Study of a Downwash Caused by a Hovering Rotor in Ground Effect
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Abstract

Helicopter is allowed to land onto a highway during emergency medical service (EMS) recently in
Japan. While there are concerns about the influence of the caused downwash on the surface vehicles,
especially the motorcycles, relatively strict regulation is set for the landing areas. An investigation
group was organized by ATEC (Association of Air Transport Engineering and Research) in Japan to
study the detailed structure of the downwash caused by a hovering helicopter and its influence on
the surface vehicles. Simulation using CFD methods were carried out and combined with the
jet-blowing experimental results, a general downwash model for a hovering rotor in ground effect is
proposed in this study.

() 0 rotor torque coefficient
Nomenclature D rotor diameter, =2R
o F numerical flux
Abbreviations N metrics vector for cell surface pressure
CFD Computational Fluid Dynamics 0 rotor shaft torque, Nm
HART  Higher harmonic control Aeroacoustic Q conservative variable vector of flow
Rotor Test R rotor radius
WIM Wall Jet Model induced by rotor in T rotor thrust, N
hover uv wind at ground vehicle axis
MUSCL Monotone Upstream-Centered Scheme Vio uniform induced velocity at rotor plane
for Conservation Laws in hover based on momentum theory
TVD Total Variation Diminishing XYZ fixed axes, origin at rotor center
SHUS  Simple  High-resolution ~ Upwing b coefficient in MUSCL limiter;
Scheme also used as length scale for wall jet
FCMT  Fourth-order Compact MUSCL TVD b, coefficient in MUSCL slope limiter
AUSM  Advection Upstream Splitting Method c blade chord
FDS Flux Difference Splitting h total enthalpy of flow
CFL Courant-Friedrich-Lewy hg rotor height from ground
IGE In Ground Effect p pressure
OGE Out of Ground Effect r radial distance from rotor center
EMS  Emergency Medical Service uv,w  velocity components of flow in X,Y,Z
MPI Message Passing Interface direction respectively
) primitive variable vector in Euler
Symbols equations
4 rotor area, = 7R’ A differepce operator
C, rotor thrust coefficient % collectlvg pitch angle, deg
0 flowdensity



Superscripts
L value at left side of cell boundary

R value at right side of cell boundary

Subscripts

i grid coordinate index, spanwise on
blade

j grid coordinate index, chordwise on
blade

k thickwise coordinate index of blade
grid

n normal to cell surface

Introduction

It is well known that while a helicopter is flying
at very low air speed near the ground, the wake
from the helicopter rapidly change its structure
from a ideal hovering state to a large roll-up flow
arround the helicopter which causes the
brown-out when onto a sandy surface and
white-out while onto a snowy surface. This also
causes large variations in the downwash
velocities along the ground surface in the vicinity.
Considering the influence of the downwash on
the ground traffics, strongest wall jet is observed
when the helicopter is in a hovering flight near
the ground.

Helicopters are widely used for emergency
medical services (EMS). It is very effective to
send a doctor with a nurse directly onto a traffic
accident site to save the casualties and has been
proved to reduce the death-rate significantly.
However, there are still concerns about the
influences on the nearby cars and motorcycles of
the downwash induced by the helicopter during
landing and take-off on the highway. Detailed
understanding of the downwash structure thus
will be helpful for the safe operation of helicopter
onto the highway while the traffic on the
neighboring opposite car lane is not stopped.

Downwash on the ground induced by a hovering
rotor is a somewhat classical problem for
helicopter industry but the available published
literatures of measurement is quite limited. The
measurement done by NASA (Ref. 1) with a
H-13 helicopter back in 1961 still remains the
often referenced source of such experiments.
Because the natural wind may significantly
influence the downwash structure, it is very
difficult if not impossible to perform a reliable
measurement with small deviations. The
flowfield itself have instinct unsteady features

that make it more difficult to distinguish that
from the fluctuations caused by the
environmental winds.

There are more experiments with small model
rotors reported on the ground effect and its
influence on the wall jet on the ground. Iboshi
et al. (Ref. 2) have done a series of such
measurements with a pitot tube and show the
velocity profiles near the rotor are significant
influenced by the rotor height but suggested a
strong similarity with different thrust while
scaled with the uniform induced velocities
calculated with simple momentum theory.

Currently, Leishman et al. (Ref. 3) performed a
detailed flow structure measurements with a
dual-laser technique of a hovering rotor in ground
effect and clarified the unsteady structure of the
flow caused by the vortices shed from the tip of
the rotor blade especially in the vicinity of the
rotor. It is also indicated that the vortices
dissipate fast inside the wall jet away from the
rotor and the fluctuations of the flow speed
decays accordingly.

In Japan, EMS helicopter (called Doctor-Heli in
Japan) is allowed to directly land onto the
highway just very recently. The concern about
the influence of the downwash on the ground
traffic at the opposite lanes arises. A
comparatively strict regulation of the ground
traffic on the neighbor opposite lane is testingly
carried on. With clearer understanding of the
structure of the helicopter downwash and its
effect on the ground vehicles, a more reasonable
regulation is hopefully to be established which
should improve the operativity of the EMS
helicopters in Japan. An investigation group
was organized by ATEC (Association of Air
Transport Engineering and Research) in Japan to
study the detailed structure of the downwash
caused by a hovering helicopter and its influence
on the surface vehicles, especially the
motorcycles. Simulations using CFD methods
were carried out in JAXA (Japan Aerospace
eXploration Agency) for a hovering rotor above a
flat plane at various heights from the ground.
Away from the rotor, considering the similarity of
the flowfield with the jet-blowing, it is proposed
to switch to the jet-blowing experimental results,
while the swirl velocity component from the CFD
results is remained. Finally, a general
downwash model for a hovering rotor in ground
effect is proposed, which offers a first order of



estimation of the wvelocity distribution and
direction of the airflow parallel with the ground
at any position from the center of the hovering
rotor. It is suggested to use this simple
downwash model for further analysis of the
influence of the downwash from a hovering rotor
on the ground traffic.

CFD Simulation

A CFD code referred as JAXA ov3d (Ref. 4)
based on the moving overlapped grids method is
used and its main features are as follows:

A fine inner background Cartesian grid is used to

resolve the vortex wake of the rotor in addition to

the wider outer background Cartesian grid.

SOH type blade grid is used mainly for shape

fidelity.

e Divided time steps between grids allow
correct time advancing based on blade
azimuth angle under respective CFL number
limits set for each grid where different
numerical scheme could be used.

e  Fully unsteady Euler/NS formulations so the
blade motion effects are reflected through
grid moving and deforming only.

e A Simple High-resolution Upwind Scheme
(SHUS) (Ref. 5) is used for the Cartesian
background grids with 4™ order accuracy in
space and also an explicit 4 stages
Runge-Kutta integration scheme (Ref. 6) in
time is used.

e A robust 2nd-order implicit TVD scheme
(Ref. 7) is used for the moving blade grids
allowing larger CFL number.

e Standard MPI routines are adapted for
parallel computing processes.

SHUS (Simple High-resolution Upwind Scheme)
scheme is developed by Shima et al. (Ref. 5) as
an improvement from AUSM (Advection
Upstream Splitting Method) scheme (Ref. 8) by
using Roe’s FDS mass flux instead of that in
original AUSM scheme. The overshoot at shock

front is eliminated and this scheme is more robust.

Combined with a 4™-order compact MUSCL
extrapolation method, this scheme is very stable
and has good preservation of vortex (Ref. 9).

The Euler equations can be written in a integral
form as follows:

IV Qdv + LEdS =0 1)

V is the volume and OV is the surface of the
control volume cell in consideration. Here,

P
pu
Q=| pu (2)
pu
e
F = m® + pN 3)
1 0
u X,
®=|v|, N=|y, 4)
w z,
h 0
m=pV, .,V =xu+yv+zw (5

where p,u,v,e, p,h=(e+ p)/ p represent
density, velocity in x, y and z direction, total
energy per unit volume, pressure and total
enthalpy respectively. (x,,»,,z,) is the unit
vector normal to the surface from left to right
side. AUSM scheme is based on the fact that
the advection term and the pressure term can be
upwinded separately. m and p are mass flux
and pressure at the cell boundary which have
different definition for different numerical
scheme. Shima et al. has shown that AUSM and
also other AUSM type schemes can be written in
following form,

L mll, m

®* +pN (6

where superscripts L and R show physical value
at left and right side of cell boundary, and p is

a mixing of pressure using Mach number of left
and right state which is defined by,

p=pp" +pp" (7)
where
g = LFm e +1f, Mt <1 ©
%(1 + sign(iMi)), otherwise
and
VL VR
M =", M =-% ©)
c c

Roe’s FDS is used for the mass flux in SHUS
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here Ag=¢q"—¢q" , and ¢ etc are the
averages of the left and right side values.

By choosing the interpolation method for the
values of primitive variables at each side of the
cell boundary, a scheme with any spatially
desired accuracy can be constructed. A compact
4™ order spatial accurate scheme is realized by
using following MUSCL-TVD interpolations as
proposed by Yamamoto et al. (Ref. 10):

qiL+1/2 =q, +%(A*qi71/2 +2A*ai+1/2)’ (1)
qilil/z =4 _%(ZA*‘ZHM +A*Zii+3/2) (12)
where
A g, =min mOd[A q;1/2,DA qi+1/2]’

A*awl/z =min mOd[A*qu/Z’bA*qi—l/Z]’
A*q_m/z = min mOd[A*qHI/Z’bA*qH}/Z

I
A*qu/z = min mOd[A*CIHS/Z’bA*qHI/Z ]
and

* 3
NG =0 =582
3_ — — —
NG =401, =20G,, + AGy,,
with
Ag, ,,, =min mOd[qu'fl/z DiIAG; 0,005 ]’
Ag.,,, =min mOd[Aqu/z9b]Aqi+3/29blAqi—l/2]’
Ag,,3, = min mOd[A‘]m/z biAG5,bAG, ), ]’
and
NGy =G0 — ;-
The operator “minmod” made up of two parts.
When the arguments of the operator are of
different signs, the value returned by the operator
is zero. When the arguments are of same sign,

the operator returns with the value of smallest
absolute value. For two arguments,

minmod[x, y] =S - max|0, min{]x

Syl
and for three arguments,
minmod[x, y,z] =S - max[0, min{|x|,S -y, 8- z}]

here

S = sign(x)

b and b; are the so-called “compression”
parameter in the limiter. In current calculations,
b=4 and b;=2 were specified.

The so-called SOH type blade grid is used in this
study. There is a singular line on the blade tip
end and the grid is of O-type in the chordwise
direction. A sample of the SOH-type grid
arround a rectangular tip end blade is shown in
figure 1.

L(—; §

(a) Overall grid surrounding blade

(b) Grid points on the blade tip
Figure 1: SOH type blade grid

With SOH type blade grid, the blade shape
fidelity is kept and the k=1 surface is consistent
with the blade surface to allow easier boundary
condition application.

As shown in Figure 2, a moving overlapped
grid system is used for this study. Ground
boundary condition is applied to the bottom
surface of the outer background grid. The
height of the rotor from the ground is simulated
by changing the position of the bottom surface
relative to the center of the rotor. HART II rotor
model (Ref. 11) which simulates the main rotor
of BO-105 helicopter is used conveniently for
this study. Rotor height %z is changed from
0.6R to 3R and also an out-of-ground effect case
is calculated for reference as shown in Table 1.



Ground Surface |

Figure 2: Overlapped grid system used for
ground effect simulation

rotor blades abruptly start to rotate at a constant
speed at the beginning of the computation. As
can be seen from Figure 3, the ground effect is
felt by the blade at about 7 rotor revolutions
where smaller pitch angle is enough to produce a
same thrust in this case. The collective pitch
angles and required torque corresponding to
different rotor height is obtained under a constant
thrust condition as shown in Table 2.

Table 2: Computation conditions of HART II
rotor model in hover

Collective pitch history for HART Il rotor in hover
hR/R=1.0
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Figure 3: Collective pitch angle adjustment
history, Az/R=1.0

HART Model

Rotor Radius R=2m
Blade chord ¢=0.121m
Blade number Npip=4
Freestream Mach number M_=0.0
Hovering tip Mach number |M;;,;=0.6347
Rotation speed Q=109.12rad/s
Advance ratio p 0.0
Rotor height from ground [/ z/R=0.6 3.0

T=3300N
Thrust C r=0.004574

C r/6=0.004574

The history of thrust changes for hp/R=1.0 is
shown in Figure 4. Where thrust coefficient Cr
is defined as

Table 1: IGE computation cases C,=T / PA( RQ)2 (13)
Case No.| hgr/R CFD Domain
1 0.6 Thrust coefficient history for HART II rotor in hover
2 0.8 7.E-03 hR‘/R v ‘ ‘
3 0.9 6.E-03 i i i
4 1.0 6.0 X/R 6.0 5.E-03 ! ! !
5 1.2 -6.0 Y/R 6.0 & 4.E-03 ? | ;CTl 1
6 1.5 -hg/R Z/R 3.0 3B-03 [~-------~ T CTep
7 2.0 2.E-03 | | |
8 3.0 0 L
0.E+00 : :
9 OGE 0 10 20 30 40 50
rotor revolution
During the computation, the collective pitch

angle of the rotor is adjusted every 90 degrees to
keep the averaged thrust per revolution equal to
the target thrust. A sample of the time histories
of collective pitch angle adjustment for rotor
height /4z/R of 1.0 is shown in Figure 3. The

Figure 4: Thrust history for 4z/R=1.0

It can be seen that the thrust is converged to the
target thrust after 5 rotor revolutions.



History of the required torque is shown in Figure
5. Here the torque coefficient is defined as

C, =0/ pA(RQ)’ R (14)

Compared with the thrust history of Figure 4,
torque and also collective pitch angle as shown in
Figure 3 converge slower and fluctuation remains
even after long period of computations (more
than 50 rotor revolutions). Same phenomena
also reported by Phillips and Brown (Ref. 12).
The rotor flow structure grows and evolves at a
long time-scale in ground effect and there may
exist an low frequency unsteady nature of this
flowfield where the time-scale depends on the
rotor height.  Further studies regarding the
infuences of boundary conditions, grid
resolutions, and other numerical settings on this
obtained flow unsteadiness is required. At this
point, only nearly converged state is obtained for
all the cases in ground effect. Error bars
indicate the range between maximum and
minimum of collective pitch angle and required
power are added to the averaged values as shown
in Figure 6 and Figure 7.

Torque coefficient history for HART II rotor in hover
hr/R=1.0

6.E-04
5.E-04
4.E-04

S 3E-04
2.E-04

1.E-04

0.E+00

rotor revolution

Figure 5: Torque history for 4z/R =1.0

The final converged values of collective pitch
angle with regard to various rotor heights are
shown in Figure 6. Smaller collective pitch
angle is required for lower rotor height which
agrees with our existing empirical knowledge.

Figure 7 shows the calculated required power
reduction from the OGE condition versus the
rotor height. The result compares well with
Cheeseman-Bennett’s relation (Ref.13).

[PIGEJ - (15)
Poe ), 1+(R/4hy)

Hayden’ empirical relation (Ref.14) defined as

P _ 1 16
Pogr ), 0.9926+0.03794(2R/ hy )’

is also shown in Figure 7. This empirical
relation is based on the helicopter flight test data
where the fuselage is exists. As can be seen
from Figure 8, where the velocity vectors in the
rotor center section are shown, there is a
significant upwash area in the center part of the
rotor which becomes stronger when the rotor
height decrease, that should benefit the power
comsuption when a fuselage is located there.
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Figure 6: Required collective pitch angle vs
rotor height, error bars indicate the range of max
and min values
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Figure 7: Required power change with rotor
height, error bars indicate the range of max and
min values

Velocity vectors at the rotor center section for
hg/R =1.0 is shown in Figure 8. It can be seen
the high speed flow is constrained in a thin layer
along the ground surface which forms a wall jet.
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Figure 8: Velocity vectors in X plane for
he/R=1.0

An iso-vorticity plot for hg/R =1.0 at 20 rotor
revolutions from start is shown in Figure 9. The
starting vortex is expanding along the ground
surface and gradually decreases in strenghth.
Also a secondary strong vortex is formed on the
ground which is generated by the collective pitch
adjustment when the ground effect reach back to
the rotor. A nearly converged solution for the
rotor induced flowfield is obtained after this
starting vortex goes out of the computation
domain.

=
‘f‘

Figure 9: Iso-vorticity for sz/R =1.0 at 20 rotor
revolutions

Velocity profiles calculated using the CFD Euler
solver for iz/R=1.0 is shown in Figure 10. The
velocity is nondimensionalized by the uniform
induced velocity defined as

Vo = |5 = |78 (7
2p4  \ 2pR’

Apparently, due to the neglect of the viscous
effects in the CFD Euler solution, boundary layer

development on the ground surface for the wall
jet can not be predicted. However, at the near
positions from the rotor, the comparison of the
CFD results with the experiment is quite well.
But the comparison is poor for that at X/R=3.0.
This indicates that to correctly predict the flow
away from the rotor, viscous effect becomes
important, and Navier-Stokes solvers must be
used for this problem. This will be a future
works for this study. At this time, for the
far-field flow where viscous effect must be taken
into consideration, existing empirical results of a
vertical jet blow are used.

Velocity profiles at different positions for 4 z/R=1.0

*Note
C1/6=0.0740  Iboshi et al.
C1/6=0.0594 Present

<& X/R=1.25 Iboshi

O  X/R=2.0 Iboshi

A X/R=3.0(Iboshi)
= X/R=1.25(Present)
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Figure 10: Comparion of velocity profiles
between computation and experiment

The maximum radial velocity along the Y axis for
hg/R =1.0 is plotted in Figure 11. It reaches a
peak at near 2R away from the rotor center and
then decreases gradually. Compared with
existing experimental data, the decay rate is not
low enough due to the lack of viscous dissipation.
As will be discussed in next section, a modified
vertical jet blow model agrees well with the
experiments and this will be used for the
proposed wall jet model for a hovering rotor.

. . . — — CFD,WR=10
Maximum Radial Velocity
Jet Flow Model
30 I I
| | NASA TN-D-977 (Ref.1)
| |
25 oo N\ | T 7] & Iboshietal experiment
| | (Ref.2)
20 F-—-—--- '\ 1l _ — _ 1L _ _ | ==¥—Modified Jet Flow model
g LN
g 15 /
G A et . O I B
/7
4 |
05 7777777777\7777\77777\ 77777 \77 |
| | | | |
0.0 I I I I |
0 1 2 3 4 5 6
Y/R

Figure 11: Maximum velocity in the wall jet



In the flow near the ground, caused by the
rotating rotor, there is a tangential velocity
component (whirl) as shown in Figure 12. This
is a typical rotor induced flowfield feature differs
from a simple vertical jet blow. This tangential
velocity component is retained for the proposed
wall jet model.

Maximum Tangential Velocity
CFD Euler solution

Unmax'Vio

Y/R

Figure 12: Maximum tangential velocity in the
wall jet

Analogy to a vertical jet blowing model

As a simplest model for a rotor induced wall jet
flow, we can consider it as a flow formed by an
impinging vertical jet blow to a wall. For an
axial jet blow impinging vertically to a wall, a
wall jet along the wall is formed as illustrated in
Figure 13.

Figure 13:  Axial jet blowing impingement

model

The maximum speed u,, in the wall jet is given as
a function of the distance from the jet center as

u, 1.03

— (18
U, (rj (18)
d

by Poreh et al. (Ref. 15) empirically. Here U is
the jet blowing speed. For a hovering helicopter
rotor, we can take U,=2V;. Also, d is the
diameter of the jet blowing outlet. For a
hovering rotor high enough from the ground and
with ideal wake contraction, we can take d=+/2R .
But as can see in Figure 11, this gives an
under-prediction of the u, compared with
experiments. It is modified to be d=1.2 V2R to
meet with the experimental measurements. For
a hovering rotor in ground effect, this factor may
further need to be modified as a function of the
rotor height. But at this point, there are no
enough experimental and calculated data to
establish such a relationship. So a simple wall
jet model (WIM) caused by a hovering rotor is
proposed regardless of the rotor height in this
study.

Jet blowing velocity profile
2.0
1.5
S 10
0.5
0.0
0 0.2 0.4 0.6 0.8 1
u/u

Figure 14: Velocity profile on the ground of
wall jet induced by impinging axial symmetric jet
blowing

A length scale b is also empirically defined as
b=0.087r (19)

which is refered as the vertical height where the
speed is u,/2.

The velocity profile for the wall jet caused by the
axial vertical jet blow can be described as follows
based on the experimental measurements:



i = (ij{o.39414(2 - ZT o0

+ 0.0087055[2 - Zj + 0.087055}

This formulae holds for 0<z/b<2. The
semi-similar velocity profile is shown in Figure
18.

Wall jet model for a hovering rotor

From above results and discussions, a simple wall
jet model (WJM) caused by a hovering rotor is
proposed. In the inner part arround the rotor,
results from CFD inviscid analysis are used.
Away from the rotor, vertical jet blowing
empirical relations are used while the whirl
component from the CFD result is retained.
This makes this model at the outer part differ
from the simple vertical jet blowing flowfield.
The positional relation of a moving ground
vehicle with the rotor is defined in Figure 15.

\% A

Surface Vehicle Moving Direction

ky/ %

Figure 15: Position relation of a surface moving
vehicle with rotor

To compute the wind in the vehicle-based axes,
let U to be the maximum wind toward the head of
the vehicle and V the maximum wind tangential
to the vehicle from side, assume the wall jet
maximum velocity components in the radial
direction to be ¥, and tangential direction to be Vg,
then

U=V (r)cos@+V,(r)sin @
V=V (r)sin@-V,(r)cos@

When the vehicle poisition is at (X, Yz), then we
have

2]

r=yXp YR
R R

Y,
6=rm—tan'| =&
XR

V(r) is obtained by curve fitting in Figure 15 for
the inner part as

5O o] +al5) a5 +al5) vl 5] +alF)re
(23)
where

(22)

a, =-1253x107°
a, =6.815x107*
a, =-1.465x107"

a, =0.1568
a, =—-0.8607
a, =2.129

a, =5.022x107

For »/R>1.8, relations from vertical jet blowing is
used with application to a hovering rotor with
modified blowing outlet diameter as
v (r) _ 3.496 (24)
Vio r/R

And for 7, component, we have

V,(r) r\° Y Y Y rY r
u :bé[f) +b5[7j +b4[7) +b3[7j +bz(7] +b,[fj+b0
2% R R R R R R

(25)

for OS(FJSZ
R

b, =0.7812
b, =—5.2705
b, =12.999
b, =—13.574
b, =4.5165
b, =0.5241
b, =0.2167

and for 2 < (F]
R

b, =—-1.873x107"
by =9.318x10°°
b, =-1.799x10"*
b, =1.673x107°
b, =-7.363x107
b, =9.244x107°
b, =6.080x107°



The velocity profile on the wall is assumed to be
that from equation(20).

‘Wall Jet Model (WIM) Predicted Velocities vs NASA TN-D-977 Data

for sample helicopter GW=3350kg, R=5.5m
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Figure 16: Comparison of proposed wall jet

model with experiment

Velocity profiles predicted by above wall jet
model are compared with dimensionalized
measurement results in Ref.1 in Figure 16. A
helicopter with gross weight of 3350 kg and rotor
radius of 5.5 m is taken as a typical sample of
EMS helicopters. The agreement between the
proposed wall jet model and experimental
measurement is reasonably well.

Simulated winds encountered by a ground vehicle
moving at a straight line with distance of 11m
(2R) are shown in Figure 17 when above sample
At height of
0.5m, maximum side wind of 17m/s is expected.
When the distance is 22m (4R) away from the
rotor center, this wind decreases to 10 m/s and
the difference between the height get smaller.

helicopter is in hovering flight.

The wall jet model proposed here is simple to be
incorporated into a driving simulator where
further studies concerning the ground traffic
safety influenced by downwash from a hovering
helicopter can be carried out.
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Hovering Rotor Induced Downwash along a straight line at Y=11m
Sample helicopter GW=3350kg, R=5.5m
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Figure 17: Wind speed change at different

height along a line 11m away from a hovering
helicopter (GW=3350kg, R=5.5m) as predicted
by proposed wall jet model

Hovering Rotor Induced Downwash along a straight line at Y=22m
Sample helicopter GW=3350kg, R=5.5m

U, V(m/s)

—— U (Z-0.5m)
—=— V (Z=0.5m) I
U (Z=1.0m) "
V (Z=1.0m) I
| —— U (z=1.5m)
—— V (Z=1.5m) I

-40 -30 -20 -10 0 10 20 30 40
X (m)

Figure 18: Wind speed change at different
height along a line 22m away from a hovering
helicopter (GW=3350kg, R=5.5m) as predicted
by proposed wall jet model

Concluding remarks

Downwash caused by hovering rotor in ground
effect is studied with emphasis on its influence on
ground traffic.

With a Euler solver, rotor in ground effect is
simulated and the obtained power merit curve for
an  isolated  rotor agreed with  the
Cheeseman-Bennett relation.

The flow along the ground obtained by the Euler
solver differs from experiment away from the
rotor where boundary layer develops along the
ground becomes dominant and for further CFD
studies, viscous effect must be taken into



consideration for this part of flow.

A Wall Jet Model (WIM) is proposed for the
flowfield induced by a hovering rotor which is
simple and easy to be incorporated into a driving
simulator for ground vehicles to study the safety
problem influenced by the downwash of a
helicopter. ~ This model is composed with
inviscid CFD results at near-field and a modified
relation based on experimental results of vertical
jet blow for the far-field on the ground.

Fuselage can have strong influence on the
near-field flow structure and was not taken into
account for current study. Further CFD studies
include the viscous effect and fuselage could give
more accurate and detailed flowfield
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