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Ship Airwake Effect on
Blade Normal Velocity (cont'd)
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Ship Airwake Effect
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Ship Airwake Effect
on Blade Radial Velocity
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Georgia Tech

Effect of Helicopter Position
on Controls

Configuration Lat.Cyc. Long.Cyc. Collective Pedal
No ship / no G.E. 4.595 4.466 5.137 2.008
No ship / G.E. 4.595 4.469 5.135 2.010
Hel. deck center 4.563 4.196 4.946 2.084
Hel. deck edge 4.622 4.301 5.083 2.072

Hel. outside 4.599 4.414 5.138 2.037

School of Aerospace Engineering
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Concluding Remarks

@® Local ship "ground effect” is significant;
simple correction factor not appropriate;

@® Ship airwake cannot be adequately
approximated by panel representation; a
ship airwake database is needed;

® Instrumented flight tests are needed to
validate the approach;

@ First step towards the construction of a
suitable model for real-time simulation.

School of Aerospace Engineering
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Directions for Future Work

@® Allow for non-prescribed rotor wake
‘vorticity distribution;

@® Incorporate the rotor wake and ship
models into Georgia Tech's FLIGHTLAB
code;

® Conduct landing simulations
incorporating ship airwake turbulent
component;

® Use present method as a building block
for a modified dynamic inflow model to be

incorporated into real-time simulation

codes.

School of Aerospace Engineering



Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: June - August 1994

During the past three months work has been underway on modifying
the existing rotor/wake model to include a ship ground effect.

(a) CFD effort:

1) The prescribed geometry/prescribed vorticity distribution wake
model has been modified to account for changes in wake vorticity
due to the redistribution of lift over the disk and corresponding
redistribution of bound circulation.

2) The prescribed wake geometry has been modified so that instead
of simply truncating the wake revolutions near the ground, a "flat
wake" is used for wake ages beyond that corresponding to a wake
location that places the vortex filament at a user-specified clearance
above the ground.

3) A partial parametric investigation has been performed in order to
investigate the effect of wake parameters such as near wake age,
number of wake revolutions and wake clearance above the ground
on the rotor required power in ground effect. It was observed that
for low speeds the total number of revolutions is the major factor
influencing the computed ground effect. This is not the case for
moderate to high speeds, since the wake is quickly washed away
from the rotor.

4) A preliminary investigation on the adequacy and feasibility of
extending the current prescribed helical geometry model to that of a
distorted or free wake model is underway.

(b) Inflow Modeling effort:

During this period, the effort has concentrated on the development of
methodology for identifying the modified [L] matrix. From CFD, the
upwash due to the presence of the ground is computed, which is a
function of radial station, azimuth angle and height of the rotor
above the ground (ship deck) for a given rotor position with respect



to the deck (x,y). The analysis is carried out using the following four
steps:

1) Using least square fitting techniques, the upwash for a given hub
position in space (x,y,h) is decomposed into the variations in uniform
inflow, the first and second harmonic variations.

(2) An analytical function to represent the variation of the various
inflow components, i.e., uniform, first harmonic and second harmonic,
as a function of rotor height above the deck has been obtained.

(3): A bi-variate spline representation is used to capture the
variation of inflow components as functions of (x,y) location around
the ship deck.

(4): For steady flight conditions, the RHS forcing terms in the
dynamic model for in-ground effect are approximately the same as
those for out-of-ground effect. Hence, we can modify the [L] matrix,
once we know the variations of the inflow components due to the
ground.

Currently work is in progress on:
1) Developing the CFD code using free wake theory

2) Obtaining an explicit expression for the modified [L] matrix for a
given flight condition.



Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: September-October 1994

During the past two months work has been underway on
extending the existing rigid wake model for the ground effect
modeling to a free wake code. The results of this investigation
showed that wake instability is a major problem and substantial
additional work would be needed to achieve a stable and reliable
code. Therefore, our emphasis has shifted towards the modification
of CAMRAD’s free wake code to include ground effect modeling and
incorporating the resulting code into the helicopter/ship interaction
analysis.

Also, during this period extensive computations were carried
out to compute the inflow velocity distribution over the disk at
various heights ranging from 0.5R to 3R above the ground, and at
different locations with respect to the ship deck. This step generated
the needed data base for estimating the dynamic inflow model
parameters. For a specific advance ratio, the [L] matrix including
ground effect is modified as a function of (x,y,h) as well as the wake
skew angle. Although the wake skew angle reflects the advance
ratio to some degree, the effect of advance ratio on the inflow
distribution is currently being studied in detail in order to make the
[L] matrix of the inflow model an explicit function of advance ratio.
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Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: November-December 1994

During the two months, as one of the graduate students
working on the project, Olympio Mello, was graduating in December
'94, the focus of the effort was directed towards documenting all the
modifications that were made to the GENHEL program as part of the
project. The resulting document is attached as Appendix I. Also,
during this time we had interacted with Dr. Peters of Washington
University for his comments on the theoretical work that was carried
out on modeling of ground effect by extending the 'Peters-He
generalized wake theory' by including an image rotor system in the
formulation. We are continuing the work on studying the effect of
advance ratio on the in-ground effect inflow distribution in order to
make the [L] matrix of the inflow model an explicit function of
advance ratio.
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APPENTDT X —

1. INTRODUCTION

This report describes the modifications made in the helicopter simulation code
GENHEL, in order to investigate helicopter/ship interactions. The theoretical formulation
for the GENHEL code is given in Refs. 1 and 2 and will not be discussed here.

The effect of the ship proximity to the helicopter is modeled by using a standard
panel method, based on the classical solution by Hess and Smith?. The ship is modeled
by source panels which allow a good geometric representation. The effect of the ship on
the rotor is given by the induced velocities on the rotor disk due to the ship panels. For
the computation of the strengths of the sources, it is necessary to take into account both
the ship velocity and the velocity field on the ship due to the rotor wake. This velocity
field is computed using a rigid helical wake model. The strength of the rotor wake
vortices depends on the circulation around the rotor blade, which, in turn, depends on the
ship effects. Therefore, an iterative process would be needed. However, for the simulation
problem, it may be assumed that changes in circulation around the blade and the flow
about the ship are not too rapid and consequently the iterative process may be
intrinsically performed during the simulation process.

For the computation of wake vorticity, two approaches have been employed: The
first approach was to assume a prescribed vorticity distribution along the rotor disk. This
allows all vorticity strengths on the disk and in the wake to be related to the thrust
coefficient. Details on this approach were given in Ref. 4. The second approach was to
compute the local vorticity at the rotor disk from the section lift. This approach requires
numerical differentiation of the resulting vorticity distribution in order to obtain the wake
vorticity strengths. Details on this latter approach are given in the Appendix.

In order to model the ground effect due to the sea surface, the method of images is
used. An image rotor wake and an image ship panel system are placed below the sea
surface and the influence of these images are taken into account in the computation of the
downwash induced by the rotor and in the computation of the coefficient matrix for the
ship panel method.



The remaining of this report is organized as follows: First, brief instructions on
compiling and running GENHEL are given; Next the modifications and additions to
GENHEL are described, including the first-order dynamic inflow model and the
helicopter/ship interaction code using both the prescribed wake vorticity and computed
wake vorticity models. Finally, an attempt to extend the rotor wake code to a free wake
model is described.



2. COMPILING AND RUNNING GENHEL

The source code for the original version of GENHEL is divided into five
FORTRAN files: bhawk.f, bhawka.f, bhawkb.f,bhawkc.f and bhawkd.f.
“The subroutine ROTOR is included in the file bhawkd . f and contains the blade-element
model. In addition, several * .DAT files and a "Makefile" file are needed. The
compilation is achieved by issuing the command Makefile twice to compile and link.
This results in an executable file called bhawk. The execution is then performed by
simply running bhawk. All the input files have their names pre-defined. The main input
file is BHAWK . DAT. The input parameters in BHAWK . DAT are described in Ref. 1. Ref. 2
contains test cases that may be useful for validation of changes made to the original code.



3. FIRST-ORDER DYNAMIC INFLOW

The first order dynamic inflow model from Ref. 3 was implemented in GENHEL,
- a8 described in Ref. 4. These modifications were made mainly in the subroutines ROTOR
and RADIAL, and a new subroutine called DYNINF was added. These changes were made
in bhawkd. £, resulting in a new file called bhawkd2 . £. Minor changes were made to
the file bhawkc . £, for output of variables of interest, but this file was not renamed. A
new Makefile2 file was used to compile and link this dynamic inflow version. Note
that these files also include the turbulence modifications made by Riaz (Refs. 5,6).



4. HELICOPTER/SHIP INTERACTION:
PRESCRIBED VORTICITY VERSION

The first version of the helicopter/ship interaction model was developed using a
rigid helical wake model with prescribed vorticity distribution in the wake, as described
in Ref. 4. The ship model was the panel method of Ref. 7. The rotor wake and ship
models were included in the file bhawke. f. Changes were made in the file
bhawkd2. f, resulting in a new file bhawkd3. f. Minor changes were also made in
bhawk . £ and bhawkb. £, resulting in bhawk2 . £ and bhawkb? . £, respectively. This
version should be compiled and linked by issuing the command Makefile3 twice,
which generates the executable file bhawk 2. The changes are significantly commented
(one can search for them by searching for the string MELLO).

4.1. Subroutines

The subroutines and function subprograms included in bhawke . £ are as follows:

RSHIP

GETSHC

EUL3

MATMUL,
MTMUL,
MTMULZ

conNv

AINTT

Main module for computation of the interaction between the rotor and the
ship; calls other needed routines.

Reads ship coordinates and computes unit vectors.

>

Constructs a matrix of coordinate transformations after 3 Euler rotations o
about y, B about z' and y about x".

Subroutines for matrix multiplication.

Contains the convergence procedure for the integration which gives the
velocity induced by the rotor wake at a given point.

Function to be integrated along the wake coordinate to give total induced
velocity due to wake tip vortex filaments.



GAMATV

ATINTB

GAMABV

AINTNW

AINWR

GSHEDV

GTRAV

GAULEG

QGAUS,
QGAUSR

PANEL

Functional variation of trailing vorticity as a function of the sine and cosine of
blade azimuth when the filament left the blade.

Function to be integrated along the radius to give total induced velocity due to
blade bound vortices on a given point.

Functional variation of bound vorticity as a function of the radius and sine and
cosine of blade azimuth.

Function to be integrated along the near wake to give total induced velocity
due to blade shed and trailing vortices on a given point; for a given wake age,
it uses a radial integration of AINWR.

Function to be integrated along the radius to give total induced velocity due to
a blade shed vortex filament and due to the sum of trailing vortex elements at
that near wake location on a given point.

Functional variation of shed vorticity as a function of the radius and sine and
cosine of blade azimuth.

Functional variation of trailing vorticity as a function of the radius and sine
and cosine of blade azimuth.

Computes abscissas and weights for Gauss-Legendre quadrature (from Ref.
8).

Integrate a function using Gauss-Legendre quadrature (from Ref. 8).

Contains the panel method procedure; calls subroutines for the several
coordinate transformations and induced velocity computations. It computes
the influence coefficients for induced velocities due to a ship panel on other
ship panels and due to a ship panel on the rotor blade elements.



PANVEL Computes the velocities induced by a ship panel, in the panel axes, on a point
given in the same panel axes.

TRAFP  Performs coordinate transformations from ship axes to panel axes. ‘

- TRAPF  Performs coordinate transformations from panel axes to ship axes.
TRAFPM Performs coordinate transformations from ship axes to mirror panel axes.
TRAPFM Performs coordinate transformations from mirror panel axes to ship axes.

LUDCMP Performs an LU decomposition of the ship influence coefficient matrix (from
Ref. 8).

LUBKSB Performs a back-substitution for solution of the system of equations, given the
LU decomposition of the matrix of coefficients.

4.2. Input Parameters

The input parameters for the rotor/ship interaction computation are included in the
file BHAWK . DAT and in a new file called rship.dat. The format of this latter file is as
follows:

0.95 0.5 0.0 1.0 1.0 0.02 36 10 3 10
Rtv Fnw Xn0fr Fnctr Kt Eps Ngn Ngr Nmin Nmax

The above parameters have the following meaning:

Rtv  Radial location of the tip vortex

Fnw  Length of near wake, in number of revolutions

Xn0fr Wake age for starting of integration

Fnctr Wake age for wake contraction, in number of revolutions
Kt Factor used in vorticity distribution (see Ref. 4)

Eps  Tolerance for convergence in wake integration

Ngn Number of points along the wake for Gauss quadrature



Ngr Number of points along the radius for Gauss quadrature
Nmin Minimum number of revolutions for wake integration
Nmax Maximum number of revolutions for wake integration

The additions to BHAWK .DAT are as follows: The following flags are added to
$RUNFLAG:

IGNDEF Ground effect flag (O for no ground effect)

ISHIP Ship flag (0 for no ship)

IRRW  Rotor induced velocity flag: If set to 1, rotor wake is used to compute inflow on
rotor disk; if set to 0, dynamic inflow is used. Recommended setting is 0.

ISHMV  Ship mean velocities flag: If set to 1, the ship airwake mean velocities are
obtained from polynomial fitting of test data; if set to 0, the panel method is
used. Recommended setting is 1.

and the following inputs are included in $RUNIC:

ALSHIP Ship attitude (deg)
PHSHIP Ship bank angle (deg)
VSHKT  Ship velocity (knots)

XSHIPO, Initial ship location in inertial reference frame.
YSHIPO,
ZSHIPO

VWIND  Wind velocity (knots)
PSIWND Wind direction (deg)
NSS Number of blade elements (was fixed in the code in the original version).



5. HELICOPTER/SHIP INTERACTION:
COMPUTED VORTICITY VERSION

Another version of the helicopter/ship interaction model was developed using the
same rigid helical wake model as above, but with the vorticity distribution in the wake
computed from the section lift coefficients. Details on this model are given in the
Appendix.

The changes in the rotor wake model resulted in a new file bhawke2. £, which
replaced bhawke . £. Changes were also made in bhawkd3. £, resulting in a new file
bhawkd4. £, primarily to compute the section lift and pass it to the rotor wake code.
This version should be compiled and linked by issuing the command Makefile4 twice,
which generates the executable file bhawk 3.

For all versions of the helicopter/ship interaction code discussed so far, the rotor
wake was simply truncated at a small height above the ship deck. It was observed that
this procedure resulted in unrealistic ground effect modeling at very low heights.
Consequently, a new version was developed in which the wake was not truncated, but
assumed to be "flat", i.e., in a plane parallel to the ground, just above it, for wake ages
above the wake age for which the vortex wake filaments were at a specified minimum
distance from the deck (see Fig. 1). These changes were implemented in a new file
bhawke3. £, which replaced bhawke?2 . £. This version should be compiled and linked
by issuing the command Makefile6 twice, which generates the executable file
bhawk 6. This is to be considered the current production version.



< Flat wake near ground
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Fig. 1: Modified Wake Geometry

5.1. Subroutines

The subroutines and function subprograms in bhawke2. f and bhawke3. f are
essentially the same as in bhawke . £ and are listed below:

RSHIP Main module for computation of the interaction between the rotor and the
ship; calls other needed routines.

GETSHC Reads ship coordinates and computes unit vectors.

EUL3 Constructs a matrix of coordinate transformations after 3 Euler rotations o
about y, B about z' and y about x".

MATMUL, Subroutines for matrix multiplication.
MTMUL,
MTMUL2

GAMABV Functional variation of bound vorticity as a function of the radius and sine and
cosine of blade azimuth,

GSHEDV Functional variation of shed vorticity as a function of the radius and sine and
cosine of blade azimuth.

GTRAV  Functional variation of trailing vorticity as a function of the radius and sine
and cosine of blade azimuth.
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GAMATV

BVINT

AINTB

NWINT

AINTNW

AINWR

FWINT

AINTT

CONV
GAULEG,
QGAUS,
QGAUSR

PANEL

PANVEL

Functional variation of trailing vorticity as a function of the sine and cosine of
blade azimuth when the filament left the blade.

Subroutine for integration of bound vortices' contribution using trapezoidal
rule.

Function to be integrated along the radius to give total induced velocity due to
blade bound vortices on a given point.

Subroutine for integration along near wake.

Function to be integrated along the near wake to give total induced velocity
due to blade shed and trailing vortices on a given point; for a given wake age,
it uses a radial integration of AINWR.

Function to be integrated along the radius to give total induced velocity due to
a blade shed vortex filament and due to the sum of trailing vortex elements at
that near wake location on a given point.

Subroutine for integration along far wake.

Function to be integrated along the wake coordinate to give total induced
velocity due to wake tip vortex filaments.

Integration routines not used in these versions

Contains the panel method procedure; calls subroutines for the several
coordinate transformations and induced velocity computations. It computes
the influence coefficients for induced velocities due to a ship panel on other
ship panels and due to a ship panel on the rotor blade elements.

Computes the velocities induced by a ship panel, in the panel axes, on a point
given in the same panel axes.
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TRAFP  Performs coordinate transformations from ship axes to panel axes.
TRAPF  Performs coordinate transformations from panel axes to ship axes.
TRAFPM Performs coordinate transformations from ship axes to mirror panel axes.
TRAPFM Performs coordinate transformations from mirror panel axes to ship axes.

LUDCMP Performs an LU decomposition of the ship influence coefficient matrix (from
Ref. 8).

LUBKSB Performs a back-substitution for solution of the system of equations, given the
LU decomposition of the matrix of coefficients.

52. Input Parameters

As in the prescribed vorticity version, the input parameters for the rotor/ship
interaction computation are included in the file BHAWK .DAT and in a new file called
rship.dat. The format of this latter file is as follows:

0.95 0.5 0.0 1.0 1.0 0.02 36 10 3 10 0.1
Rtv Fnw Xn0fr Fnctr Kt Eps Ngn Ngr Nmin Nmax Gndclf

The above parameters have the following meaning:

Rtv Radial location of the tip vortex

Fnw Length of near wake, in number of revolutions

XnOfr Wake age for starting of integration

Fnctr Wake age for wake contraction, in number of revolutions

Kt Factor used in vorticity distribution (not used in this version)

Eps Tolerance for convergence in wake integration (not used in this version)

Nan Number of points along the wake for Gauss quadrature (not used in this
version)

Ngr Number of points along the radius for Gauss quadrature (not used in this
version)

12



Nmin  Minimum number of revolutions for wake integration

Nmax  Maximum number of revolutions for wake integration

Gndclf Wake clearance above deck (minimum distance between wake filaments and
deck), non-dimensionalized by the rotor radius.

Note that the format of the input file is the same as in the previous version, with
" the addition of Gndcl£. The unused input parameters were maintained for compatibility
with the previous version.

The additions to BHAWK . DAT are as in the previous version: The following flags
are added to SRUNFLAG:

IGNDEF Ground effect flag (0 for no ground effect)

ISHIP Ship flag (O for no ship)

IRRW  Rotor induced velocity flag: If set to 1, rotor wake is used to compute inflow on
rotor disk; if set to 0, dynamic inflow is used. Recommended setting is 0.

ISHMV Ship mean velocities flag: If set to 1, the ship airwake mean velocities are
obtained from polynomial fitting of test data; if set to O, the panel method is
used. Recommended setting is 1.

and the following inputs are included in $SRUNIC:

ALSHIP Ship attitude (deg)
PHSHIP Ship bank angle (deg)
VSHKT  Ship velocity (knots)

XSHIPO, Initial ship location in inertial reference frame.
YSHIPO,
ZSHIPO

VWIND Wind velocity (knots)
PSIWND Wind direction (deg)
NSS Number of blade elements (was fixed in the code in the original version).

13



5.3. Parametric Investigation

A limited parametric investigation was performed to determine the effect of
number of revolutions and wake clearance above the ground on the ground effect
modeling. Representative results are shown in Figs. 2 and 3. In these figures the power

» required is non-dimensionalized by the hover out-of-ground effect (OGE) power required
"~ and plotted as a function of the reduced advance ratio, p/ (CT/Z)W. These non-
dimensionalizations allow a more meaningful comparison with the experimental data in
Ref. 10, which were obtained for the Boeing-Vertol YUH-61, a helicopter of the same
class as the UH-60.

From the parametric investigation, it may be concluded that the clearance above
the ground is a minor factor, at least in the range investigated. The number of revolutions
is a major factor at low speeds, and a minor factor at high speeds, because as the speed is
increased, the wake is washed away from the deck.
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Fig. 2: Parametric Investigation: Effect of Number of Wake Revolutions.
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6. HELICOPTER/SHIP INTERACTION: FREE WAKE MODEL

In order to increase the code fidelity at very low speeds, an extension of the
current code to a free wake model has been attempted. The changes in the rotor wake
- model resulted in a new file bhawked . £. Preliminary runs showed that the wake was
unstable, even though relaxation techniques were used. This is illustrated in Fig. 4, where
side views of a wake filament from one blade is shown at four iteration levels. This
unstable behavior has been observed during the development of other free wake codes.
From these preliminary computations, it became apparent that the further development of
a free wake code would require a substantial effort by itself, in a deviation from the main
objective at hand, which is the helicopter/ship interaction study. Therefore, it is
recommended that the emphasis be shifted towards the adaptation of the existing free
wake module in CAMRAD for application to the helicopter/ship interaction study.
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Fig. 4: Free Wake Instability



APPENDIX

SHIP GROUND EFFECT MODELING USING
PRESCRIBED WAKE GEOMETRY WITH
COMPUTED WAKE VORTICITY DISTRIBUTION

The effect of the ship proximity to the helicopter is modeled by using a standard
panel method, based on the classical solution by Hess and Smith”. The ship is modeled
by source panels which allow a good geometric representation. The effect of the ship on
the rotor is given by the induced velocities on the rotor disk due to the ship panels. For
the computation of the strengths of the sources, it is necessary to take into account both
the ship velocity and the velocity field on the ship due to the rotor wake. This velocity
field is computed using a rigid helical wake model. The strength of the rotor wake
vortices depends on the circulation around the rotor blade, which, in turn, depends on the
ship effects. Therefore, an iterative process would be needed. However, for the simulation
problem, it may be assumed that changes in circulation around the blade and the flow
about the ship are not too rapid and consequently the iterative process may be
intrinsically performed during the simulation process.

In order to model the ground effect due to the sea surface, the method of images is
used. An image rotor wake and an image ship panel system are placed below the sea
surface and the influence of these images are taken into account in the computation of the
downwash induced by the rotor and in the computation of the coefficient matrix for the
ship panel method.

A.l. Ship Formulation

The ship surface is approximately represented by plane source panels with
constant distributed strength. The strengths of the sources are determined by enforcing
the non-penetration condition at the centroid of each panel. In this implementation, both
the normal component of the ship's motion and the normal component of the downwash
induced by the rotor are taken into account. The details of the ship source panel method
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are given in Ref. 7 and therefore will not be repeated here. This formulation results in a
linear system of equations to be solved for the ship panel source strengths o:

[A]{o} =[B] (A.1)

where [A] is the matrix of influence coefficients, {C} is the vector of unknown source
" strengths and [B] is the right-hand side which includes the normal component of the
velocities on the ship surface due to the free-stream and due to the rotor and its wake. The
system of equations (A.1) is solved by a standard linear equations solver. The resulting
source panel strengths are then used to compute the velocities induced by the ship source
panel system on the rotor disk.

A.2. Rotor Wake Formulation

In order to compute the induced velocity due to the rotor and its wake on the ship,
as well the rotor disk inflow distribution in ground effect, a rigid wake model is used.
This model is a modified version of the model described in Ref. 4 and allows the
computation of the instantaneous induced velocities both on the rotor disk and on the ship
surface. In Ref. 4 a prescribed vorticity distribution was assumed. In the current version,
the vorticity distribution is computed from the blade section lift, as described in more
detail in Section A.2.1. It should also be noted that in the present work the rotor wake
model is used only for computation of the induced velocities on the ship surface.
Numerical experimentation has shown that using the current model for computation of
induced velocities on the rotor disk is computationally time-consuming while presenting
no clear advantage over a dynamic inflow model.

The following assumptions are made:
1) Blade flapping angles are small and their higher harmonics are negligible;

2) The rotor blade is modeled by a lifting line of bound vorticity; this bound
vorticity is related to the blade section lift by Kutta-Joukowski's theorem,;

3) The wake has a prescribed geometry, which is basically a classical skewed
helical wake, with a limited wake contraction model;
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4) The wake is divided into a "near" wake, composed of trailing and shed vortices
and a "far" wake composed of trailing tip vortices only. The strengths of the trailing and
shed vortices are given by the radial and azimuth-wise variations of the bound vorticity,
respectively, while the strength of the far wake tip vortex is assumed as equal to the

- maximum bound vorticity at the azimuth location where the vortex filament leaves the
“ blade;

5) The rotor wake is convected downstream with a velocity which is equal to the
vector sum of the free stream velocity and the averaged (momentum theory value)
induced velocity over the disk.

A.2.1. Yorticity Distribution

The blade bound vorticity distribution is obtained through an iterative process
from the blade section lift. Let the blade section bound vorticity be I'y;; = I'n(ri,y)). From

Kutta-Joukowski theorem:

Lj=p V;jTi=p (QR; + . sin ;) Ty (A2)
or:
L= b _ (A3)
PQR)(7i+psiny)
A.2.2. Velocity Induced by Blade Bound Vortices

From the computed bound vorticity distribution, the velocity induced by the blade
bound vortices can be obtained by application of the Biot-Savart law:

1
1 r d-s.beﬁpb

il P =
L bR

Vb= (A.4)
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where d5}, is the elementary vector in the direction of the vortex filament and Aﬁpb is the
position vector of the point in question with respect to the bound vortex element.
Denoting by I-ib the position vector of a blade bound vortex element as expressed in the
tip-path-plane (TPP) reference frame:

ﬁb=r{[- cosw%-r-sinw}r]cosﬂo+sinﬁo ﬁr} (A.5)

Then the elementary vector dsp can be obtained from:

‘

ok,
Sp = a?'irb dr (A6)
or
with
%‘l=[-coswi'r-sinw}r]cosﬁo+sinﬂoE-F% (A7)

Given a point with coordinates (xp, yp, zp) in the tip-path-plane reference frame,
the vector ARpy, is then:

-l

ARpy=Rp-Ry= (XP iT+ypir+zp iET) -Ry (A.8)

The discretization of Egs (A.5-A.8) is straightforward. Eq. (A.4) then reduces to a
summation over the blade:

. N, -> =
= Asp, X ARpy,
Vb(\lfj,RP) =V = 2%21, Ty, -&g;——rﬁ"- (A.9)
= Pby

A.2.3. Near Wake

As mentioned above, the near wake is assumed to be composed of trailing and
shed vortices, with strength given by the radial and azimuth-wise variations of the bound
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vorticity, respectively, at the azimuth location where the vortex filament leaves the blade.
Let us first consider an element of a trailing vortex filament of length r; Av, which left the
blade at the radial location rj, and is located at a wake age vy. This element has left the
blade when it was at an azimuth location yj—Vy, yj being the current azimuth location of
the blade. Therefore, the vorticity of the element is given by I't (T, yj—~vx) 1j Av, where
I ik = I'y @, W~V is the trailing vortex vorticity, equal to the radial variation of I'y:

_ oT, - I'b(?.', V,— Vk)-ra(i"i-l, V- Vk)
or Fi=Fia

Ty =TFi ¥~ v) (A.10)

The velocity induced by the entire filament at a point is given by integration of
elementary induced velocities obtained from the Biot-Savart law:

Vow

d-S.;XAﬁpt
dv=L | n——*H A.11
4rn . lARPtF (A.11)

where d5; is the elementary vector in the direction of the vortex filament and Aﬁpt is the
position vector of the point in question with respect to the vortex element. Note that the
integration is performed only along the "near" wake. Note also that Eq.(A.11) gives only
the velocity induced by a single trailing vortex filament. To obtain the total induced
velocity due to all trailing vortex filaments, one has to integrate Eq.(A.11) along the
blade, i.e.:

1 Vour
=_1_ I d§;XARP1
Vi t™Y =5 A.12
4n IARHP (A.12)

™0 J wo

Denoting by R; the position vector of the trailing vortex element as expressed in
the tip-path-plane (TPP) reference frame and using the assumption that the wake is
convected downstream with a velocity which is equal to the vector sum of the free stream
velocity and the averaged induced velocity over the disk, we have:

)
.

Ry=r {[- cos (y-V) it - sin (\y-v)n] cos Bg +sin By ET} + Y&;‘:—ﬂlv (A.13)
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where By is the coning angle, Q is the rotor rotational speed, VH, is the helicopter velocity
vector in the TPP reference frame, i1, jr and kr are the unit vectors corresponding to the
TPP axes, and V;, is the averaged induced inflow vector, given by:

Vo=-{QR) 2 Er (A.14)

where A, is the induced inflow ratio. The elementary vector in the direction of the
filament, ds;, can be obtained as:

i

IR
&= ray (A.15)
oR
ov
with
R, . s * Vi~ Vi
—=r [- sin (y-v) it + cos (y-v) _n'] cos Bo + g (A.16)

Given a point with coordinates (xp, yp, zp) in the tip-path-plane reference frame,
the vector AEP; is then:

AﬁPt=ﬁP'§s=(xPiT+)’P}I’+ZPET)'ﬁs (A.17)

The discretization of Eqs (A.13—A.17) is straightforward. Eq. (A.12) then reduces
to a double summation over the radial and wake coordinates along the near wake:

fy )= = e A, xARp,
vy, Rp) = v, = 4_L"1§ ;r,&—Hﬁ p (A.18)
=] 1= P‘ﬂ

Now, let us consider an element of a shed vortex filament of length Ar;, which left
the blade at the radial location rj, and is located at a wake age vi. This element has left
the blade when it was at an azimuth location yj—Vy, j being the current azimuth location
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of the blade. Therefore, the vorticity of the element is given by I's (tj,yj~vi) A, where I'y
(T, Wi~V is the shed vortex vorticity, equal to the azimuthal variation of I'y:

| I'c(?-', V*) - ‘;Il[‘: ) rb(ﬂ’ - Vk).A—VI"b(Fh RS Vl) - (A19)

The velocity induced by the entire shed vortex system at a point is given by radial
integration of elementary induced velocities obtained from the Biot-Savart law, and
subsequent integration along the wake to account for all the shed vortices:

Yo 1
ds. x AR
ve=-L r,———F (A.20)
4n o J lARPsF

Note that the integration is performed only along the "near” wake. The position
vector of the shed vortex element, ﬁs is given again by Eq. (A.13), therefore the vector
Aﬁps is equal to Aﬁpt and is accordingly given by Eq. (A.17). The elementary vector in
the direction of the shed vortex filament, ds;, can be obtained as:

=9 4 (A21)
oRs
or
with
R, s 4 . ™
j: [- cos (y-v) it - sin (y-v) ]T] cos Bo + sin Bo kr (A.22)

The discretization of Eq (A.22) is straightforward. Eq. (A.20) then reduces to a
double summation over the radial and wake coordinates along the near wake:

No N 3
Wl )= v, = L 3 STy, S0 a2

k=1 i<l lAﬁp&F
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A.2.4. Far Wake

As mentioned above, the far wake is assumed to be composed of trailing tip
vortices only, with strength assumed as equal to the maximum bound vorticity at the
~ azimuth location where the vortex filament leaves the blade. Considering an element of
% wake filament of length 1y Av (where 1y corresponds to the radial location where the tip
vortex has rolled up) and at a wake age vy, this element has left the blade when it was at
an azimuth location yj-Vy, ¥; being the current azimuth location of the blade. Therefore,
the vorticity of the element is given by I‘le fiv Av = I'T (j~vi) 1v Av, where I't (yi—v)

is the trailing tip vortex vorticity, equal to the radial maximum of I'y,:

I‘r,=r‘r(w,~— Vt)=m§1xrb(75,\"j— Vt) (A.24)

The velocity induced by the wake at a point is given by integration of elementary
induced velocities obtained from the Biot-Savart law:

_ 1 r dsT %X ARpr
= T = | (A.25)
) bR

where dst is the elementary vector in the direction of the vortex filament and Aﬁpr is the
position vector of the point in question with respect to the vortex element. Denoting by
Rt the position vector of the tip vortex element as expressed in the tip-path-plane (TPP)
reference frame and using the assumption that the wake is convected downstream with a
velocity which is equal to the vector sum of the free stream velocity and the averaged
induced velocity over the disk, we have:

Rr=ry {[- cos (y-V) it - sin (y-v) J'r} cos Bo + sin By fET) + vi'h&h v (A.26)

The elementary vector in the direction of the tip vortex filament, dst, can be
obtained as:



}

Q
3

dst = a_,v Iy dv (A.27)
ORT
ov
with
?.;vl = Iy [ sin () it + cos (y-v) jr cos Bo + % (A.28)

Given a point with coordinates (xp, yp, zp) in the tip-path-plane reference frame,
the vector Aﬁp‘r is then:

-

ARpr=Rp - Ry=(xpir+yp jr +zp k) - Ry (A.29)

The discretization of Eqs (A.26-A.29) is straightforward. Eq. (A.25) then reduces
to a summation over the wake coordinate along the far wake:

Ne - 3
= Ast, X AR
wlypRe)=vr=k Y 1y, ST (A.30)

k=Npw+1 lAl_iprf

A.25. Yortex Core Model

A Rankine vortex core model® with radius of one tenth of the blade chord is used.
This model is illustrated in Fig. A.1, and is applied by scaling the induced velocity due to
the elementary vortex filament by the square of the ratio between the distance to the
filament and the core radius, whenever the point where the induced velocity is being
calculated lies within the vortex core.
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Fig. A.1: Rankine Vortex Core Model
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Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: January - February, 1995

During this period, we have worked on understanding the
effect of advance ratio (forward speed) on the ship deck induced
upwash at the rotor disk. Note that the forward speed here denotes
the windspeed of the ship as the helicopter is assumed to be
hovering with respect to the ship deck. Using the computer code
previously developed and integrated into the GENHEL program as
part of this research project, the helicopter was trimmed at different
advance ratios. For the rotor height above the center of the ship deck
equal to 1.2 R , the upwash induced by the ship deck was computed.
The upwash was decomposed into uniform, first and second
harmonic components using Fourier analysis of the numerical data.
Then a suitable analytical formula for modeling of the advance ratio
effect was arrived at through trial and error. The following
relationship was found to be a reasonable representation of advance
ratio effect on the ship deck induced upwash at the rotor disk.

(V)
VIGEe _, +bp +cp?

(Vi)IGE@uO
where
ik is advance ratio
Ko is reference advance ratio

i represents 0, 1C, 1S, 2C or 2S corresponding to
uniform, first and second harmonic components

With the above representation, the ship ground effect model is
modified to include the advance ratio effect as

V(xy,hp) o =(a+bu+ 0”2)(Vi(x’y’h)IGE@u0)

where an expression (model) for V.(x,y,h) has previously been

IGE@y |

developed as part of this research project. A paper describing these
results has been accepted for presentation at the 1995 AJIAA GNC,
Flight Mechanics and Simulation Conference.
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Also, during this period, we have continued our work on
developing a theoretically based ground effect model by extending
the generalized wake theory to include ground effect. Initial
comparison of ground effect results with experimental results
indicate that the theoretical model captures the ground effect very
well as compared to previous models.

Currently work is in progress to check whether the above
representation of advance ratio effect is valid for different heights.
Also, work is in progress to predict off-the-rotor down wash and
hence, the wake structure using the theoretical ground effect model.

Publications during this period:

1. Hong Zhang, O.A.F. Mello, J.V.R. Prasad, L.N. Sankar and J.D. Funk,
"A Simulation Model of Ship Ground Effect for Rotorcraft/Ship
Interaction Study,” Paper to be presented at the 51st Annual of the
American Helicopter Society.

2. Hong Zhang, " A New Ground Effect Model for Lifting Rotors," Ph.D.
Proposal, School of Aerospace Engineering, Georgia Tech, January
1995. Advisor: Dr. J.V.R. Prasad
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Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: March - April, 1995

During this period, we have continued the work on computing
flow velocities using the analytical ground effect model. In this
regard we ran into difficulties on the validity of our method in
computing the flow velocities using integrals of pressure potential.
The difficulty stems from the limitation in the dynamic inflow model
for out-of-ground effect wherein the model assumes (the momentum
theory value) twice the induced velocity at the rotor to be the value
in the far wake and at infinity. In reality, due to unstable effects, the
velocity in the far wake slowly decays. Hence the analytical ground
effect model that has been developed in this study which is an
extension of the original dynamic inflow theory by superposition of
solutions using a rotor and its image system, the definition of wake
for the rotor and/or for the image rotor across the ground plane has
no meaning. This aspect is currently being studied to develop an
alternate procedure for computing flow velocities off the disk using
the in-ground effect model.

The work on developing ship ground effect model for the
steady case is completed by including the effect of variation with
advance ratio. The results from this effort have been presented at
the AHS 51st Annual Forum and at the TTCP meeting held at NAWC,
Lakehurst. A paper describing the ship ground effect methodology is
currently being prepared which will be presented at the AIAA Flight
Simulation Conference in August, 1995. Also, a Technical Note on the
analytical ground effect model is being written to be submitted for
publication in the AHS journal.

In addition to the issue of flow velocity computations off the
rotor for the in-ground effect case, the next issue that is to be
studied is to extend the analytical ground effect model for inclined
ground effect. Such a model will be useful in helicopter inclined slope
landing studies.
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Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: May - June, 1995

During this period, the effort was directed towards carrying out
the ship ground effect/vehicle simulations using the GENHEL
program for hovering with respect to deck at different heights. Using
CFD results, a simplified inflow model was obtained as a function of
(x,y) location around the ship deck and height from the ship deck.
The results were obtained for the case of the ship moving at a speed
of 15 knots. A paper was written and was presented at the 1995
Annual Forum of the American Helicopter Society. A copy of the
paper is attached. During the next progress report period, parametric
studies will be conducted to include the effect of ship speed in the
ship ground effect model.

The work on developing a theoretical ground effect model is
continuing.



A SIMULATION MODEL OF SHIP GROUND EFFECT
FOR ROTORCRAFT / SHIP INTERACTION STUDY

Hong Zhang® O.AFMello® JVRPrasadt LN.Sankart and John D. FunkJr.}

School of Aerospace Engineering
Georgia Institute of Technology

Atlanta, GA

Abstract

A simple ground effect model for rotorcraft / ship
dynamic interactions, which is suitable for implementation
in flight simulators for real-time simulation purposes,
has been extracted from the analysis of the aerodynamic
interaction results obtained from a computationally
intensive method that incorporates a rigid rotor wake and a
panel representation of the ship with corresponding image
systems. It is found that the ground effect is very sensitive
to the helicopter position with respect to the ship deck, as
well as the height above the deck. The inflow gain matrix
in dynamic inflow model is modified as a function of the
position (x.,y.z) relative to the deck. Numerical results for
a SH-60 helicopter flying above the deck of a moving
FFG-7 class frigate at the same speed as the ship are
presented and discussed in this paper. Results show that the
ground effect model works well all over the deck. The
ground effect model integrated with the airwake model
which has already been developed at Georgia Tech provides
the basis for the real-time simulation study for
rotorcraft/ship interactions.

1. Introduction

Modern helicopters must routinely operate under
various adverse weather conditions. Helicopter landing on a
moving ship deck behind the superstructure is
hazardous(10), and yet up to today, little knowledge about
the flow characteristics is available due to the time
dependent uncertainty nature of the flow, as well as the
complicated and sensitive flow field over the deck behind
the superstructure. Because the lack of a suitable ship
airwake model and the still unsolved rotorcraft / ship
dynamic interaction problem, any realistic simulation of
helicopter take-off and landing on a ship deck is still
impractical. Also, in real time implementation, these
models have to be computationally simple, A series of
studies of these effects and models have been carried on at
Georgia Tech (1:2) for the past few years, and a suitable

ip airwake model and a systematic simulation method
have already been developed. Moreover, a method to
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analyze helicopter/ship acrodynamic interactions has been
formulated recently by Georgia Tech researchers(3). It is
found that the widely used traditional ground effect model,
which basically introduces a factor to modify the uniform

inflow of the helicopter rotor(8.9), is not accurate for a
helicopter operating under a ship "ground effect”.

A computationally intensive method, which combines a
rigid rotor wake model and the well developed traditional
potential flow theory, is formulated in Ref.(3) and the
method is used here to generate the data base for the ground
effect model identification. Our purpose in this paper,
however, is to identify a simple ground effect model
suitable for real-time simulation implementation.

2. Computational Fluid Dynamics (CFD) Model
Used for Generating the Data Base

The ship "ground effect” is manifested by the changes of
the flow field, so that the flow at the ship surface follows
the motion of the ship surface. This effect is modeled by a
panel representation of the ship surface, and the strength of
the panel is determined by satisfying the boundary
condition at the ship surface, i.e. there is no penetration of
flow through the solid ship surface and/or ship deck. The
velocity induced by the rotor wake on the ship surface is
computed by using a rigid wake theory. The simulation of
helicopter motion near the ship is carried out by the general
helicopter simulation code GENHEL(8), which has been
modified to incorporate a first-order dynamic inflow
model(11), By taking into account the induced velocity or
upwash at the rotor disk due to the ship panel system into
the blade-element analysis, the ground effect is coupled into
the simulation code. Through changing the collective pitch
and cyclic pitch, the helicopter is retrimmed at the same
location with the consideration of the ground effect. The
total inflow at the rotor disk is outputted as the rotor blade
rotates azimuthally, and this forms the data base for Jater
analysis.

3. Dynamic Inflow Model

A generalized dynamic inflow theory exists in the
literature in which air mass passing through the rotor is
treated as a dynamic system. The dynamic inflow theory
(4.56,7) has found wide applications in flight dynamics
and aeroclastic studies. Peter's dynamic inflow model (6) js
used in this investigation for simplicity, i.e. the induced
inflow is assumed to have the following variations:



A(r, l}/):).o-i-l,%sin u/+/1c7:-cosv/ )
where:
ﬂ.o,ls,lc
variations of the rotor inflow in tip path plane (tpp),
respectively.

The dynamic inflow model is:

are the uniform, lateral and longitudinal

[M] (A}+1LT" (A} =(C)..., @
where

A=(AgA, A )
C=(CT,-C1,-C2)”

[M],[L] are the apparent mass matrix and the
inflow gain matrix and their explicit expressions for out-of-
ground effect case can be found in Ref. [4]. CT is the
thrust coefficient. C1,C2 are instantaneous aerodynamic
rolling and pitching moment coefficients expressed in the
tip path plane. Obviously, they are time dependent for
unsteady flight.

The subscript "aero” denotes that only the aerodynamic
contribution is considered and the inertial part is not
included. The " " denotes time derivative,

Due to the proximity of the rotor disk to the ship deck,
the rotorcraft/ship interactions induce upwash at the rotor
disk, thereby changing the total inflow and the inflow
distribution over the whole rotor disk. Hence, it is not

surprising that [M]and [L] matrices are going to change
due to the ground effect. Thus, the dynamic inflow model
near the ground can be written as:

M), A +ET Ay = (Chon)e @

where : [M]jge. [L]igc are the apparent mass and the
inflow gain matrices with ground effect.
Suppose

(a, 0 O
{/'[} =0 B O {1} @)
ige _0 0 7] oge
d -
a, 0 O
Ae ol
ige -0 0 72 oge
where:

o,B,.7, (i=1,2) are the correction factors to account
for ground effect to the inflow and the forcing functions,

which are functions of the helicopter position (x,y,z)
relative to the deck.

Thus, for the steady case, i.e., trimmed flight condition,

. afa, ofB;, o4fr, R
(L] =|8/e BB Bin[L]  ©
" nie, 1/B. nil, "

All six factors (a,,ﬁ,,'y,.az,ﬁz ,'}'2} can be obtained
by conventional identification methods.
For trimmed flight ( steady case ), we have:

(Z}=[LYT),.., %

Thus, for trimmed hovering with respect to the deck of the
moving ship, since the forcing functions ( CT,C1,C2 ) are
approximately the same for out-of-ground case and in-
ground case, Eq. (6) reduces to:

g6 0 O
{i}m= 0 B 0 {i}m 8)
0 0 7

. Identification A h

For illustration purpose, the SH-60 Seahawk helicopter
flying at 15kts above the deck of a FFG-7 class frigate,
which is moving at the same velocity as the helicopter, is
used in this investigation. To capture the ground effect, the
rotorcraft/ship interactions are computed using the CFD
code at all the grid points over the ship deck as shown in
Figure 1(a) at eight heights ranging from 0.5R to 3R for
each grid point (Figure 1(b))
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Figure 1(a): Positioning of helicopter above
ship deck (top view)
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Figure 1(b): Helicopter Relative Position

It is recognized that the ground effect and the ship airwake
effect are actually coupled when the helicopter is flying
near the deck. However, only the ground effect part is
considered in this study.

Figures 2(a) and 2(b) show how the nondimensional
upwash at 80% radial station changes in one revolution
above the center of the deck (location 1 in Figure 1(a))
and at the lower left corner of the deck (location 2 in Figure
1(a)) for different values of height above the deck.

It can be seen from Figure 2(a) that the upwash is almost
constant at the fore part of the rotor for a given height
(azimuth angie between 90 and 270 degrees), whereas at
the rear part of the rotor (azimuth angle form 0 to 90, and
270 to 360 degrees), the upwash changes significantly.
Also, we see that the effect of the height on upwash is
different at different azimuth angles, hence it is not accurate
to mode] this effect by using a simple constant factor.
Because of the presence of the hanger, the rotor wake hits
the deck differently at different locations.

For the case of the rotor hovering above the lower left
comer of the deck, the upwash is much higher at advancing
side and much lower at retreating side (see Fig. 2(b)). In
order to incorporate the upwash in the dynamic inflow
model, harmonic analysis of the upwash is carried out in
order to extract the uniform and lateral and longitudinal
variations due to the contribution of the upwash from the
ground effect. It is seen from this analysis that terms up to
second harmonic are required in order to account for the
effect of ship deck on the rotor inflow variation.
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Figure 2(a): Effect of height on upwash at rotor disk at the

center of the deck
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Figure 2(b): Effect of height on upwash at the rotor at the
lower left corner of the deck

Mois the upwash contribution to the uniform inflow
Ms is the lateral inflow changes due to the ground effect
A is the longitudinal inflow variation because of the

ground presence
AM,, is the 2nd lateral inflow change

Al is the 2nd longitudinal inflow change

The analysis is carried out for different heights from 0.5 R
to 3 R above the deck.

Figure 3 gives the effect of the height on the uniform
inflow changes for location 1 (center of the deck, "*" in
Fig.3--5) and for location 2 (left corner at the stern, "o" in
Fig.3—5). The magnitude of total uniform inflow increases
as the height increases. This is quite reasonable, because
the ground cushion effect gets less and less as the rotor
moves away from the deck, hence the upwash gets less and
less. We see that at the deck center, the uniform inflow
undergoes a maximum of 14% change due to "ground”
effect.

Figures 4(a) and 4(b) give the effect of height on the first

harmonic lateral inflow A, and first harmonic
longitudinal inflow component A
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Figure 4(b): Effect of height on longitudinal inflow
(First harmonic term)

It is seen from Fig 4 that the longitudinal inflow change
is not a linear function of height.
Figures 5(a) and 5(b) are the effect of height on the 2nd

inflow terms 4,, , A,,. Still, the ground effect gets less
important as the distance between the helicopter and the

deck gets larger. Also, the lateral component in the
upwash is smaller than the longitudinal component.

From Figs 3,4 and 5, it can be seen that the ground effect
is not a linear function of the height, and it is sensitive to
the location of the rotor hub over the deck.
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Figure 5(a): Effect of height on lateral inflow
(2nd harmonic term)
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Figure 5(b): Effect of height on longitudinal inflow
(2nd harmonic term)

Several models are tried to represent these changes. By
comparison of the Pearson correlation coefficient, the
following model is seen to capture the variation with
height:

b d
) =14, [a+;+h£2~+?] (10)

where :
ab,c.d are constants for a given location w.r.t. the deck, h
is the nondimensional (w.r.t. rotor radius R) height, and

A s is the comresponding value of the component out of
ground effect.

Thus from (5) and (10),
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Cheeseman and Bennett (9) derived an expression for the
upwash &t the rotor disk due to the ground:

A
Aw =L 12
ST (12
ie.
1
A’O = (1.’-'1'6'}1—2');»0"; (13)

Figure 6 shows the comparison of the uniform inflow

predicted by the simple model Eq.(13) and the fitted model
of Eq. (10) at several locations.

_— _Eq(13

——- Fitted at location 1
“*** Fited atiocaion2
0000 F lted atiocaion 3
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We see that the Cheeseman model is not accurate enough
to capture the ship ground effect. First the ground effect is
location dependent, and second it does not follow the h-2
law . Hence the ship ground effect model has to incorporate
a function of location x and y, as well as the height.

5. Spline Fit

Having taken care of the effect of the height, we now
move to the modeling of the location effect. Based on the
data base, it is found that we can not use a simple function
for f(x,y) to fit these data. Because spline fit has advantages
of passing through every grid point, and yet it preserves
the nice continuous property (up 10 2nd derivatives), we
use a two dimensional spline-fit to model the ground effect,
ie. ab,c,d will be spline functions of x and y.

Suppose we have a set of data on the grid of X and Y as:

X=({Xj}, i=1,2,....m+kx
Y={Yj}, j=1.2,..... n+ky
F={ f (xi,yp}

where: kx is the order of the spline in x direction, ky is
the order of the spline in y direction. For cubic spline, the
order is 4. For quadratic spline, the order is 3.

Let:

gx=m+kx
gy=n+ky

N, (X, x) denotes the normalized B-spline of order kx
in x direction with support [Xj-kx.Xi]

N,, ;(Y,y) denotes the normalized B-spline of order ky
in y direction with support [Yj-ky.Yj]
Then any bivariate spline S(x,y) of order kx in x, and ky in
y, has the following representation:

S(x3)=E£3C Na s (X 0N, ,(Xy) (1)

With the help of Mathematica (12), the coefficients G
are obtained for cubic spline fit. That is kx=ky=4.

Finally the total inflow with ground effect is modeled as:
2.=/'lo+-1%(l,sin(w)+lccos(w)+ 5
A, sin(2y)+ A, cos(2y))
and
b(x, , d(x,
(A} = (L) laCx,y) + 222, ) | A3,y
h h h
(16)

where i may be 0,s,¢,2s,2¢.

For illustration purpose, the following is the spline fitted
result for the uniform inflow:

A,=0.994 - 0.0448x - 0.2993x2 - 0.1752x3- 0.0355xy

+0.036x2y + 0.040x3y + 0.027xy2 + 0.236x2y2
+0.14x3y2 + 0.0177y3 + 0.069xy3 - 0.066x2y3
- 0.074x3y3
+ (0.011 + 0.486x + 2.334x2 + 1.3x3 + 0.026y
+ 0.269xy - 0.298x2y - 0.325x3y - 0.0625y2
- 0.2656xy2 - 1.8x2y2 - 1.05x3y2 - 0.1358y3
- 0.53xy3 + 0.55x2y3 + 0.594x3y3) m
+ (-0.2255 - 1.55x - 5.587x2- 3.02x3 - 0.0389y
- 0.6457xy + 0.7674x2y + 0.815x3y + 0.077y2
+0.76xy2 + 4.25x2y2 +2.42x3y2 + 0.327y3
+ 1.28xy3 - 1.437x2y3 - 1.5x3y3) m2
+(-0.05999 + 1.21x + 3.9x2 + 2.05x3 + 0.01557y
+ 0.4987xy - 0.61x2y - 0.639x3y + 0.183y2
- 0.534xy2 - 3.x2y2 - 1.685x3y2 - 0.2448y3
- 0.9727xy3 + 1.157x2y3 + 1.17886x3y3) M3
an



The computation with the above formula is quite fast
when compared to the CFD code used to build the database.
For comparison, CFD code takes about 30 minutes of
CPU time in HP Apollo 700 Workstation to obtain a
converged solution for a helicopter flying at one single
beight and single (x,y) location. Whereas using the above
formula, the computation is carried out in a fraction of a
second. Hence the formula is very useful for real-time
simulation purposes. Figure 7 shows the variation of the
uniform inflow over the whole deck at height h=0.75.
Figures 8 and 9 display the variation of the harmonics of
the inflow at h=0.75. It can be seen that the total inflow
mainly consists of the uniform inflow and the longitudinal
variation. This is from the fact that the reference flight is
forward flight.

Figure 7: distribution of the uniform inflow over the deck

Figure 8: distribution of the longitudinal
inflow over the deck

Figure 9: distribution of the lateral inflow over the deck

Figures 10(a) and 10(b) compare the results from the CFD
code and from the formula at jocation x=-7.5/R, y=-5.5/R,
h=0.75 and x=-25/R,y=15/R, h=1.75. We see that the fitted
formula computes the inflow variation quite well.
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6. _Conclusions

A ground effect model for rotorcraft/ship dynamic interface

that is suitable for real time simulation purposes is
developed in this paper. The gain matrix in the dynamic
inflow model is identified as a function of the location of
the rotor with respect to the ship deck, as well as the
height of the rotor above the deck. However, the ship
ground effect model developed in this study is applicable
for trimmed flight above the deck. Further work is needed
to capture the unsteady effects due to the rolling and/or
pitching of the ship deck.
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Period covered: July - August, 1995

During this period, the effort was directed towards carrying out
the ship ground effect/vehicle simulations using the GENHEL
program for hovering with respect to deck at different heights and
for different ship speeds. Using CFD results, an inflow model was
obtained as a function of (x,y) location around the ship deck, height
from the ship deck and ship speed. Results from the model
developed in this study were compared with results one would
obtain by using the Cheeseman and Bennett formula. A paper was
written and was presented at the 1995 AIAA Flight Simulation
Conference. A copy of the paper is attached.

The work on development of theoretical ground effect model is
continuing.



GROUND EFFECT SIMULATION MODEL
FOR ROTORCRAFT/SHIP INTERACTION STUDY

Hong Zhang* JLV.R. Prasad? L.N. Sankart
School of Aerospace Engineering

Georgia Institute of Technology
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Abstract

In this paper, a real time simulation model of ship
ground effect for rotorcraft/ship interactions is developed
by combining computational fluid dynamics (CFD)
analysis and finite state representation of rotor inflow. For
CFD analysis, the ship is modeled by using a source panel
representation and the rotor wake is modeled as rigid with
prescribed geometry but unknown vorticity distribution.
The sea surface is modeled by placing an image rotor wake
and an image ship panel system below the sea surface. The
CFD model is then combined with the batch version of a
generic helicopter flight simulation program. Using trim
solutions from the simulation program, the ship ground
effects on rotor inflow for cases of helicopter hovering
with respect to ship deck are identified and analyzed. With
a finite state representation of rotor inflow, a real time
simulation model of ship ground effect is developed using
results from the CFD analysis.

1. Background

Due to complex flow interactions between the air flow
surrounding the ship deck and rotor wake, the pilot
workload during shipboard landing and take-off of a
helicopter is significantly increased [1]. Also, When a
helicopter is flying close to a ship deck, the rotor wake is
modified due to the presence of ship deck, superstructure

and sea surface [2-4]. An alternative, to extensive and
time-consuming testing at sea for establishing safe
operating envelopes for helicopter shipboard operations, is
simulation. A prerequisite to simulation approach is the
development of simulation models of ship airwake and ship
ground effect. This paper addresses the development of a
simulation model of ship ground effect model while a
companion paper [5] addresses the development of a
simulation model of ship airwake. The organization of the
paper is as follows: First, the methodology used for the
development of a real-time ship ground effect simulation
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model is described. Next, a detailed description of the CFD
modeling used in this methodology is presented followed
by parametric investigations of the CFD model. Then a
brief description of the real-time simulation model which is
obtained by modifying the gain matrix of an existing
dynamic inflow model is given and results are presented to
illustrate how the real-time simulation model captures the
ship ground effect for different rotor heights above deck
and at various forward speeds.

2. Methodology for Developing Ship
Ground Effect Simulation Models

The methodology used for developing ship ground
effect simulation models is given in Fig. 1. First, a
comprehensive computational fluid dynamic model that
takes into account interactions between rotor wake and ship
deck, superstructure and sea surface is developed. The CFD
model is then combined with a comprehensive non-real
time helicopter simulation model and rotor inflow
distribution for cases of helicopter trimmed at different
positions (see Fig. 2) and at different heights (see Fig. 3)
with different values of ship speed are obtained. Then a
harmonic analysis of inflow distribution for each of the
cases is carried out. Using results from the harmonic
analysis, the gain matrix of the dynamic inflow model is
modified by matching the inflow distribution predicted by
the dynamic inflow model with CFD results.

| Givenxyhandu |

| CFDApproach |

| Upwash wiry)
| Fourier Analysis |

Comparison

{EWfectof b on inflow components

(Eifect of 110n inflow Components |

Spline fit wr.t xand y | Ship Ground Effect Model
for Real Time Simulation

Figure 1. Methodology for Developing Ship Ground Effect
Models
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3. CFD Modeling

3.1 Sh_ip Formulation

The ship surface is approximately represented by
plane source panels with constant distributed strength. The
strengths of the sources are determined by enforcing the
non-penetration condition at the centroid of each panel. The
normal component of the ship's motion and the normal
component of the downwash induced by the rotor are taken
into account in this formulation. The details of the source
panel method can be found in Ref. 6 and therefore will not
be repeated here. This formulation results in a linear system
of equations to be solved for the ship panel source strengths
C.

(Ao} =(B] ey

where [A] is the matrix of influence coefficients, { G} is
the vector of unknown source strengths and [B] is the RHS
including the normal component of the velocities on the
ship surface due to the free-stream and due to the rotor and
its wake. The resulting source panel strengths are used to
compute the velocities induced by the ship source panel
system at the rotor disk.

3.2 Rotor Wake Formulation

A rigid wake model is used to compute the induced
velocity due to the rotor and its wake on the ship and the
vorticity distribution is computed from the blade section
lift. In this study, the following assumptions are made:

(a) Blade flapping angles is small and high harmonic
variation of blade flapping angle are negligible

{b) The rotor blade is modeled by a lifting line of bound
vorticity, which is related to the blade section lift by Kutta-
Joukowski’s theorem.

(c) A classical skewed helical wake with a limited
contraction is used, the wake is assumed to become flat
near the ship deck as shown in Fig. 4.

(d) The wake is divided into a "near" wake, composed of
trailing and shed vortices and a "far” wake composed of
trailing tip vortices only. The strength of the far wake tip
vortex is assumed to be equal to the maximum bound
vorticity at the azimuthal location where the vortex filament
leaves the blade.

(e) The rotor wake is convected downstream with a velocity
which is equal to the vector sum of the free stream velocity
and the averaged (momentum theory value) induced
velocity over the disk.

3.2.1 Bound Vortjces

The blade bound vorticity distribution is obtained
through an iterative process from the blade section lift. Let
the blade bound vorticity be rb., =Ty (r;, ;). From Kutta-

Joukowski theorem:
8; =pVyly = p(QR)(T; + Usiny )Ty, (2)

Ty, = U (3)
" PQR)(T; +psiny;)

From the computed bound vorticity distribution, the
velocity induced by the blade bound vortices can be
obtained by applying the Biot-Savart law.

3.2.2 Near Wake

The near wake is assumed to be composed of trailing
and shed vortices, with strengths given by the radial and
azimuth-wise variations of the bound vorticity respectively,
at the azimuth location where the vortex filament leaves the
blade. Let us first consider an element of a trailing vortex
filament of length r;Av, which leaves the blade at the
radial location r;, and is located at a wake age v, . This

element had left the blade when it was at an azimuth



location W — Vi, withy; being the current azimuth

location of the blade. Therefor, the vorticity of the element
is given by I' (¥, ¥ ~ v, )1;4v, where

" oI’
T, =Ft(ri,wj-vk>=—-5r_i 4)
ie.
~Fb(ri'\l’j_Vk)_rb(ri-l’wj—vk) )

t - - —
" T =Ty

The velocity induced by the entire filament at a point is
given by integration of elementary induced velocities
obtained from the Biot-Savart law along the near wake
only.
Now let us consider an element of a shed vortex filament of
length Ar;, which leaves the blade at the radial location r;,
and is located at a wake age v, . This element had left the
blade when it was at an azimuth location
V-V, with VY being the current azimuth Jocation of

the blade. Therefore, the vorticity of the element is given by
L (F,¥;—vy), where I (F;,¥;—V,)Ar; is the shed
vortex vorticity, equal to the azimuthal variation of I'y :

- ar
rs,jk = rs(ri’Wj _Vk)= a_\; (6)
Ty = Vi) =Ty (15,9 = Vy)

_ v ™
Also, the velocity induced by the entire shed vortex system
at a point is given by radial integration of the elementary
induced velocities obtained from the Biot-Savart law along
the "near” wake.

3.2.3 Far wake

The far wake is assumed to be only composed of
trailing tip vortices, with strength equal to the maximum
bound vorticity at the azimuth location where the vortex
filament leaves the blade. Considering an element of wake
filament of length r Av ( where r,, comresponds to the
radial location where the tip vortex has rolled up ) and at a
wake age v, . This element has left the blade when it was at
an azimuth location ; — v, ¥; being the current azimuth
location of the blade. Therefore, the vorticity of the element
is given by I’T;krwAv =Ty -V ir,Av, where

¢ (y; — vy ) is the strength of the trailing tip vortex equal
to the radial maximum of T'y:

I'r, =FT(\Vj—Vk)=m?x(rb(fi»‘4’j"vk)) ®

3.2.4 Vortex Core Model

A Rankine vortex core model [7} with radius of one
tenth (1/10) of the blade chord is used. This model is
applied by scaling the induced velocity due to the
elementary vortex filament by the square of the ratio
between the distance to the filament and the core radius,

whenever the point where the induced velocity is being
calculated lies within the vortex core. The geometry of the
far wake is modified by making it flat and paralle! to the
ship deck with assumed clearance between the wake and
the deck ( see Fig. 4).

J Flat Wake Near Ship Deck

Clearance
VASLLTLL S LTS LSS SSSSSILSSILSL, SLS S SSLSSLSS LTS

Figure 4. Modified Wake Geometry

In order to determine the number of rotor
revolutions and clearance between the wake and the ship
deck, the rotor wake model is combined with a generic
helicopter simulation package (8], Assuming a flat ground,
the number of rotor revolutions in the wake geometry and
wake clearance are adjusted by matching the rotor power
required from analysis with experimental results. Figure 5
shows the effect of ground clearance on the rotor power
required, whereas Fig. 6 illustrates the effect of number of
revolutions in the wake geometry. It can be seen from Fig.
5, that the wake clearance has negligible effect on the rotor
power. However, from Fig. 6, it is clear that the number of
revolutions in the wake geometry has significant effect on
rotor power. Also, from Fig. 6, it is seen that roughly 10
rotor revolutions of wake is needed in order to match with
experimental data for the hover case. However, the results
are less sensitive to number of revolutions for forward
flight cases. It is felt that the value of 10 rotor revolution of
wake geometry arrived at for the hover case is rather ad hoc
as this value will be different for different heights of the
rotor above the ground. Also, it is felt that a detailed
investigation using , possibly, a free wake analysis is
required to determine the wake geometry for the hover
case. Hence, only forward flight cases are considered in the
subsequent analysis.

4. Parametric Investigation
4.1 _Effect of Locations

For illustration purpose, the SH-60 helicopter flying at
15kt above the deck of a FFG-7 class frigate, which is
moving at the same velocity as the helicopter, is used in this
investigation. The simulation of helicopter motion near the
ship is carried out using the general helicopter simulation

code [8]. By taking into account the induced velocity or
upwash at the rotor disk due to the ship panel system into



the blade-element analysis, the ground effect is coupled
into the simulation code. Through changing the collective
pitch and cyclic pitch, the helicopter is retrimmed at the
same location with the consideration of the ground effect.
Using the coupled ship ground effect CFD mode! and the
generic flight simulation package, the helicopter is trimmed
at different locations and different heights above the deck.
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Figure 6. Effect of Number of Revolutions

Figure 7 shows the nondimensional upwash at 0.8R blade
station for the rotor positioned at various heights above the
center of the deck. It can be seen that the upwash is
symrmetric about the flight direction. The variation of the
nondimensional upwash at the rotor at 0.8R blade station is
shown in Fig. 8 for different heights of rotor from the ship
deck for the helicopter above the lower left corner of the
deck. It is seen from Fig. 8 that with an increase in rotor
height above the deck, the ship ground effect diminishes.
Also, the ship ground effect results in an increase in
upwash on the advancing side of the rotor indicating, as
one would expect, a "partial” ship ground effect.

0 50 100 150 200 250 300 350
Azimuthal Angle (deg)

Figure 7. Effect of Height on Upwash at Rotor
Disk at the Center of the Deck
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Figure 8. Effect of Height on Upwash at
Lower Left Corner of the Deck

4.2 Effect of Advance Ratio

To study the advance ratio effect on the inflow
distribution over the rotor disk when flying near the ship
deck with the ship in motion, the helicopter is trimmed at
1.2 R above the ship deck at various speeds ranging from
10kt to 80kt. Figure 9 compares upwash due to the ship
deck between the cases of helicopter flying at 15kt and 45kt
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Figure 9. Upwash at Different Advance Ratio



cases. As expected, Fig. 9 shows that the upwash decreases
as the helicopter speed is increased.

4.3 Harmonic Analysis of the Inflow

Harmonic analysis is carried out for the upwash at
various locations and advance ratios. It is found that up to
second harmonic terms are needed to match the upwash
from CFD results, i.e.:

Aw = —Ahg ~ AL }:-sinw - Ak, écosw

€))
r . r
—Ahg, —ﬁsm(Z\p) — Ak, —ﬁcos(2w)

where
Al is the upwash contribution to the uniform inflow

AA, is the lateral inflow changes due to the ground effect

AL is the longitudinal inflow variation because of the
ground presence
Ak, is the 2nd lateral inflow change

AL, is the 2nd longitudinal inflow change
Thus, the inflow in ship ground effect can be modeled as,

(k)jge =()")ogc _AW (10)

Figure 10 shows how the rotor height above the ship deck
influences the uniform inflow at the rotor at two different
locations. It is seen that the uniform inflow gets smaller
when the rotor height above the ship deck increases, which
is as expected. Figure 11 shows how the uniform inflow
changes as the advance ratio varies. A nonzero value of
advance ratio represents the case of the helicopter hovering
with respect to the ship deck while the ship is in motion.
The advance ratio effect on longitudinal inflow component
is shown in Fig. 12. It is clear from Figs. 11 and 12 that the
ship ground effect with advance ratio is not the same on
average and the harmonic components. While the average
component of inflow decreases with an increase of advance
ratio, the longitudinal component of inflow first increases
and then decreases as the advance ratio is increased.
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5. Real Time Ship Ground Effect Model

As most of the current day flight simulation programs
include a dynamic inflow representation for rotor inflow in
order to account for the time-varying and distributed nature
of inflow over the rotor disk, it is felt that a real time ship
ground effect model can be obtained by appropriately
modifying the parameters in the dynamic inflow model.

The dynamic inflow model can be written as (91,
(M] A+ 1217 (%) = (C e ()
where
A=(Rhodo AT
C=(CT,-C1,-C2)"

[M]L[L] are the apparent mass matrix and the inflow
gain matrix and their explicit expressions for out-of-ground
effect case can be found in Ref. 9. CT is thrust coefficient.
C1, C2 are instantaneous aerodynamic rolling and pitching
moment coefficients expressed in the tip path plane.
Obviously, they are time dependent for unsteady flight. The



subscript "aero” denotes that only the aerodynamic
contribution is considered and the inertial part is not
included. The e “ denotes time derivative.

Due to the proximity of the rotor disk to the ship deck,
the rotorcraft/ship interactions induce upwash at the rotor
disk, thereby changing the total inflow and the inflow
distribution over the rotor disk. Hence, the dynamic inflow
model for the case of in-ground-effect model can be written
as:

[M]e Mlige + LI Rlige = (o ige  (12)

A
where : [M]jge. [L}ige are the apparent mass and the
inflow gain matrices for the case of in-ground-effect.
Suppose

g, 0 O
{i} =10 g, 0 {X} (13)
ige 0 0 g5 oge
and
hy 0 O
{C} =0 h, O {(‘:} (14)
ige 0 0 h3 oge

Thus, for trimmed flight with rotor treated as a disk, and
noticing that the forcing functions ( CT, C1, C2 ) are
approximately the same for out-of-ground effect case and
in-ground effect case. From Egs. (12)-(14) with

h;=1,1=12,3 and X-‘-O, we get

g 0 0
oo = oflth,
g 0 0 &g £

Using results from CFD analysis for the ship ground effect
cases of helicopter hovering over the ship deck at different
positions and for different speeds, general expressions for
g, 1=1,2,3 are obtained using curve fitting techniques.

The resulting expression are obtained as

i + i [} d ]

a;(x,y)+ b'(; y) + c,(hxzy) + ,(hx3y)

g = - ,i=1,2,3
ko; +kpt+ Ky

(16)

where a,,b,,c;,d; are all cubic spline fitted functions of x
and y. Thus, from equation (16), the correction factors
2;.82,83 that account for ground effect, are all functions
of rotor position (x,y,z) with respect to ship deck and
advance ratio. For comparison, the widely used
Cheesemann & Bennett model [ 101 is of the form

1 1
——( ) i=12,3 a7
16h” 4, ( i )2
}‘oge
Also, for comparison purpose, the variation of g, ( for the

g =1

uniform component) is shown in Fig. 13 as computed
using the Cheesemann & Bennett model and the new
model, for cases of helicopter hovering at three different
locations above the ship deck. From Fig. 13, it is clear that
ship ground effect is different for different positions around
the ship deck as predicted by the new model.

099
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Figure 13. Comparison of Different Models
6. Conclusions

A ground effect model for rotorcraft/ship dynamic
interface that is suitable for real time simulation purposes is
developed in this paper. The gain matrix in the dynamic
inflow model is identified as a function of the location of
the rotor with respect to the ship deck, the height of the
rotor above the deck and advance ratio. Also, the new
model takes into account partial ground effect. However,
the ship ground effect model developed in this study is only
applicable for trimmed flight above the deck. Further work
is needed to capture the unsteady effects due to heaving,
rolling and/or pitching of the ship deck. Also, validation of
the model using experimental data is needed.
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Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: September-October, 1995

During this period, the effort was directed towards completing
the theoretical development of dynamic inflow model for ground
effect for the forward flight case. The Peters-He generalized inflow
theory is extended to include ground effect by syperimposing
solutions from the rotor and its image. The inflow at the rotor disc
including the effect of ground is represented as a series of
normalized Legendre functions of radial station, and as a series of
azimuth angle. The magnitude of each term is determined from first-
order differential equations in time domain. The coefficients of the
differential equations depend on the rotor height above the ground
plane, rotor inclination and flight speed. The forcing functions are
user-supplied, radial integrals of the blade loading. Initial validation
with experimental results demonstrate the validity of the new
ground effect model.

Ground Effect Modeling For Lifting Rotor In Forward Flight

It has been previously shown in the literature that the pressure
distribution of a lifting rotor can be represented in ellipsoidal
coordinates as :

SVNTD=—s3 3 BUvQR (i) [T(Tcos(mP)+ T (O)singmF)] (1)

2 m=0n=m+l,m+3,e00

where P"(.),0"(.) are normalized associated Legendre functions of the
first and second kind respectively, 1,7, are the disc loading
coefficients corresponding to the cosine and sine harmonic
distributions.

In order to model the ground effect using pressure potential
idea, the following conditions must be met for the new pressure
potential @:

(1) & must satisfy the basic governing equation (Laplace
equation - ).

(2) @ goes to zero at infinity (upstream and downstream).

(3) @ will render the desired disk loading.



(4) & must be chosen in such a way that there will be no
normal component of flow at the ground surface. Using image
technique, the combined pressure potcntial can be written as:

O (VN 1)=—= Z Z Pr(v,)Qr(in, ) [12°,(T)cos(m, )+ To°, (1) sin(mVF, )]

m"O n=m+l,m+3,000

‘= 2 Y Br(v, Qr(in,) [0, (T cos(m¥, )+ 1, (Dsin(m¥, )]

m"O n=m+l,m+3,000
(2)
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Figure 1: Ground Effect Modeling

In Fig. 1, assume the rotor hub is at height h above the ground and
the wake skew angle is yx, the transformation matrix ( T ) can be
written as:
X -cos(2a) 0 sinRa) |[x2 2h cos(x)
Y= 0 1 0 y23r+ 0 3)
Z -sin(2a) 0 —cosRa) || z2 2h sin(a)
where: '

= —’25~x—aran(—%,ﬂ) @)

Suppose the inflow can be expanded in terms of a harmonic variation
and a series of associated Legendre function of the first kind of radial

position v, i.e.:

W(T,y,t;h)= i i P, \fv)[a (t;h)cos(my }+ B (T, h)sin(my)] (5)

m=0 n=m+lm+3 eee

where v=,l-(=), F=2
(R) F==



Thus, the dynamic inflow equation can be formulated as:

f - A

[M -a—f-<“, <$+Vl: -

1Bk

NN Ja

For steady situation, the model is decoupled

A simple check is made for forward flight case (u=0.08)

v

1))

(6)

()

(8)

at several

heights above the ground. They are carried out for the UH60 Black

Hawk helicopter using the general helicopter

simulation package

for trimming the helicopter. The comparison between predicted and

measured inflow results for forward flight

is shown in Figure 2.
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Figure 2: Uniform Inflow Ratio in Forward Flight

It is seen from Fig. 2 that results predicted from the new ground
effect model match with experimental results better than results
from empirical formula.
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Progress Report
on
Aerodynamic Modeling of Ground Effect for Helicopter/Ship
Interaction Studies
Period covered: November - December, 1995

During this period, the effort was directed towards the
development of theoretical ground effect model for hover case.

Ground Effect Modeling For Lifting Rotor In Hover

It should be pointed out that since the dynamic inflow theory is good
only in the vicinity of the rotor disk, it is not correct to use it to
predict the inflow far away under the rotor disc. Apparently, if the
inflow theory is applied, the inflow under rotor disc at infinity is
twice the inflow at the rotor disc, which contradicts the fact that any
disturbance must vanish at infinity. In our computations, an
exponential decay function of the following form is used.

fdecay (h) — e—-O.Sh (1)

For near the rotor disc case:
1

w; = ; {2®1|1=—h' - d)1 |z=0 - ®2lz=0}
W, =0 (2)

For far away from the rotor disc case:

1
W, = "; {(2(1)1

_.(I)l

) * £ gy (D)~ D,

}

z=~h" z=0 z=0

W0 3)

With the above modification in terms of a decay function, a new
ground effect model for the hover case has been formulated.

An initial validation is carried out by simplifying the model
and by comparing results predicted from this model with
experimental data. For this purpose, only one radial function and
only the first harmonic variations are considered in the dynamic
inflow model. A comparison of results obtained from the new model
with experimental data is shown in Fig. 1. The ratio of uniform
inflow in-ground effect and out-of-ground effect is shown versus



rotor height above the ground in Fig. 1. It is seen from Fig. 1 that
results from the new model with the decay function correlate very
well with experimental data. The effect of height on the first
harmonic component as predicted using the new model is shown in
Fig. 2. From Figs. 1 and 2, it is seen that as height is increased, the
effect of ground on inflow decreases.

Comparison Between Experimental Data and Computed Results
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Figure 1. Effect of Height on Uniform Inflow
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Figure 2 Effect of Height on First Harmonic Inflow
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SUMMARY

A real time simulation model of ship ground effect for rotorcraft/ship dynamic
interactions is developed by combining computational fluid dynamics (CFD) analysis and
finite state representation of rotor inflow. For CFD analysis, the ship is modeled using a
source panel representation and the rotor wake is modeled as rigid with prescribed
geometry but unknown vorticity distribution. The sea surface is modeled by placing an
image rotor wake and an image ship panel system below the sea surface. The CFD model is
then combined with a batch version of a generic flight simulation program. From trim
solutions using the simulation program, the ship ground effect on rotor inflow for cases of
helicopter hovering with respect to ship deck at different points are identified and analyzed.
With finite state representation of rotor inflow, a real time simulation model of ship ground
effect is developed using in-ground effect inflow results from the CFD analysis.

INTRODUCTION

Modern helicopters must routinely operate from various naval ships under adverse
weather conditions, including high winds, high seas, and low visibility. Under many
combinations of such conditions, and for various ship orientations relative to the wind and
waves, helicopter launch and recovery operations prove unsafe. Safe operating envelopes
thus must be determined for each particular helicopter and ship combination. Current
methodology to determine such envelopes involves extensive flight testing at sea.
However, with an ever increasing number of rotorcraft and ship combinations, it has
become prohibitive, both economically and operationally, to carry out testing at sea on the
entire test matrix of U.S. Navy, Marine Corps, and Coast Guard rotorcraft aboard U.S.
Navy and Coast Guard ships. It has been recognized for some time that an attractive
alternative to full scale testing would be to perform the bulk of rotorcraft launch and
recovery envelope expansion using real time piloted simulation.

An important ingredient of simulation models that can be used for rotorcraft/ship
dynamic interface study is adequate representation of ground effect between the ship deck
and the vehicle for simulation of shipboard landing and take off maneuvers. Current
simulation models include empirically derived ground effect models which are basically
quasi-steady in nature, i.e., the uniform part of the rotor downwash and the rotor thrust
are modeled as functions of instantaneous vertical height from the ship deck. The ground
effect model suitable for simulation of shipboard operations must include effects that result
from rolling, pitching and heaving motions of the ship deck. Also, the ground effect model
needs be computationally simple to be included in a real time rotorcraft flight simulation for
man-in-the-loop simulation studies in order to determine handling qualities and pilot
workload during shipboard operations. This report documents results from the research
effort carried out in the School of Aerospace Engineering at the Georgia Institute of
Technology on the development of a real time simulation model of ship ground effect.

MODEL DEVELOPMENT AND RESULTS

The general methodology used for developing a real time simulation model of ship
ground effect is as follows. First, a comprehensive computational fluid dynamic (CFD)
model that takes into account interactions between rotor wake and ship deck, super
structure and sea surface is developed. The CFD model is then combined with a
comprehensive non-real time helicopter simulation model. Rotor inflow distributions for
cases of helicopter trimmed at different points with respect to ship deck with different
values of ship speed are obtained. Then a harmonic analysis of inflow distribution for each
of the cases is carried out. Using results from the harmonic analysis, the gain matrix of the



dynamic inflow model is modified by matching the inflow distribution predicted by the
dynamic inflow model with CFD results.

The general methodology was applied for the development of a real time ship
ground effect simulation model of the SH-60 helicopter hovering over the deck of a FFG-7
class frigate. The models developed and the results obtained have been presented at various
conferences and the same are included as Appendices.

Appendix 1: Mello, O.A.F,, Prasad, J.V.R,, Sankar, L.N. and Tseng, W., 'Analysis of
Helicopter/Ship Aerodynamic Interactions,” Paper presented at the 1994 AHS
Aeromechanics Specialists Conference, San Francisco, January 1994.

This paper documents the CFD model development using a prescribed wake
approach. Both the geometry and the vortex distribution in the rotor wake are prescribed.
Results of inflow distributions and control positions required for trim are included.

Appendix 2: Zhang, H., Mello, O.AF,, Prasad, J.V.R,, Sankar, L.N. and Funk, J.D.,,
"A Simulation Model of Ship Ground Effect for Rotorcraft/Ship Interaction Study," Paper
presented at the 1995 AHS Forum.

This paper modifies the CFD model by treating the vortex distribution as unknown
and determined as part of the solution. Also, it documents the development of a real time
ship ground effect simulation model using a finite state wake representation for the SH-60
helicopter hovering over the ship deck moving at a speed of 15 knots.

Appendix 3: Zhang, H., Prasad, J.V.R,, Sankar, L.N., Mello, O.AF. and Funk, I.D.,
"Ground Effect Simulation Model for Rotorcraft/Ship Interaction Study,” Paper presented
at the AIAA Flight Simulation Conference, August 1995.

This paper describes the general methodology used for the development of a real
time ship ground effect simulation model and includes results for various values of ship
speed. Also, it includes results on effects of wake parameters used in the CFD model
(wake clearance and number of rotor revolutions of wake) on rotor power.

Appendix 4:

This appendix details the batch version of the ship ground effect simulation model
computer code with details on mathematical model development.

CONCLUSIONS
The following conclusions can be made from the results of this study:
1. It is possible to develop a dynamic inflow model, which is applicable to in-
ground effect flight conditions, by appropriately adjusting the parameters (of M and L
matrices) of the dynamic inflow model.

2. The developed model is found to take into account of 'partial ground effect' as
seen in the case of a rotor hovering over the edge of a ship deck.



FUTURE WORK

1. The present study addresses only steady state (trimmed flight) cases. Further
work is needed for the unsteady case of heaving, pitching and rolling ship deck.

2. Validation of the model using experimental data is needed.
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ANALYSIS OF HELICOPTER / SHIP AERODYNAMIC INTERACTIONS

0. A.F. Mello®,
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J. V.R. Prasad,
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Atlanta, Georgia

ABSTRACT

A method for analysis of the acrodynamic interactions
between a helicopter and a ship is presented. The complex
flow problem is decomposed into two: The first effect is the
ship "ground effect”, consisting of the changes in the
helicopter-induced flowfield in the vicinity of the ship so
that the airflow contours the ship surface. This effect is
modeled by a panel representation of the ship surface,
taking into account the downwash induced by the rotor and
its wake. The second effect is the ship airwake effect, for
which a recently developed model at Georgia Institute of
Technology, derived from full-scale measurements, is used.
This airwake model provides both mean and turbulent
velocity components. Numerical resuits for a SH-60
helicopter trimmed at several locations near a FFG-7 class
frigate are presented and these results indicate that both
effects are quantitatively important and need to be
considered in realistic simulations.

INTRODUCTION

Landing a helicopter on a ship deck can be a hazardous
process. The determination of safe operating envelopes has
been done at sea in a lengthy and expensive processl. The
need to consider the many combinations of ships and
helicopters aggravates the problem and suggests a demand
for an appropriate helicopter/ship aerodynamic interaction
model to be incorporated into rotorcraft simulation codes.

There are several aspects that contribute to the
complexity of the problem, namely:

1. Sea and ship motions;

2. Atnospheric turbulence;

3. Ship aerodynamics;

4. Helicopter motion itself, in the presence of the ship.

The sea and ship motions can be modeled to a
reasonable degreeZ. The only effect of the sea motion on the
helicopter would be in the extent that it modifies the ground

* On leave from Instituto de Aerondutica ¢ Espaco, Centro Técnico
Aeroespacial, Brazil.

Presented at the American Helicopter Society Aeromechanics
Specialists Conference, San Francisco, California, January 19—
21, 1994. Copyright © 1994 by the American Helicopter Society,
Inc. All rights reserved.

L. N. Sankar and W. Tseng
Professor Aerospace Engineer
Naval Air Warfare Center
Aircraft Division

Warminster, Pennsylvania

effect, but this change may be regarded as negligible with
respect 10 the other factors involved. The ship motion will
have a more significant effect on the ship/helicopter
interference and has to be considered.

The ship aerodynamics is very complex. The flow
around the superstructure is characterized by turbulence and
vortex shedding. The turbulence level in the atmosphere
also affects the flow. The knowledge about this type of flow
is mostly empirical and based on building aerodynamics.
During the past few years, there has been an increased
acnvnz_m mvesugann t.he ship airwake through wind-
tunnel>5 and full- scale 7 tests. A recent research effort by
Prasad et al.8 has used full-scale ship airwake
measurements obtained by the Australian Aeronautical
Research Laboratory’ to construct a quantitative model of
the ship airwake using system identification techniques.

In the present approach, the effects of ship
acrodynamics on the helicopter are divided into the "ground
effect” due to the proximity between the rotor and the ship
surface, and the ship airwake effect. The ship "ground
effect” is approximately modeled under the assumption of
attached flow around the ship, which is subject to the
velocity field induced by the rotor and its wake. For this
purpose, a panel method representation of the ship surface
is used, and the effect of the ship on the rotor is modeled by
the induced velocity field produced by the ship's panels.

The ship airwake effect is included using the model
developed by Prasad et al.8, which gives both the mean and
turbulent velocity components.

The simulation of helicopter motion near the ship can
be carried out by a standard helicopter simulation code, if
the effects discussed above are included. The simulation

program used in the prcsem work is a general helicopter
flight simulation code?, which uses a blade-element rotor
model, suitable for the addition of induced velocity
components due to the ship panel system and velocity
components from the ship airwake model.

The remaining of this paper is organized as follows:
First, a brief description of the mathematical formulation of
the rotor wake and ship panel methods is given. Next,
numerical results for a SH-60 helicopter trimmed at several
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locations near a FFG-7 class frigate are presented. The
paper concludes with an assessment of the ship "ground”
and airwake effects and directions for future work.

MATHEMATICAL FORMULATION
Rotor Wake Formulation

In order to compute the downwash on the ship surface
due to the rotor, a rigid wake model is used. The rotor blade
is modeled by a lifting line of bound vorticity, which is
assumed to have a prescribed variation both radially and
azimuth-wise, The wake has a prescribed geometry, which
is basically a classical skewed helical wake, with a limited
wake contraction model. The wake is divided into a "near”
wake, composed of trailing and shed vortices and a "far”
wake composed of trailing tip vortices only. The strength of
the trailing and shed vortices are given by the radial and
azimuth-wise variations of the bound vorticity, respectively,
while the strength of the far wake tip vortex is assumed as
equal to the maximum bound vorticity at the azimuth
location where the vortex filament leaves the blade. The
rotor wake is convected downstream with a velocity which
is equal to the vector sum of the free stream velocity and
the averaged (momentum theory value) induced velocity
over the disk.

The blade bound vorticity distribution is assumed to be
a known function of the non-dimensional radial location
T = 1/R and azimuth . The radial variation is assumed to
be of the form:

fo=:tV1-2 6))

which is characteristic of a typical radial variation of
circulation. The azimuth-wise variation is assumed to be
such that no thrust offset is produced, by imposing the
condition that the total blade moment be constant over the

disk10, Under this assumption, the resulting azimuth-wise
variation can be shown to be:
- 1
g(y) =
1 +% kr psiny @

where v is the azimuth, i is the advance ratio and kr isa
constant which depends on the radial circulation
distribution. It can be shown that for the radial variation
assumed here, kT has the value of 151/16 or approximately
0.982.

With the assumptions (1) and (2), the bound vorticity
distribution along the blade and disk is of the form:

6.5-2

NGy = V1-2 1
1+% krpusiny ©

The constant I'g which appears in Eq. (3) may be
related to the thrust coefficient CT by applying the Kutia-
Joukowski theorem for a section of the rotor blade and
integrating over the rotor disk, which yields:

T o _e~om ¥1-a2
Io= =Cr
R(QR)  Nb E 4t (T-a-1) @

where a = 1.5 k1 p and Ny, is the number of blades.

From Eq. (4), the trailing and shed vorticities in the
near wake can be shown to be given respectively by:

rEw=2t-ryl22
t ot V1-72 1+3— kT pusiny )
and

arb 3-k’r]J,COS\l!
IEy)=—2=-Tor(1-2 23_

oy (1+2 kTusm‘l:Z)

while the far wake's single trailing tip vortex strength is
given by

I'rty) =1 I 1
2 1+%— kr psiny )

Using the vorticity strengths given by Egs. (3)«7) and
the assumed wake geometry, the velocities induced by the
rotor and its wake on the ship surface are computed by
applying the Biot-Savart law and integrating over the radial
direction (bound vortices and near wake shed and trailing
vortices) and over the wakell, The total induced velocities
are then resolved for the component normal to the ship
panel for input in the ship model.

A crude wake contraction model is applied, such that
the near wake initially starts from the blade root cut-out
location T; and extends to the blade tip; after the wake shed
and trailing vortices have traveled a specified helical angle
denoted by verr, the wake is contracted such as to start from
the hub (r=0) and extend to the radial location ry. Between
v=0° and v=v.y , a linear interpolation is used to determine
the starting and end radial locations.



A Rankine vortex core modell2 with radius of one
tenth of the blade chord is used. This model is applied by
scaling the induced velocity due to the elementary vortex
filament by the square of the ratio between the distance to
the filament and the core radius, whenever the point where
the induced velocity is being calculated lies within the
VOrtex core.

Ship Formulati

The ship is modeled by a source panel method!3
common in aeronautical applications. The ship surface is
approximately represented by plane source panels with
constant distributed strength. The strengths of the sources
are determined by enforcing the non-penetration condition
at the centroid of each panel. A typical ship panel
representation is shown in Fig. 1.

Fig. 1: Ship Panel Representation.

Since the ship airwake mean velocities are given by
polynomial fitting of full-scale measurements, the ship's
mean velocity is not considered for computation of the
right-hand side of the system of equations, i.e., only the
component of the downwash induced by the rotor normal to
the ship panel and the normal component of the ship's
oscillatory motion are taken into account in this
implementation. This formulation results in a linear system
of equations which is solved for the source strengths o:

[A]l{c) =(B] ®

where [A] is the matrix of influence coefficients, {G) is the
vector of unknown source strengths and [B] is the right-
hand side which includes the normal component of the
velocities on the ship surface due to ship oscillatory motion
and due to the rotor and its wake. The system of equations
(8) is soived by a standard LU decomposition for efficient
backsubstitution at each time step. The resulting source

panel strengths are then used to compute the velocities
induced by the ship source panel system on the rotor disk.

Effect of Sea Surface

In order to model the ground effect due to the sea
surface, the method of images is used. An image rotor wake
and an image ship panel system are placed below the sea
surface and the influence of these images is taken into
account in the computation of the downwash induced by the
rotor and in the computation of the coefficient matrix for
the ship panel method.

RESULTS AND DISCUSSION

The above described helicopter/ship interaction method
has been applied to a SH-60 Sea Hawk helicopter flying at
15 kts (7.72 m/s) and at a height of one rotor radius (26.83
ft or 8.18 m) above the landing deck of a FFG-7 class
frigate. The helicopter was positioned above the center of
the deck, above the edge of the deck and at the same height
just outside the deck. These positions are illustrated in Fig.
2. The ship was moving forward at the same speed as the
helicopter. These positions were chosen as representatives
of configurations experienced during the final approach for
landingl4. The helicopter was trimmed at each of the above
positions. Note that for trim only the mean component of
the ship airwake is used, i.e., the results presented herein do
not include the turbulent component.

4

Prow

Hangar
door

Rotor disk Igcations

y=90°

/

d

Deck
< Stemn

" Fig. 2: Positioning of helicopter near ship (top view):
Above center of deck (1), above edge of deck (2), and just
outside deck (3).
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Fig. 3: Normalized upwash induced by ship panel system,
helicopter above center of deck.
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Fig. 4: Normalized upwash induced by ship panel system,
helicopter above edge of deck.

Advancing Side

\y=180°

Retreating Side

y=270°

Fig. 5: Normalized upwash induced by ship panel system,
helicopter outside deck.

Numerical results for the upwash induced by the ship
panel system over the rotor disk, normalized by the mean
induced inflow, are presented in Figs. 3-5 for each of the
above described helicopter locations. It can be observed that
the upwash is generally higher in the aft portion of the disk.
This observation can be attributed to the rotor wake being
washed aft and consequently the rear portion of the ship
deck being more affected by the wake and thus resulting in
higher upwash values near that region.

It can also be observed that the upwash is higher in the
retreating side of the disk, when the helicopter is moved
towards the edge of the deck. This is expected because this
part of the rotor disk is closer to the ship deck for this
configuration.

s

-0.08 4

o
8

Normalized inflow ratlo change
s o
8 ®
i ]

B
T

o] 90 180 270 360
Advarcing Side  Asimuth (deg.) Retreating Side

Fig. 6: Effect of helicopter position on ship "ground effect”.

The ship "ground effect” can be further visualized in
Fig. 6, where the inflow ratio due to the ship panel system,
normalized by the mean induced inflow ratio, is presented
for each of the above described positions at the radial
station 80% and at azimuth locations corresponding to one
rotor revolution. For the rotor located just outside the deck,
the "ground effect” upwash is mostly uniform and about 1%
of the mean induced inflow. As the helicopter moves
inward with respect to the deck, the ground effect increases,
as expected. It is also clear that the highest values of ship
ground effect upwash occur around the aft portion of the
disk, as mentioned before.

In current simulation codes?, it is common to adopt a
simple correction factor, based on the height above the
ground, to account for the ground effect. While this may be
acceptable in other situations, the helicopter-above-ship
configuration poses the need for a more accurate local
correction. This can be observed in Fig. 7, where the inflow
ratio due to the ship panel system, divided by the local
inflow ratio, is presented for each of the above described
positions at the radial station 80%. It is clear that using a

65 -4



constant inflow correction factor cannot account for the
significant variations involved.
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Fig. 7: Local inflow change due to ship "ground effect”.
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Fig. 8: "Partial” Ground Effect

The above discussed results indicate that the
distribution of ship ground effect over the disk is very
sensitive to the rotor disk location with respect to the deck
when the helicopter moves inward for landing, while the
magnitude of this effect depends directly on how much of
the ship is "washed” by the rotor wake. These phenomena
constitute what may be termed as "partial” ground effect,
which is shown schematically in Fig. 8. It is clear that this
effect should be adequately included in simulations in order
to provide increased fidelity. The present method is a tool
that can be used to represent this effect. However, during
the course of this work it was observed that the
computational times required for the current method (about
0.6 CPU sec per iteration in an HP Apollo 700 workstation)
are not compatible with a real-time simulation. For
example, the time step used in the present calculations was
about 0.013 sec. This observation suggests a need for the
development of an approximate method that can account for
the above described "partial” ground effect. The present
method can then be used for parametric studies which will
lead to the definition of the important parameters to be
included in the approximate real-time simulation method.
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Fig. 9: Effect of helicopter position on normal velocities
due to the ship airwake.

In order to compare gquantitatively the ship "ground
effect” with the ship airwake effect, the contribution of the
mean ship airwake to the total inflow ratio, normalized by
the mean induced inflow ratio, is presented in Fig. 9 for
each of the above described positions at the radial station
80%. It can be observed that the ship airwake contribution
is of the same order as the ship ground effect. It should be
pointed out that the ship airwake semi-empirical model
used here is strictly valid only within the spatial range of
coordinates where the velocities were measured during the
full-scale tests. Their extrapolation using the same
polynomials outside the range is not valid. In order to
estimate the effect of the ship airwake outside the valid
range and therefore allow a comparison with the ship
ground effect, an exponential decay was assumed.
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Fig. 10: Total normal blade velocities at r/R=0.8, helicopter
above center of deck.
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Fig. 11: Total tangential blade velocities at 1/R=0.8,
helicopter above center of deck.
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Fig. 12: Total radial blade velocities at /R=0.8, helicopter
above center of deck.

The effects of the ship airwake can be further
illustrated by Figs. 10-12, where the total blade normal,
tangential and radial velocities, respectively, are presented.
The velocities were computed without the ship present, with
the ship influence computed using a panel method only, ie.,
including the ship free-stream velocity in the computation
of the ship sources/sinks, and with the ship airwake in
addition to the ship ground effect. While the previously
discussed influence of ship ground effect and normal
component of airwake is again clear in Fig. 10, the most
dramatic effect appears in the tangential and radial
components. In general, the ship airwake contributes with
an overall increase in forward velocity, although its actual
quantitative effect is somewhat localized, which is
characteristic of the airwake.
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It is clear from Figs. 11-12 that the ship airwake
cannot be even crudely approximated by a panel method.
Therefore, a ship airwake database is needed in order to
provide a realistic simulation.

Table 1: Trimmed Control Positions (inches)

e —— . —— .}

Config LatCyc. LongCyc. Collective Pedal
1 4.595 4.466 5.137 2.008
2 4595 4469 5135 2.010
3 4563 4.196 4946 2.084
4 4,622 4301 5.083 2072
5 4599 4414 5.138 2.037

]

The overall effect of the modified blade velocities is
reflected in the trimmed control positions, as shown in
Table 1, where the control positions are shown for five
conditions: (1) no ship, no ground effect; (2) no shig,
ground effect computed using simple inflow comrection”;
(3) helicopter above center of ship deck; {4) helicopter
above edge of ship deck; and (5) helicopter just outside
deck. The conventions for these control positions are as
follows: full left lateral cyclic corresponds to zero, full right
corresponds to 10 in; full forward longitudinal cyclic
corresponds to zero, full aft to 10 in; full low collective
pitch corresponds to zero, full high to 10 in; full left pedal
corresponds to zero, full right to 5.38 in. The increased
tangential velocity due to the ship airwake is felt as an
addition to the forward velocity, resulting in additional
forward longitudinal cyclic as the helicopter moves inward.
The lateral cyclic and pedal are also adjusted. The
combination of ship ground effect and normal airwake
velocity results in decreased collective pitch, which is also
more significant when the helicopter moves toward the
center of the deck.

CONCLUDING REMARKS

A method for analysis of the aerodynamic interactions
between a helicopter and a ship has been presented. This
method divides the interaction problem into two effects: the
ship "ground effect”, modeled by a panel representation of
the ship surface, which results in an upwash on the rotor
disk, and the ship airwake effect, for which an existing
semi-empirical model, derived from full-scale
measurements, is used.

Numerical results for a SH-60 helicopter trimmed at
three locations near a FFG-7 class frigate have indicated
that the ship "ground effect” increases significantly as the
helicopter moves toward the center of the ship deck, while
its distribution over the disk is sensible to the helicopter
location, with higher upwash in the rear portion of the disk



and in the side near the ship. It is clear that this effect
should be included in simulations in order to provide
increased fidelity. The present method, however, is
computationally intensive and thus inappropriate for real-
time simulation. It can be used as a tool for building a
modified dynamic inflow method which takes into account
the ship ground effect.

The ship airwake effect has been shown to be
quantitatively more important than the ship ground effect
and somewhat localized. It cannot be even crudely
approximated by a simple panel method and requires the
availability of a ship airwake database in order to provide a
realistic simulation.

Overall, the present work provided an insight into the
relevant helicopter/ship aerodynamic interaction
phenomena, and suggests additional parametric
investigations, including simulation of approach flights
where ship airwake turbulent components of velocity are
included.
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A SIMULATION MODEL OF SHIP GROUND EFFECT
FOR ROTORCRAFT / SHIP INTERACTION STUDY

Hong Zhang® O.AFMello® J.V.RPrasadt LNSankart and John D. FunkJr.$

School of Aerospace Engineering

Georgia Institute of Technology
Atlanta, GA

Abstract

A simple ground effect model for rotorcraft / ship
dynamic interactions, which is suitable for implementation
in flight simulators for real-time simulation purposes,
has been extracted from the analysis of the acrodynamic
interaction results obtained from a computationally
intensive method that incorporates a rigid rotor wake and a
panel representation of the ship with corresponding image
systems. It is found that the ground effect is very sensitive
to the helicopter position with respect to the ship deck, as
well as the height above the deck. The inflow gain matrix
in dynamic inflow mode! is modified as a function of the
position (x,y.z) relative to the deck. Numerical results for
a SH-60 helicopter flying above the deck of a moving
FFG-7 class frigate at the same speed as the ship are
presented and discussed in this paper. Results show that the
ground effect model works well all over the deck. The
ground effect model integrated with the airwake model
which has already been developed at Georgia Tech provides
the basis for the real-time simulation study for
rotorcraft/ship interactions.

1. Introduction

Modern helicopters must routinely operate under
various adverse weather conditions. Helicopter landing on a
moving ship deck behind the superstructure is
hazardous(10), and yet up to today, little knowledge about
the flow characteristics is available due to the time
dependent uncertainty nature of the flow, as well as the
complicated and sensitive flow field over the deck behind
the superstructure. Because the lack of a suitable ship
airwake model and the still unsolved rotorcraft / ship
dynamic interaction problem, any realistic simulation of
helicopter take-off and landing on a ship deck is still
impractical. Also, in real time implementation, these
models have to be computationally simple. A series of
studies of these effects and models have been carried on at
Georgia Tech (1.2) for the past few years, and a suitable
ship airwake model and a systematic simulation method
have already been developed. Moreover, a method to
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analyze helicopter/ship acrodynamic interactions has been
formulated recently by Georgia Tech researchers(3). 1t is
found that the widely used traditional ground effect model,
which basically introduces a factor to modify the uniform

inflow of the helicopter rotor(8:9), is not accurate for a
helicopter operating under a ship "ground effect”.

A computationally intensive method, which combines a
rigid rotor wake model and the well developed traditional
potential flow theory, is formulated in Ref.(3) and the
method is used here to generate the data base for the ground
effect model identification. Our purpose in this paper,
however, is to identify a simple ground effect model
suitable for real-time simulation implementation.

2. Computational Fluid Dynamics (CFD) Model

r n in ata Base

The ship "ground effect” is manifested by the changes of
the flow field, so that the flow at the ship surface follows
the motion of the ship surface. This effect is modeled by a
panel representation of the ship surface, and the strength of
the panel is determined by satisfying the boundary
condition at the ship surface, i.e. there is no penetration of
flow through the solid ship surface and/or ship deck. The
velocity induced by the rotor wake on the ship surface is
computed by using a rigid wake theory. The simulation of
helicopter motion near the ship is carried out by the general
helicopter simulation code GENHEL(®), which has been
modified to incorporate a first-order dynamic inflow
model(11), By taking into account the induced velocity or
upwash at the rotor disk due to the ship panel system into
the blade-element analysis, the ground effect is coupled into
the simulation code. Through changing the collective pitch
and cyclic pitch, the helicopter is retrimmed at the same
location with the consideration of the ground effect. The
total inflow at the rotor disk is outputted as the rotor blade
rotates azimuthally, and this forms the data base for later
analysis.

w el

A generalized dynamic inflow theory exists in the
literature in which air mass passing through the rotor is
treated as a dynamic system. The dynamic inflow theory
(4.5,6,7) has found wide applications in flight dynamics
and aeroelastic studies. Peter's dynamic inflow model ©) s
used in this investigation for simplicity, i.e. the induced
inflow is assumed to have the following variations:



A(r, v,'v)=).o+l,i;sin w+/1€-;;cosw 1))
where:
AO’j’s')‘c

variations of the rotor inflow in tip path plane (ipp),
respectively.

The dynamic inflow model is:

are the uniform, lateral and longitudinal

[M] )+ LT (R} =(C)..., @)
where

A=(AsA4,,4,)
C=(CT,-C1,-C2)”

[M],[L] are the apparent mass matrix and the
inflow gain matrix and their explicit expressions for out-of-
ground effect case can be found in Ref. [4]. CT is the
thrust coefficient. C1,C2 are instantaneous aerodynamic
rolling and pitching moment coefficients expressed in the
tip path plane. Obviously, they are time dependent for
unsteady flight.

The subscript "aero” denotes that only the aerodynamic
contribution is considered and the inertial part is not
included. The " ® " denotes time derivative.

Due to the proximity of the rotor disk to the ship deck,
the rotorcraft/ship interactions induce upwash at the rotor
disk, thereby changing the total inflow and the inflow
distribution over the whole rotor disk. Hence, it is not

surprising that [ MJ]and [L] matrices are going to change
due to the ground effect. Thus, the dynamic inflow model
near the ground can be written as:

M), (A, +ILILR). = 1Oy, @

where : [M]jge, [L]ige are the apparent mass and the
inflow gain matrices with ground effect.

Suppose
[, 0 O
{/’L} ={0 B 0 {}l} )
ige -0 0 ‘Yl oge
and
(@, 0 O
{'} =0 B, O {C‘ Q)
ige I 0 0 72 oge

where:
e,B.,7; (i=1,2) are the correction factors to account
for ground effect to the inflow and the forcing functions,

which are functions of the helicopter position (x.,y,z)
relative to the deck.

Thus, for the steady case, i.e., trimmed flight condition,
R afa, ofB, &), .

(L] =|8/e piB BIm|L]  ©
* nle, n/B nima "

Al six factors {0ty,B4,7,,0,,B,,Y,} can be obtained
by conventional identification methods.
For trimmed flight ( steady case ), we have:

(A} =[1)C}..., ™

Thus, for trimmed hovering with respect to the deck of the
moving ship, since the forcing functions ( CT,C1,C2 ) are
approximately the same for out-of-ground case and in-
ground case, Eq. (6) reduces to:

a 0 0O
{IZ}‘“: 0 B © {i}m ®)
0o 0

4. ldentification Approach

For illustration purpose, the SH-60 Seahawk helicopter
flying at 15kts above the deck of a FFG-7 class frigate,
which is moving at the same velocity as the helicopter, is
used in this investigation. To capture the ground effect, the
rotorcraft/ship interactions are computed using the CFD
code at all the grid points over the ship deck as shown in
Figure 1(a) at eight heights ranging from 0.5R to 3R for

each grid point (Figure 1(b))
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Figure 1(a): Positioning of helicopter above
ship deck (top view)
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Figure 1(b): Helicopter Relative Position

It is recognized that the ground effect and the ship airwake
effect are actually coupled when the helicopter is flying
near the deck. However, only the ground effect part is
considered in this study.

Figures 2(a) and 2(b) show how the nondimensional
upwash at 80% radial station changes in one revolution
above the center of the deck (location 1 in Figure 1(a))
and at the lower left corner of the deck (location 2 in Figure
1(a)) for different values of height above the deck.

It can be seen from Figure 2(a) that the upwash is almost
constant at the fore part of the rotor for a given height
(azimuth angie between 90 and 270 degrees), whereas at
the rear part of the rotor (azimuth angle form 0 to 90, and
270 to 360 degrees), the upwash changes significantly.
Also, we see that the effect of the height on upwash is
different at different azimuth angles, hence it is not accurate
to model this effect by using a simple constant factor.
Because of the presence of the hanger, the rotor wake hits
the deck differently at different locations.

For the case of the rotor hovering above the lower left
corner of the deck, the upwash is much higher at advancing
side and much lower at retreating side (see Fig. 2(b)). In
order to incorporate the upwash in the dynamic inflow
model, harmonic analysis of the upwash is carried out in
order to extract the uniform and lateral and longitudinal
variations due to the contribution of the upwash from the
ground effect. It is seen from this analysis that terms up to
second harmonic are required in order to account for the
effect of ship deck on the rotor inflow variation.
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Figure 2(a): Effect of height on upwash at rotor disk at the

center of the deck
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Figure 2(b): Effect of height on upwash at the rotor at the
lower left corner of the deck

Al is the upwash contribution to the uniform inflow
A?»s is the lateral inflow changes due to the ground effect
A is the longitudinal inflow variation because of the

ground presence
A, isthe 2nd lateral inflow change

Al is the 2nd longitudinal inflow change

The analysis is carried out for different heights from 0.5 R
to 3 R above the deck.

Figure 3 gives the effect of the height on the uniform
inflow changes for location 1 (center of the deck, "*" in
Fig.3--5) and for location 2 (left corner at the stern, "o" in
Fig.3-5). The magnitude of total uniform inflow increases
as the height increases. This is quite reasonable, because
the ground cushion effect gets less and less as the rotor
moves away from the deck, hence the upwash gets less and
less. We see that at the deck center, the uniform inflow
undergoes a maximum of 14% change due to "ground”
effect.

Figures 4(a) and 4(b) give the effect of height on the first
harmonic lateral inflow A, and first harmonic

longitudinal inflow component A
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Figure 4(b): Effect of height on longitudinal inflow
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It is seen from Fig 4 that the longitudinal inflow change
is not a linear function of height.
Figures 5(a) and 5(b) are the effect of height on the 2nd

inflow terms A,, . 4,,. Still, the ground effect gets less
important as the distance between the helicopter and the

deck gets larger. Also, the lateral component in the
upwash is smaller than the longitudinal component.

From Figs 3,4 and §, it can be seen that the ground effect
is not a linear function of the height, and it is sensitive to
the location of the rotor hub over the deck.
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Figure 5(b): Effect of height on longitudinal inflow
(2nd harmonic term)

Several models are tried to represent these changes. By
comparison of the Pearson correlation coefficient, the
following model is seen to capture the variation with
height:

b d
A1=1{4,) .y [a+;+;1€2-+7:-3_] (10)

where :
a,b,c.d are constants for a given location w.r.t. the deck, h
is the nondimensional (w.r.t. rotor radius R) height, and

A, is the corresponding value of the component out of
ground effect.

Thus from (5) and (10),
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Checseman and Bennett (9) derived an expression for the
upwash at the rotor disk due to the ground:

A
Aw =2 12
Y= Ton? 42
ie.
1
lo = (1.—1'67)10”! (13)

Figure 6 shows the comparison of the uniform inflow

predicted by the simple model Eq.(13) and the fitted model
of Eq. (10) at several locations.

Eooss g £q.(13)
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We see that the Cheeseman model is not accurate enough
to capture the ship ground effect. First the ground effect is
location dependent, and second it does not follow the h-2
law . Hence the ship ground effect model has to incorporate
a function of location x and y, as well as the height.

S, Spline Fit

Having taken care of the effect of the height, we now
move to the modeling of the location effect. Based on the
data base, it is found that we can not use a simple function
for f(x,y) to fit these data. Because spline fit has advantages
of passing through every grid point, and yet it preserves
the nice continuous property (up to 2nd derivatives), we
use a two dimensional spline-fit to model the ground effect,
i.e. ab,c,d will be spline functions of x and y.

Suppose we have a set of data on the grid of X and Y as:

X={X;}, i=1,2,....m+kx
Y--{Yj ), i=1.2,..... n+ky
F={ f(xj,yj)}

where: kx is the order of the spline in x direction, ky is
the order of the spline in y direction. For cubic spline, the
order is 4. For quadratic spline, the order is 3.

Let:

gx=m+kx
gy=n+ky

N, (X, x) denotes the normalized B-spline of order kx
in x direction with support [Xj.kx.Xi]
N,, ;(Y,) denotes the normalized B-spline of order ky

in y direction with support [Yj-ky.Yj]
Then any bivariate spline S(x,y) of order kx in x, and ky in
y, has the following representation:

s(xty)=§§q,jNh,i(X’x)Nky‘j(Y,y) (14)

With the help of Mathematica (12), the coefficients CI;‘
are obtained for cubic spline fit. That is kx=ky=4.

Finally the total inflow with ground effect is modeled as:

A=A, +-§(ls sin(y)+ A, cos(y)+

(15)
A, sin(2y) + A, cos(2y))
and
b(x, , d(x,
(A} = {4}, la(x,y)+ (;y)+c(;2y)+ (;33’)]
(16)

where i may be 0,8,c,2s,2c.

For illustration purpose, the following is the spline fitted
result for the uniform inflow:

A;=0.994 - 0.0448x - 0.2993x2 - 0.1752x3- 0.0355xy

+0.036x2y + 0.040x3y + 0.027xy2 + 0.236x2y2

+0.14x3y2 4+ 0.0177y3 + 0.069xy3 - 0.066x2y3
- 0.074x3y3
+(0.011 + 0.486x + 2.334x2 + 1.3x3 + 0.026y
+0.269xy - 0.298x2y - 0.325x3y - 0.0625y2

- 0.2656xy2 - 1.8x2y2 - 1.05x3y2 - 0.1358y3
-0.53xy3 + 0.55x2y3 + 0.594x3y3) m
+(-0.2255 - 1.55x - 5.587x2- 3.02x3 - 0.0389y
- 0.6457xy + 0.7674x2y + 0.815x3y + 0.077y2
+0.76xy2 + 4.25x2y2 +2.42x3y2 4+ 0.327y3
+1.28xy3 - 1.437x2y3 - 1.5x3y3) M2
+(-0.05999 + 1.21x + 3.9x2 + 2.05x3 + 0.01557y
+ 0.4987xy - 0.61x2y - 0.639x3y + 0.183y2
- 0.534xy2 - 3.x2y2 . 1.685x3y2 - 0.2448y3
- 0.9727xy3 + 1.157x2y3 + 1.17886x3y3) /h3
an



The computation with the above formula is quite fast
when compared to the CFD code used to build the database.
For comparison, CFD code takes about 30 minutes of
CPU time in HP Apollo 700 Workstation to obtain a
converged solution for a helicopter flying at one single
beight and single (x,y) location. Whereas using the above
formula, the computation is carried out in a fraction of a
second. Hence the formula is very useful for real-time
simulation purposes. Figure 7 shows the variation of the
uniform inflow over the whole deck at height h=0.75.
Figures B and 9 display the variation of the harmonics of
the inflow at h=0.75. It can be seen that the total inflow
mainly consists of the uniform inflow and the longitudinal
variation. This is from the fact that the reference flight is
forward flight.

Figure 7: distribution of the uniform inflow over the deck

Figure 8: distribution of the longitudinal
inflow over the deck

Figure 9: distribution of the lateral inflow over the deck

Figures 10(a) and 10(b) compare the results from the CFD
code and from the formula at location x=-7.5/R, y=-5.5/R,
h=0.75 and x=-25/R,y=15/R, h=1.75. We see that the fitted
formula computes the inflow variation quite well.
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6. Conclusions

A ground effect model for rotorcraft/ship dynamic interface

that is suitable for real time simulation purposes is
developed in this paper. The gain matrix in the dynamic
inflow model is identified as a function of the location of
the rotor with respect to the ship deck, as well as the
height of the rotor above the deck. However, the ship
ground effect model developed in this study is applicable
for trimmed flight above the deck. Further work is needed
to capture the unsteady effects due to the rolling and/or
pitching of the ship deck.
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GROUND EFFECT SIMULATION MODEL
FOR ROTORCRAFT/SHIP INTERACTION STUDY

Hong Zhang* J.V.R. Prasad? L.N.Sankar}
School of Aerospace Engineering

Georgia Institute of Technology
Atlanta, GA 30332, USA

Abstract

In this paper, a real time simulation model of ship
ground effect for rotorcraft/ship interactions is developed
by combining computational fluid dynamics (CFD)
analysis and finite state representation of rotor inflow. For
CFD analysis, the ship is modeled by using a source panel
representation and the rotor wake is modeled as rigid with
prescribed geometry but unknown vorticity distribution.
The sea surface is modeled by placing an image rotor wake
and an image ship panel system below the sea surface. The
CFD model is then combined with the batch version of a
generic helicopter flight simulation program. Using trim
solutions from the simulation program, the ship ground
effects on rotor inflow for cases of helicopter hovering
with respect to ship deck are identified and analyzed. With
a finite state representation of rotor inflow, a real time
simulation model of ship ground effect is developed using
results from the CFD analysis.

1. Background

Due to complex flow interactions between the air flow
surrounding the ship deck and rotor wake, the pilot
workload during shipboard landing and take-off of a
helicopter is significantly increased [11. Also, When a
helicopter is flying close to a ship deck, the rotor wake is
modified due to the presence of ship deck, superstructure
and sea surface [2-4]. An alternative, to extensive and
time-consuming testing at sea for establishing safe
operating envelopes for helicopter shipboard operations, is
simulation. A prerequisite to simulation approach is the
development of simulation models of ship airwake and ship
ground effect. This paper addresses the development of a
simulation model of ship ground effect model while a

companion paper (5] addresses the development of a
simulation model of ship airwake. The organization of the
paper is as follows: First, the methodology used for the
development of a real-time ship ground effect simulation
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model is described. Next, a detailed description of the CFD
modeling used in this methodology is presented followed
by parametric investigations of the CFD model. Then a
brief description of the real-time simulation mode! which is
obtained by modifying the gain matrix of an existing
dynamic inflow model is given and results are presented to
illustrate how the real-time simulation model captures the
ship ground effect for different rotor heights above deck
and at various forward speeds.

2. Methodology for Developing Ship
Ground Effect Simulation Models

The methodology used for developing ship ground
effect simulation models is given in Fig. 1. First, a
comprehensive computational fluid dynamic model that
takes into account interactions between rotor wake and ship
deck, superstructure and sea surface is developed. The CFD
model is then combined with a comprehensive non-real
time helicopter simulation model and rotor inflow
distribution for cases of helicopter trimmed at different
positions (see Fig. 2) and at different heights (see Fig. 3)
with different values of ship speed are obtained. Then a
harmonic analysis of inflow distribution for each of the
cases is carried out. Using results from the harmonic
analysis, the gain matrix of the dynamic inflow mode! is
modified by matching the inflow distribution predicted by
the dynamic inflow model with CFD results.

LGiven xyhand 1
{  CFDApproach |

P NG
[t~

{ Fourier Analysis |

{Efect of hon inflow eomponens|

[Eﬁect of (ton inflow componentsj
N

Stip Ground Effect Model

§ ) o
for Real Time Simulation
Figure 1. Methodology for Developing Ship Ground Effect
Models
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3. CFD Modeling

3.1 Ship Formulatio

The ship surface is approximately represented by
plane source panels with constant distributed strength. The
strengths of the sources are determined by enforcing the
non-penetration condition at the centroid of each panel. The
normal component of the ship's motion and the normal
component of the downwash induced by the rotor are taken
into account in this formulation. The details of the source
panel method can be found in Ref. 6 and therefore will not
be repeated here. This formulation results in a linear system
of equations to be solved for the ship panel source strengths
c:

[Al{c} =[B] (1)

where [A] is the matrix of influence coefficients, { G} is
the vector of unknown source strengths and [B] is the RHS
including the normal component of the velocities on the
ship surface due to the free-stream and due to the rotor and
its wake. The resulting source panel strengths are used to
compute the velocities induced by the ship source panel
system at the rotor disk.

3.2 Rotor Wake Formulation

A rigid wake model is used to compute the induced
velocity due to the rotor and its wake on the ship and the
vorticity distribution is computed from the blade section
lift. In this study, the following assumptions are made:

(a) Blade flapping angles is small and high harmonic
variation of blade flapping angle are negligible

{(b) The rotor blade is modeled by a lifting line of bound
vorticity, which is related to the blade section lift by Kutta-
Joukowski's theorem.

(c) A classical skewed helical wake with a limited
contraction is used, the wake is assumed to become flat
near the ship deck as shown in Fig. 4.

(d) The wake is divided into a "near” wake, composed of
trailing and shed vortices and a "far" wake composed of
trailing tip vortices only. The strength of the far wake tip
vortex is assumed to be equal to the maximum bound
vorticity at the azimuthal location where the vortex filament
leaves the blade.

(e) The rotor wake is convected downstream with a velocity
which is equal to the vector sum of the free stream velocity
and the averaged (momentum theory value) induced
velocity over the disk.

3.2.1 Bound Vortices

The blade bound vorticity distribution is obtained
through an iterative process from the blade section lift. Let
the blade bound vorticity be I“bq =Ty (r;. ;). From Kutta-

Joukowski theorem:
& =pVyly = p(QR)(T; + psiny Iy, (2)

/..
r, = - 3
* T p(QR)(F, +usiny)) ®

From the computed bound vorticity distribution, the
velocity induced by the blade bound vortices can be
obtained by applying the Biot-Savart law.

3.2.2 Near Wake

The near wake is assumed to be composed of trailing
and shed vortices, with strengths given by the radial and
azimuth-wise variations of the bound vorticity respectively,
at the azimuth location where the vortex filament leaves the
blade. Let us first consider an element of a trailing vortex
filament of length r;Av, which leaves the blade at the

radial location r;, and is Jocated at a wake age v, . This
element had left the blade when it was at an azimuth



location W;—V,, withy; being the current azimuth

location of the blade. Therefor, the vorticity of the element
is given by T, (F;, ¥; — v, )T;Av, where

- T

r
or

Ui
ie.

Ty ~vi) - T, ¥ - V)
. el I

&)

The velocity induced by the entire filament at a point is
given by integration of elementary induced velocities
obtained from the Biot-Savart law along the near wake
only.
Now let us consider an element of a shed vortex filament of
length Ar;, which leaves the blade at the radial location r;,
and is located at a wake age v, . This element had left the
blade when it was at an azimuth location
W —Vy, withy; being the current azimuth location of

the blade. Therefore, the vorticity of the element is given by
rs(fi,w‘j - Vk ), thre rs(Fi,W‘j "Vk )Ar, iS the Shed
vortex vorticity, equal to the azimuthal variation of T'y:

- or
rs,,l = rs(ri’wj —Vk)=ﬁ (6)
D@ = vi) =Ty (5, ¥ = V)

Sijk A\V (7)
Also, the velocity induced by the entire shed vortex system
at a point is given by radial integration of the elementary
induced velocities obtained from the Biot-Savart law along
the "near” wake.

3.2.3 Far wake

The far wake is assumed to be only composed of
trailing tip vortices, with strength equal to the maximum
bound vorticity at the azimuth location where the vortex
filament leaves the blade. Considering an element of wake
filament of length r,,Av ( where r,, corresponds to the
radial location where the tip vortex has rolled up ) and at a
wake age v, . This element has left the blade when it was at

an azimuth location ; — v, ,¥; being the current azimuth
location of the blade. Therefore, the vorticity of the element
is given by I“lerwAv =T (y; - vIryAv, where
Tr(y; — vy ) is the strength of the trailing tip vortex equal
to the radial maximum of T'y:

Ir, =Tr(yj=vi)=max(Ty(rj,¥; - vk)) ®)
1

3.2.4 Vortex Core Model

A Rankine vortex core model [7] with radius of one
tenth (1/10) of the blade chord is used. This model is
applied by scaling the induced velocity due to the
elementary vortex filament by the square of the ratio
between the distance to the filament and the core radius,

whenever the point where the induced velocity is being
calculated lies within the vortex core. The geometry of the
far wake is modified by making it flat and paralle] to the
ship deck with assumed clearance between the wake and
the deck ( see Fig. 4).

J Flat Wake Near Ship Deck

Clearance
VASLLLLLS SIS LLLSL TS ETLILLIIILS, TS LSS IS S S

Figure 4. Modified Wake Geometry

In order to determine the number of rotor
revolutions and clearance between the wake and the ship
deck, the rotor wake model is combined with a generic
helicopter simulation package (81, Assuming a flat ground,
the number of rotor revolutions in the wake geometry and
wake clearance are adjusted by matching the rotor power
required from analysis with experimental resuits. Figure 5
shows the effect of ground clearance on the rotor power
required, whereas Fig. 6 illustrates the effect of number of
revolutions in the wake geometry. It can be seen from Fig.
5, that the wake clearance has negligible effect on the rotor
power. However, from Fig. 6, it is clear that the number of
revolutions in the wake geometry has significant effect on
rotor power. Also, from Fig. 6, it is seen that roughly 10
rotor revolutions of wake is needed in order to match with
experimental data for the hover case. However, the results
are less sensitive to number of revolutions for forward
flight cases. It is felt that the value of 10 rotor revolution of
wake geometry arrived at for the hover case is rather ad hoc
as this value will be different for different heights of the
rotor above the ground. Also, it is felt that a detailed
investigation using , possibly, a free wake analysis is
required to determine the wake geometry for the hover
case. Hence, only forward flight cases are considered in the
subsequent analysis.

4. Parametric Investigation
4.1_Effect of L. ion;

For illustration purpose, the SH-60 helicopter flying at
15kt above the deck of a FFG-7 class frigate, which is
moving at the same velocity as the helicopter, is used in this
investigation, The simulation of helicopter motion near the
ship is carried out using the general helicopter simulation
code {81, By taking into account the induced velocity or
upwash at the rotor disk due to the ship panel system into



the blade-element analysis, the ground effect is coupled
into the simulation code. Through changing the collective
pitch and cyclic pitch, the helicopter is retrimmed at the
same location with the consideration of the ground effect.
Using the coupled ship ground effect CFD mogel and the
generic flight simulation package, the helicopter is trimmed
at different locations and different heights above the deck.
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Figure 7 shows the nondimensional upwash at 0.8R blade
station for the rotor positioned at various heights above the
center of the deck. It can be seen that the upwash is
symmetric about the flight direction. The variation of the
nondimensional upwash at the rotor at 0.8R blade station is
shown in Fig. 8 for different heights of rotor from the ship
deck for the helicopter above the lower left corner of the
deck. It is seen from Fig. 8 that with an increase in rotor
height above the deck, the ship ground effect diminishes.
Also, the ship ground effect results in an increase in
upwash on the advancing side of the rotor indicating, as
one would expect, a "partial” ship ground effect.
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Figure 7. Effect of Height on Upwash at Rotor
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Figure 8. Effect of Height on Upwash at
Lower Left Corner of the Deck

4.2 Effect of Advance Ratio

To study the advance ratio effect on the inflow
distribution over the rotor disk when flying near the ship
deck with the ship in motion, the helicopter is trimmed at
1.2 R above the ship deck at various speeds ranging from
10kt to 80kt. Figure 9 compares upwash due to the ship
deck between the cases of helicopter flying at 15kt and 45kt
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Figure 9. Upwash at Different Advance Ratio



cases. As expected, Fig. 9 shows that the upwash decreases
as the helicopter speed is increased.

4.3 Harmonic Analysis of the Inflow

Harmonic analysis is carried out for the upwash at
various locations and advance ratios. It is found that up to
second harmonic terms are needed to match the upwash
from CFD results, i.e.:

Aw =—Ahg ~ AL, —I%sin v~ AL, —cosy

9
r . r
— Ak, i—{-sm(Z\y) - Ar,, ECOS(Z\U)

where
Al,is the upwash contribution to the uniform inflow

AL, s the lateral inflow changes due to the ground effect

AX_ is the longitudinal inflow variation because of the
ground presence
AX,, isthe 2nd lateral inflow change

AL,. is the 2nd longitudinal inflow change
Thus, the inflow in ship ground effect can be modeled as,

(;")jgc = ()‘)gge - AW (10)

Figure 10 shows how the rotor height above the ship deck
influences the uniform inflow at the rotor at two different
lfocations. It is seen that the uniform inflow gets smaller
when the rotor height above the ship deck increases, which
is as expected. Figure 11 shows how the uniform inflow
changes as the advance ratio varies. A nonzero value of
advance ratio represents the case of the helicopter hovering
with respect to the ship deck while the ship is in motion.
The advance ratio effect on longitudinal inflow component
is shown in Fig. 12. Tt is clear from Figs. 11 and 12 that the
ship ground effect with advance ratio is not the same on
average and the harmonic components. While the average
component of inflow decreases with an increase of advance
ratio, the longitudinal component of inflow first increases
and then decreases as the advance ratio is increased.

* Lecaion 1

= U_giforg lnﬂgw )
z

045 + o Location 2 -
044 1
0043 7

0042
0.5 1 15 2 25 3

HR

Figure 10. Effect of H;:ight on Uniform Inflow Component

0.05 S—

0.045 4

o
®
T
®

0.035} .

Uniform Inflow
o
o
ta
1

0.025+ q

0'08.02 0.04 0.06 0.08 0.1 0.12 0.14

Advance Ratio

Figure 11: Effect of Advance Ratio on Uniform Inflow

Component

0.035

0.08 - ¥ ]
g
=
=
g
£0025F *
% 1
E
3 ol

0015 e e

0.2 0.04 006 008 0.1 0.12 014
Advace Ratio

Figure 12. Effect of Advance Ratio on Longitudinal
Inflow Component

5. Real Time Ship Ground Effect Model

As most of the current day flight simulation programs
include a dynamic inflow representation for rotor inflow in
order to account for the time-varying and distributed nature
of inflow over the rotor disk, it is felt that a real time ship
ground effect model can be obtained by appropriately
modifying the parameters in the dynamic inflow model.

The dynamic inflow model can be written as 11,
[M] (A} + LT = {Claero an
where
A=(Ag. AT
C =(CT,-C1,-C2)"

[ML{L] are the apparent mass matrix and the inflow
gain matrix and their explicit expressions for out-of-ground
effect case can be found in Ref. 9. CT is thrust coefficient.
C1, C2 are instantaneous aerodynamic rolling and pitching
moment coefficients expressed in the tip path plane.
Obviously, they are time dependent for unsteady flight. The



subscript “aero" denotes that only the aerodynamic
contribution is considered and the inertial part is not
included. The "® " denotes time derivative.

Due to the proximity of the rotor disk to the ship deck,
the rotorcraft/ship interactions induce upwash at the rotor
disk, thereby changing the total inflow and the inflow
distribution over the rotor disk. Hence, the dynamic inflow
mode] for the case of in-ground-effect model can be written
as:

[M]ige {i}ige + [I,:]:g]e {X}igc = {{E}aero }ige (12)

A
where : [M]jge, [L]jge are the apparent mass and the
inflow gain matrices for the case of in-ground-effect.
Suppose

g 0 O

{X} =0 g, O {X} (13)
ige 0 0 g5 oge
and
hy 0 0
{C} =0 h, O {C} (14)
ige 0 0 h3 ope

Thus, for trimmed flight with rotor treated as a disk, and
noticing that the forcing functions ( CT, C1, C2 ) are
approximately the same for out-of-ground effect case and
in-ground effect case. From Egs. (12)-(14) with

h;=1,1=12,3 and X:O, we get

g 0 0
{ﬁ}ie =0 g, O {i}“ (15)
& 0 0 g g

Using results from CFD analysis for the ship ground effect
cases of helicopter hovering over the ship deck at different
positions and for different speeds, general expressions for
g;» i=12,3 are obtained using curve fitting techniques.

The resulting expression are obtained as
bi(xay) + Ci(x’y) + di(X,)')

h h? h?
ko; + ky;b + kpu?

a;(x,y)+

g = ,i=12,3

(16)

where a;,b;,c;,d; are all cubic spline fitted functions of x

and y. Thus, from equation (16), the correction factors
g,,8,.8; that account for ground effect, are all functions

of rotor position (x,y,z) with respect to ship deck and
advance ratio. For comparison, the widely used

Cheesemann & Bennett model [ 101 is of the form

1
M
+(l

oge
Also, for comparison purpose, the variation of g, (for the

g =L ), i=1,2,3 (17

L
- 2
16h i )2

uniform component) is shown in Fig. 13 as computed
using the Cheesemann & Bennett model and the new
model, for cases of helicopter hovering at three different
Iocations above the ship deck. From Fig. 13, it is clear that
ship ground effect is different for different positions around
the ship deck as predicted by the new model.
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Figure 13. Comparison of Different Models

6. Conclusions

A ground effect model for rotorcraft/ship dynamic
interface that is suitable for real time simulation purposes is
developed in this paper. The gain matrix in the dynamic
inflow model is identified as a function of the location of
the rotor with respect to the ship deck, the height of the
rotor above the deck and advance ratio. Also, the new
model takes into account partial ground effect. However,
the ship ground effect model developed in this study is only
applicable for trimmed flight above the deck. Further work
is needed to capture the unsteady effects due to heaving,
rolling and/or pitching of the ship deck. Also, validation of
the model using experimental data is needed.
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APPENDIX 4



1. INTRODUCTION

This report describes the modifications made in the helicopter simulation code
GENHEL, in order to investigate helicopter/ship interactions. The theoretical formulation
for the GENHEL code is given in Refs. 1 and 2 and will not be discussed here.

The effect of the ship proximity to the helicopter is modeled by using a standard
panel method, based on the classical solution by Hess and Smith”. The ship is modeled
by source panels which allow a good geometric representation. The effect of the ship on
the rotor is given by the induced velocities on the rotor disk due to the ship panels. For
the computation of the strengths of the sources, it is necessary to take into account both
the ship velocity and the velocity field on the ship due to the rotor wake. This velocity
field is computed using a rigid helical wake model. The strength of the rotor wake
vortices depends on the circulation around the rotor blade, which, in turn, depends on the
ship effects. Therefore, an iterative process would be needed. However, for the simulation
problem, it may be assumed that changes in circulation around the blade and the flow
about the ship are not too rapid and consequently the iterative process may be
intrinsically performed during the simulation process.

For the computation of wake vorticity, two approaches have been employed: The
first approach was to assume a prescribed vorticity distribution along the rotor disk. This
allows all vorticity strengths on the disk and in the wake to be related to the thrust
coefficient. Details on this approach were given in Ref. 4. The second approach was to
compute the local vorticity at the rotor disk from the section lift. This approach requires
numerical differentiation of the resulting vorticity distribution in order to obtain the wake
vorticity strengths. Details on this latter approach are given in the Appendix.

In order to model the ground effect due to the sea surface, the method of images is
used. An image rotor wake and an image ship panel system are placed below the sea
surface and the influence of these images are taken into account in the computation of the
downwash induced by the rotor and in the computation of the coefficient matrix for the
ship panel method.



The remaining of this report is organized as follows: First, brief instructions on
compiling and running GENHEL are given; Next the modifications and additions to
GENHEL are described, including the first-order dynamic inflow model and the
helicopter/ship interaction code using both the prescribed wake vorticity and computed
wake vorticity models. Finally, an attempt to extend the rotor wake code to a free wake
model is described.



2. COMPILING AND RUNNING GENHEL

The source code for the original version of GENHEL is divided into five
FORTRAN files: bhawk.f, bhawka.f, bhawkb.f, bhawkc.f and bhawkd. f.
The subroutine ROTOR is included in the file bhawkd . £ and contains the blade-element
model. In addition, several * .DAT files and a "Makefile" file are needed. The
compilation is achieved by issuing the command Makefile twice to compile and link.
This results in an executable file called bhawk. The execution is then performed by
simply running bhawk. All the input files have their names pre-defined. The main input
file is BHAWK . DAT. The input parameters in BHAWK . DAT are described in Ref. 1. Ref. 2
contains test cases that may be useful for validation of changes made to the original code.



3. FIRST-ORDER DYNAMIC INFLOW

The first order dynamic inflow model from Ref. 3 was implemented in GENHEL,
as described in Ref. 4. These modifications were made mainly in the subroutines ROTOR
and RADIAL, and a new subroutine called DYNINF was added. These changes were made
in bhawkd. £, resulting in a new file called bhawkd2. £. Minor changes were made to
the file bhawkc . £, for output of variables of interest, but this file was not renamed. A
new Makefile2 file was used to compile and link this dynamic inflow version. Note
that these files also include the turbulence modifications made by Riaz (Refs. 5,6).



4. HELICOPTER/SHIP INTERACTION:
PRESCRIBED VORTICITY VERSION

The first version of the helicopter/ship interaction model was developed using a
rigid helical wake model with prescribed vorticity distribution in the wake, as described
in Ref. 4. The ship model was the panel method of Ref. 7. The rotor wake and ship
models were included in the file bhawke . f. Changes were made in the file
bhawkd2. £, resulting in a new file bhawkd3 . £. Minor changes were also made in
bhawk . £ and bhawkb. f, resulting in bhawk2 . £ and bhawkb?2. £, respectively. This
version should be compiled and linked by issuing the command Makefile3 twice,
which generates the executable file bhawk2. The changes are significantly commented
(one can search for them by searching for the string MELLO).

4.1. Subroutines
The subroutines and function subprograms included in bhawke . £ are as follows:

RSHIP  Main module for computation of the interaction between the rotor and the
ship; calls other needed routines.

GETSHC Reads ship coordinates and computes unit vectors.

EUL3 Constructs a matrix of coordinate transformations after 3 Euler rotations o
about y, B about z' and y about x".

MATMUL, Subroutines for matrix multiplication.
MTMUL, :
MTMULZ2

CONV Contains the convergence procedure for the integration which gives the
velocity induced by the rotor wake at a given point.

AINTT Function to be integrated along the wake coordinate to give total induced
velocity due to wake tip vortex filaments.



GAMATV

AINTB

GAMAEBV

ATINTNW

AINWR

GSHEDV

GTRAV

GAULEG

QGAUS,
QGAUSR

PANEL

Functional variation of trailing vorticity as a function of the sine and cosine of
blade azimuth when the filament left the blade.

Function to be integrated along the radius to give total induced velocity due to
blade bound vortices on a given point.

Functional variation of bound vorticity as a function of the radius and sine and
cosine of blade azimuth.

Function to be integrated along the near wake to give total induced velocity
due to blade shed and trailing vortices on a given point; for a given wake age,
it uses a radial integration of ATNWR.

Function to be integrated along the radius to give total induced velocity due to
a blade shed vortex filament and due to the sum of trailing vortex elements at
that near wake location on a given point.

Functional variation of shed vorticity as a function of the radius and sine and
cosine of blade azimuth.

Functional variation of trailing vorticity as a function of the radius and sine
and cosine of blade azimuth.

Computes abscissas and weights for Gauss-Legendre quadrature (from Ref.
8).

Integrate a function using Gauss-Legendre quadrature (from Ref. 8).

Contains the panel method procedure; calls subroutines for the several
coordinate transformations and induced velocity computations. It computes
the influence coefficients for induced velocities due to a ship panel on other
ship panels and due to a ship panel on the rotor blade elements.



PANVEL Computes the velocities induced by a ship panel, in the panel axes, on a point
given in the same panel axes.

TRAFP  Performs coordinate transformations from ship axes to panel axes.
TRAPF  Performs coordinate transformations from panel axes to ship axes.
TRAFPM Performs coordinate transformations from ship axes to mirror panel axes.
TRAPFM Performs coordinate transformations from mirror panel axes to ship axes.

LUDCMP Performs an LU decomposition of the ship influence coefficient matrix (from
Ref. 8).

LUBKSB Performs a back-substitution for solution of the system of equations, given the
LU decomposition of the matrix of coefficients.

4.2. Input Parameters

The input parameters for the rotor/ship interaction computation are included in the
file BHAWK .DAT and in a new file called rship.dat. The format of this latter file is as
follows:

0.95 0.5 0.0 1.0 1.0 0.02 36 10 3 10
Rtv Fnw Xn0fr Fnctr Kt Eps Ngn Ngr Nmin Nmax

The above parameters have the following meaning:

Rtv  Radial location of the tip vortex

Fnw  Length of near wake, in number of revolutions

Xn0fr Wake age for starting of integration

Fnctr Wake age for wake contraction, in number of revolutions
Kt Factor used in vorticity distribution (see Ref. 4)

Eps  Tolerance for convergence in wake integration

Ngn Number of points along the wake for Gauss quadrature



Ngr Number of points along the radius for Gauss quadrature
Nmin Minimum number of revolutions for wake integration
Nmax Maximum number of revolutions for wake integration

The additions to BHAWK . DAT are as follows: The following flags are added to
$RUNFLAG:

IGNDEF Ground effect flag (0 for no ground effect)

ISHIP Ship flag (0 for no ship)

IRRW  Rotor induced velocity flag: If set to 1, rotor wake is used to compute inflow on
rotor disk; if set to 0, dynamic inflow is used. Recommended setting is O.

ISHMV Ship mean velocities flag: If set to 1, the ship airwake mean velocities are
obtained from polynomial fitting of test data; if set to O, the panel method is
used. Recommended setting is 1.

and the following inputs are included in $RUNIC:

ALSHIP Ship attitude (deg)
PHSHIP Ship bank angle (deg)
VSHKT  Ship velocity (knots)

XSHIPO, Initial ship location in inertial reference frame.
YSHIPO,
ZSHIPO

VWIND  Wind velocity (knots)
PSIWND Wind direction (deg)
NSS Number of blade elements (was fixed in the code in the original version).



5. HELICOPTER/SHIP INTERACTION:
COMPUTED VORTICITY VERSION

Another version of the helicopter/ship interaction model was developed using the
same rigid helical wake model as above, but with the vorticity distribution in the wake
computed from the section lift coefficients. Details on this model are given in the
Appendix.

The changes in the rotor wake model resulted in & new file bhawke2. £, which
replaced bhawke . £. Changes were also made in bhawkd3. £, resulting in a new file
bhawkd4. £, primarily to compute the section lift and pass it to the rotor wake code.
This version should be compiled and linked by issuing the command Makefile4 twice,
which generates the executable file bhawk 3.

For all versions of the helicopter/ship interaction code discussed so far, the rotor
wake was simply truncated at a small height above the ship deck. It was observed that
this procedure resulted in unrealistic ground effect modeling at very low heights.
Consequently, a new version was developed in which the wake was not truncated, but
assumed to be "flat", i.e., in a plane parallel to the ground, just above it, for wake ages
above the wake age for which the vortex wake filaments were at a specified minimum
distance from the deck (see Fig. 1). These changes were implemented in a new file
bhawke3. £, which replaced bhawke?2 . f. This version should be compiled and linked
by issuing the command Makefile#6 twice, which generates the executable file
bhawk 6. This is to be considered the current production version.



< Flat wake near ground
Clearance >

\Ji — /
e e s, .

Fig. 1: Modified Wake Geometry

§.1. Subroutines

The subroutines and function subprograms in bhawke2.f and bhawke3.f are
essentially the same as in bhawke . £ and are listed below:

RSHIP  Main module for computation of the interaction between the rotor and the
ship; calls other needed routines.

GETSHC Reads ship coordinates and computes unit vectors.

EUL3 Constructs a matrix of coordinate transformations after 3 Euler rotations o
about y, B about z' and 1y about x".

MATMUL, Subroutines for matrix multiplication.
MTMUL,
MTMUL2

GaMaBV Functional variation of bound vorticity as a function of the radius and sine and
cosine of blade azimuth.

GSHEDV Functional variation of shed vorticity as a function of the radius and sine and
cosine of blade azimuth.

GTRAV  Functional variation of trailing vorticity as a function of the radius and sine
and cosine of blade azimuth.
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GAMATV

BVINT

AINTB

NWINT

AINTNW

AINWR

FWINT

AINTT

CONV
GAULEG,
QGAUS,
QGAUSR

PANEL

PANVEL

Functional variation of trailing vorticity as a function of the sine and cosine of
blade azimuth when the filament left the blade.

Subroutine for integration of bound vortices' contribution using trapezoidal
rule.

Function to be integrated along the radius to give total induced velocity due to
blade bound vortices on a given point.

Subroutine for integration along near wake.

Function to be integrated along the near wake to give total induced velocity
due to blade shed and trailing vortices on a given point; for a given wake age,
it uses a radial integration of AINWR.

Function to be integrated along the radius to give total induced velocity due to
a blade shed vortex filament and due to the sum of trailing vortex elements at
that near wake location on a given point.

Subroutine for integration along far wake.

Function to be integrated along the wake coordinate to give total induced
velocity due to wake tip vortex filaments.

Integration routines not used in these versions

Contains the panel method procedure; calls subroutines for the several
coordinate transformations and induced velocity computations. It computes
the influence coefficients for induced velocities due to a ship panel on other
ship panels and due to a ship panel on the rotor blade elements.

Computes the velocities induced by a ship panel, in the panel axes, on a point
given in the same panel axes.
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TRAFP  Performs coordinate transformations from ship axes to panel axes.
TRAPF  Performs coordinate transformations from panel axes to ship axes.
TRAFPM Performs coordinate transformations from ship axes to mirror panel axes.
TRAPFM Performs coordinate transformations from mirror panel axes to ship axes.

LUDCMP Performs an LU decomposition of the ship influence coefficient matrix (from
Ref. 8).

LUBKSB Performs a back-substitution for solution of the system of equations, given the
LU decomposition of the matrix of coefficients.

52. Input Parameters

As in the prescribed vorticity version, the input parameters for the rotor/ship
interaction computation are included in the file BHAWK.DAT and in a new file called
rship.dat. The format of this latter file is as follows:

0.95 0.5 0.0 1.0 1.0 0.02 36 10 3 10 0.1
Rtv Fnw Xn0fr Fnctr Kt Eps Ngn Ngr Nmin Nmax Gndclf

The above parameters have the following meaning:

Rtv Radial location of the tip vortex

Fnw Length of near wake, in number of revolutions

Xn0fr Wake age for starting of integration

Fnctr Wake age for wake contraction, in number of revolutions

Kt  Factor used in vorticity distribution (not used in this version)

Eps Tolerance for convergence in wake integration (not used in this version)

Nan Number of points along the wake for Gauss quadrature (not used in this
version)

Nqr Number of points along the radius for Gauss quadrature (not used in this
version)
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Nmin  Minimum number of revolutions for wake integration

Nmax  Maximum number of revolutions for wake integration

Gndclf Wake clearance above deck (minimum distance between wake filaments and
deck), non-dimensionalized by the rotor radius.

Note that the format of the input file is the same as in the previous version, with
* the addition of Gndc1f. The unused input parameters were maintained for compatibility
with the previous version.

The additions to BHAWK . DAT are as in the previous version: The following flags
are added to SRUNFLAG:

IGNDEF Ground effect flag (0 for no ground effect)

ISHIP Ship flag (0 for no ship)

IRRW  Rotor induced velocity flag: If set to 1, rotor wake is used to compute inflow on
rotor disk; if set to 0, dynamic inflow is used. Recommended setting is 0.

ISEMV  Ship mean velocities flag: If set to 1, the ship airwake mean velocities are
obtained from polynomial fitting of test data; if set to 0, the panel method is
used. Recommended setting is 1.

and the following inputs are included in SRUNIC:

ALSHIP Ship attitude (deg)
PHSHIP Ship bank angle (deg)
VSHKT  Ship velocity (knots)

XSHIPO, Initial ship location in inertial reference frame.
YSHIPO,
ZSHIPO

VWIND  Wind velocity (knots)
PSIWND Wind direction (deg)
NSS Number of blade elements (was fixed in the code in the original version).
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5.3. Parametric Investigation

A limited parametric investigation was pcrformed to determine the effect of
number of revolutions and wake clearance above the ground on the ground effect
modeling. Representative results are shown in Figs. 2 and 3. In these figures the power

. required is non-dimensionalized by the hover out-of-ground effect (OGE) power required

" and plotted as a function of the reduced advance ratio, u/(C;/Z)m. These non-
dimensionalizations allow a more meaningful comparison with the experimental data in
Ref. 10, which were obtained for the Boeing-Vertol YUH-61, a helicopter of the same
class as the UH-60.

From the parametric investigation, it may be concluded that the clearance above
the ground is a minor factor, at least in the range investigated. The number of revolutions
is a major factor at low speeds, and a minor factor at high speeds, because as the speed is
increased, the wake is washed away from the deck.
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Fig. 2: Parametric Investigation: Effect of Number of Wake Revolutions.
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6. HELICOPTER/SHIP INTERACTION: FREE WAKE MODEL

In order to increase the code fidelity at very low speeds, an extension of the
-current code to a free wake mode] has been attempted. The changes in the rotor wake
- model resulted in 2 new file bhawke4. £. Preliminary runs showed that the wake was
unstable, even though relaxation techniques were used. This is illustrated in Fig. 4, where
side views of a wake filament from one blade is shown at four iteration levels. This
unstable behavior has been observed during the development of other free wake codes.
From these preliminary computations, it became apparent that the further development of
a free wake code would require a substantial effort by itself, in a deviation from the main
objective at hand, which is the helicopter/ship interaction study. Therefore, it is
recommended that the emphasis be shifted towards the adaptation of the existing free
wake module in CAMRAD for application to the helicopter/ship interaction study.
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Fig. 4: Free Wake Instability
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APPENDIX

SHIP GROUND EFFECT MODELING USING
PRESCRIBED WAKE GEOMETRY WITH
COMPUTED WAKE VORTICITY DISTRIBUTION

The effect of the ship proximity to the helicopter is modeled by using a standard
panel method, based on the classical solution by Hess and Smith7. The ship is modeled
by source panels which allow a good geometric representation. The effect of the ship on
the rotor is given by the induced velocities on the rotor disk due to the ship panels. For
the computation of the strengths of the sources, it is necessary to take into account both
the ship velocity and the velocity field on the ship due to the rotor wake. This velocity
field is computed using a rigid helical wake model. The strength of the rotor wake
vortices depends on the circulation around the rotor blade, which, in turn, depends on the
ship effects. Therefore, an iterative process would be needed. However, for the simulation
problem, it may be assumed that changes in circulation around the blade and the flow
about the ship are not too rapid and consequently the iterative process may be
intrinsically performed during the simulation process.

In order to model the ground effect due to the sea surface, the method of images is
used. An image rotor wake and an image ship panel system are placed below the sea
surface and the influence of these images are taken into account in the computation of the
downwash induced by the rotor and in the computation of the coefficient matrix for the
ship pane] method.

A.1. Ship Formulation

The ship surface is approximately represented by plane source panels with
constant distributed strength. The strengths of the sources are determined by enforcing
the non-penetration condition at the centroid of each panel. In this implementation, both
the normal component of the ship's motion and the normal component of the downwash
induced by the rotor are taken into account. The details of the ship source panel method

17



are given in Ref. 7 and therefore will not be repeated here. This formulation results in a
linear system of equations to be solved for the ship panel source strengths o:

[Al{o}=[B] (A1)

where [A] is the matrix of influence coefficients, {0} is the vector of unknown source
" strengths and [B] is the right-hand side which includes the normal component of the
velocities on the ship surface due to the free-stream and due to the rotor and its wake. The
system of equations (A.1) is solved by a standard linear equations solver. The resulting
source panel strengths are then used to compute the velocities induced by the ship source
panel system on the rotor disk.

A.2. Rotor Wake Formulation

In order to compute the induced velocity due to the rotor and its wake on the ship,
as well the rotor disk inflow distribution in ground effect, a rigid wake model is used.
This model is a modified version of the model described in Ref. 4 and allows the
computation of the instantaneous induced velocities both on the rotor disk and on the ship
surface. In Ref. 4 a prescribed vorticity distribution was assumed. In the current version,
the vorticity distribution is computed from the blade section lift, as described in more
detail in Section A.2.1. It should also be noted that in the present work the rotor wake
model is used only for computation of the induced velocities on the ship surface.
Numerical experimentation has shown that using the current model for computation of
induced velocities on the rotor disk is computationally time-consuming while presenting
no clear advantage over a dynamic inflow model.

The following assumptions are made:
1) Blade flapping angles are small and their higher harmonics are negligible;

2) The rotor blade is modeled by a lifting line of bound vorticity; this bound
vorticity is related to the blade section lift by Kutta-Joukowski's theorem;

3) The wake has a prescribed geometry, which is basically a classical skewed
helical wake, with a limited wake contraction model;
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4) The wake is divided into a "near” wake, composed of trailing and shed vortices
and a "far" wake composed of trailing tip vortices only. The strengths of the trailing and
shed vortices are given by the radial and azimuth-wise variations of the bound vorticity,
respectively, while the strength of the far wake tip vortex is assumed as equal to the
- maximum bound vorticity at the azimuth location where the vortex filament leaves the
- blade;

5) The rotor wake is convected downstream with a velocity which is equal to the
vector sum of the free stream velocity and the averaged (momentum theory value)
induced velocity over the disk.

A.2.1. Yorticity Distribution

The blade bound vorticity distribution is obtained through an iterative process
from the blade section lift. Let the blade section bound vorticity be I‘bij =T ‘?(ri ¥j). From

Kutta-Joukowski theorem:

L=pVyI=p (QRXfi + p sin ;) Ty, (A.2)
or:
Ty = &y - (A.3)
P(QR)(F:+ pusiny))
A.2.2. Velocity Induced by Blade Bound Vortices

From the computed bound vorticity distribution, the velocity induced by the blade
bound vortices can be obtained by application of the Biot-Savart law:

1
Vb=—-l— r dsy X ARpy

4n b 3
bRy

(A4)

19



where dS,, is the elementary vector in the direction of the vortex filament and Aﬁpb is the
position vector of the point in question with respect to the bound vortex element.
Denoting by l-?:b the position vector of a blade bound vortex element as expressed in the
tip-path-plane (TPP) reference frame:

—

Rb=r{[~ cos w‘i'r-sin\y}r] cos Po + sin fo E'r} (A.5)

Then the elementary vector dsp, can be obtained from:

i

3Ry
‘b=§_l:dr (A.6)
or
with
%t-’-z[-cos\l,r‘i-r-sin\p:i'r]cosBg+sinBo‘lZ'r=-i§rE (A7)

Given a point with coordinates (xp, yp, zp) in the tip-path-plane reference frame,
the vector Aﬁpb is then:

ARpy=Rp-Ryp= (XP§T+)'P3T+ZP§T)- Ry (A.8)

The discretization of Eqs (A.5—-A.8) is straightforward. Eq. (A.4) then reduces to a
summation over the blade:

N - -
vely;, Rp) = vi, = 3};21 Ty, ésﬁé—%”—bi (A.9)
= Pby

A.23. Near Wake

As mentioned above, the near wake is assumed to be composed of trailing and
shed vortices, with strength given by the radial and azimuth-wise variations of the bound



vorticity, respectively, at the azimuth location where the vortex filament leaves the blade.
Let us first consider an clement of a trailing vortex filament of length r; Av, which left the
blade at the radial location r;, and is located at a wake age vi. This element has left the
blade when it was at an azimuth location yj~Vy, ¥; being the current azimuth location of
the blade. Therefore, the vorticity of the element is given by I'y (T, yj~vi) 1; Av, where
l"m =TIy (Tj,yj-Vi) is the trailing vortex vorticity, equal to the radial variation of I'y:

_dTI N ru(ﬁ, V- Vk)"rb(Fi-h V- Vt)
oo Fi—Tin

T =T(Fu ¥~ v) (A.10)

The velocity induced by the entire filament at a point is given by integration of
elementary induced velocities obtained from the Biot-Savart law:

Vo
- d.S.tXAﬁP;
dvl--‘%t— rxm— (A.11)
vl

where d5; is the elementary vector in the direction of the vortex filament and Aﬁp; is the
position vector of the point in question with respect to the vortex element. Note that the
integration is performed only along the "near” wake. Note also that Eq.(A.11) gives only
the velocity induced by a single trailing vortex filament. To obtain the total induced
velocity due to all trailing vortex filaments, one has to integrate Eq.(A.11) along the
blade, i.e.:

1 vow
__1_ rd-s.lXAﬁPl

4

Denoting by ﬁs the position vector of the trailing vortex element as expressed in
the tip-path-plane (TPP) reference frame and using the assumption that the wake is
convected downstream with a velocity which is equal to the vector sum of the free stream
velocity and the averaged induced velocity over the disk, we have:

L)
-

R =1 {[- cos (y-v) ir - sin (y-v) 1] cos By + sin By kr) + E;SEY&V (A.13)
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where By is the coning angle, Q is the rotor rotational speed, VH, is the helicopter velocity
vector in the TPP reference frame, ‘rr n and ET are the unit vectors corresponding to the
TPP axes, and v, is the averaged induced inflow vector, given by:

Vio=- (OR) 2, &r (A.14)

where A;, is the induced inflow ratio. The elementary vector in the direction of the
filament, ds;, can be obtained as:

= Y rdv (A.15)
aRs
ov
with
%VR-i =T [- sin (y-v) it + cos (y-V) :‘rr] cos Bo + !5—'—‘;!—“-’- (A.16)

Given a point with coordinates (xp, yp, zp) in the tip-path-plane reference frame,
the vector Aﬁp; is then:

A§m=ﬁp-§s=(xp‘i'r+yp}r+2p§'r)'ﬁs (A.17)

The discretization of Eqs (A.13-A.17) is straightforward. Eq. (A.12) then reduces
to a double summation over the radial and wake coordinates along the near wake:

t( ..) _LN" N AS.. x ARpy,
vy Re) = vy = 2L 21, _z:,na—‘v’*——f“ﬁ ; (A.18)
=] i= Pto'k

Now, let us consider an element of a shed vortex filament of length Ar;, which left
the blade at the radial location 1;, and is located at a wake age vg. This element has left
the blade when it was at an azimuth location yj—vy, j being the current azimuth location
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of the blade. Therefore, the vorticity of the element is given by I's (f, Vi) Ar;, where I’
(Ti,Wj—Vvi) is the shed vortex vorticity, equal to the azimuthal variation of I'p:

ars _To(Fu¥,=vi)-Tu(Fu ;- vi)
E Ay

To=L.(Fu¥;-v)= (A19)

The velocity induced by the entire shed vortex system at a point is given by radial
integration of elementary induced velocities obtained from the Biot-Savart law, and
subsequent integration along the wake to account for all the shed vortices:

Ve 1

ds, x AR
Vo= Z&E r,———F (A.20)
iy lARPsF

i)

Note that the integration is performed only along the "near” wake. The position
vector of the shed vortex element, ﬁm is given again by Eq. (A.13), therefore the vector
Aﬁp; is equal to Aﬁpt and is accordingly given by Eq. (A.17). The elementary vector in
the direction of the shed vortex filament, ds;, can be obtained as:

R
5= O ar (A21)
OR;
or
with
Rs s . 4 . ~
—= =[- cos (y-v)r - sin (y-v) jz] cos B + sin Bo kr (A.22)

The discretization of Eq (A.22) is straightforward. Eq. (A.20) then reduces to a
double summation over the radial and wake coordinates along the near wake:

AS,. xAR
vlypRe)=vy= L3 3 Ty, ASsy X ARpy (A23)

k=1 i=l lA-.psuF
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A.24. Far Wake

As mentioned above, the far wake is assumed to be composed of trailing tip
vortices only, with strength assumed as equal to the maximum bound vorticity at the
azimuth location where the vortex filament leaves the blade. Considering an element of

3 wake filament of length ryy Av (where iy corresponds to the radial location where the tip
vortex has rolled up) and at a wake age vy, this element has left the blade when it was at
an azimuth location yj—Vvy, y;j being the current azimuth location of the blade. Therefore,
the vorticity of the element is given by l"-rﬁ rev Av = I'T (Yj-vi) 1y Av, where I't (y-v)
is the trailing tip vortex vorticity, equal to the radial maximum of I'y:

I‘r,=I‘r(W,- v;)=m‘_axl“»(F.-,V,-- V&) (A24)

The velocity induced by the wake at a point is given by integration of elementary
induced velocities obtained from the Biot-Savart law:

dsT x Aipr
) kRt w5

vr

where dSr is the elementary vector in the direction of the vortex filament and ARpr is the
position vector of the point in question with respect to the vortex element. Denoting by
ﬁ-r the position vector of the tip vortex element as expressed in the tip-path-plane (TPP)
reference frame and using the assumption that the wake is convected downstream with a
velocity which is equal to the vector sum of the free stream velocity and the averaged
induced velocity over the disk, we have:

Rr=rw {[ cos (w—v)‘i-r -sin (\y-v)}r] cos By + sin o ?—r} + —Y“‘—'a\ﬁ'ﬁ \ (A.26)

The elementary vector in the direction of the tip vortex filament, dst, can be
obtained as:



Q)‘
3

dst = ‘Z" Iy dv (A27)
ORT|
ov
with
?_;Evz =1y [- in (y-v) it + cos (y-v) n] cos Bo + -Y-‘B-'—‘;"—“h (A.28)

Given a point with coordinates (xp, yp, zp) in the tip-path-plane reference frame,
the vector Aﬁyr is then:

Aﬁpr = ﬁp - ﬁ'r = (XP g'r +yp }r +zp ET) - ﬁ'r (A.29)

The discretization of Eqs (A.26-A.29) is straightforward. Eq. (A.25) then reduces
to a summation over the wake coordinate along the far wake:

--

= & AsT, X Aﬁpr
"T(‘I’j:RP) =vy, = ZL Sy I —r (A.30)
T Nowt IARpr

A.2.5. Yortex Core Model

A Rankine vortex core model® with radius of one tenth of the blade chord is used.
This model is illustrated in Fig. A.1, and is applied by scaling the induced velocity due to
the elementary vortex filament by the square of the ratio between the distance to the
filament and the core radius, whenever the point where the induced velocity is being
calculated lies within the vortex core.
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Fig. A.1: Rankine Vortex Core Model
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