime, test data are available for code
validation, but for a different configuration. While the calcu-
lation method is limited to a pylon/nacelle mounted on a body
infinite in the upstream direction, test results are available for
two configurations at M00 = Q.2 and T/QAd = 2: a wing-fuse-
lage pylon/nacelle with and without a tail. The experimental
data for the configuration with a tail do agree with the calcu-
lations for the prop-off condition using a corrected value for
the freestream angle of attack. Accordingly, the prop-off/on
test data for the configuration with a tail are used to validate
the Cp increments due to power predicted by the present
method. In addition, solutions obtained using the panel

o test data
present method

---- panel method

1250 1350

Fig. 9 Comparison of test data and predicted Cp increment due to
power for configuration C at Moo = 0.2, a= -3 deg, and T/QAd = 2.

method27 are also used for comparison with those calculated
by the present method. In the panel method, the mutual
aerodynamic interference effects between the propeller and
the airframe are approximated by superimposing the time-av-
eraged, isolated propeller on to a "standard" panel solution
for the remaining part of the aircraft. This panel method and
the method described in this paper employ very different
models and approximations to simulate propeller/airframe
interference effects.

Figure 9 summarizes the low-speed, code-validation study
through comparisons of the Cp increments due to power on
the pylon, fuselage, and nacelle stations. This figure indicates
that the agreements in the overall trend between the test data
and the computational results are very good. Along the fuse-
lage station, Fig. 9 shows good agreement between test data
and computational results for the axial locations in front of
the actuator disk plane which is located at xdisk = 1440, but
poor agreement is found for the axial locations behind it.
Referring to Fig. 4, which illustrates the adverse pressure
gradient introduced into the fuselage station in the presence of
the propfan, Fig. 9 appears to confirm the existence of a flow
separation region on the fuselage portion located behind the
actuator disk plane. The discussion on the importance of the



VOL. 28, NO. 5, MAY 1990 AIAA JOURNAL 777

fuselage boundary layer is reported in Ref. 24 and is outside
the scope of the present paper. Finally, a close look at these
results indicates that the present method consistently under-
predicts the Cp increment level at all stations. These observa-
tions suggest that either the estimated thrust loading coeffi-
cient of the experiment is slightly off or the "calibration"25 of
the thrust loading coefficient in the present method needs to
be improved. Another possibility could be associated with the
isentropic flow assumption employed in the present calcula-
tions. For nonisentropic flow across the actuator disk, a
higher increase in the stagnation enthalpy is required for the
same thrust-loading coefficient, hence a larger Cp increment
level will be generated. The modeling of the overall propeller
efficiency can easily be incorporated into the present method
by including an additional rotational term in Eq. (4) to ac-
count for the entropy increase across the actuator disk.21

V. Conclusions
This paper presents a useful technique to simulate propel-

ler/airframe interference effects for aircraft operating up to
the transonic flow regime. The configuration under consider-
ation is an aft-fuselage/pylon/nacelle-mounted, counter-ro-
tating propeller of the pusher type. The propeller is modeled
by an actuator disk across which the prescribed jump in the
stagnation enthalpy is assumed to be constant. Consequently,
the flowfield consists of two potential flow regions of differ-
ent stagnation conditions separated by a bound-vortex sheet
located at the actuator disk and a free-vortex sheet located on
the propeller slipstream,

In the present study, the location and strength of the bound-
vortex sheet are prescribed; whereas those of the free-vortex
sheet must be calculated. The smoothing technique is used to
analyze the flowfield: singularities occurring at the vortex
sheets are removed through the use of the step function. The
location and strength of the free-vortex sheet are determined
by satisfying the no-flux boundary condition and the vorticity
transport equation, respectively, and the remaining irrota-
tional flowfield is determined from the continuity equation
using a modified version of an existing finite-volume, full-po-
tential flow solver.

Numerical experiments indicate that the proposed method is
robust and efficient throughout the practial range of the
thrust-loading coefficient encountered in the subsonic and
transonic flow regimes. This method is a big improvement
over the Euler-correction method,10 which, in theory, does not
apply in the practical subsonic flow regime where the thrust
loading coefficient is large. It is also an improvement over the
panel method27 because the panel method cannot handle tran-
sonic flows. The main advantage of the present method over
those based on the Euler schemes6'7 is its ease of implementa-
tion into existing state-of-the-art, well-proven, efficient, full-
potential methods, which are presently the primary transonic
flow computational tools used in the commercial transport
aircraft industry. Finally, comparisons of the results obtained
using the present model and the limited amount of available
test data indicate that this simple model can be used to effec-
tively simulate propeller effects about aft-fuselage/pylon/na-
celle-mounted, counter-rotating propellers of the pusher type.
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