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SYMBOLS
Am maximum cross-sectional area
A reference cross-sectional area, nHv2/4
A, cross-sectional area at aft end

c yawing-moment coefficient, Mz/Aqu

c based on maximum cross-sectional area, Mz/Aqu
Cy side-force coefficient, Y/Arq
EY based on maximum cross-sectional area, Y/Amq

: H nominal height setting of model from ground belt
! (NASA TN D-5935)

§ L  body length

Mz yawing moment (Fig. 1)
v vehicle velocity

{ Y side force

d diameter of a circle with cross-sectional area equivalent
to maximum cross-sectional area of model (NASA TN D-5935)

g function in Equations (4) and (5)
‘vehicle or body local, maximum and reduced height, ﬁv= hv/“

h side-rail height

k constant in Equations (4) and (5)

ix




a4 dynamic pressure, pv§/2

r side-rail factor

w
Vo side-wind velocity

. . 2 2
V. relative velocity, (v° + Vo

w,_  vehicle local width

X,z longitudinal and vertical coordinates (Figure 1)
8 sideslip angle

Y nondimensional wall height, hw/llV

A reduced body length, L-/HV

Al reduced length of body nose (Figure 1)

£,% reduced coordinates; & = x/Hv, ; = z/Hv

1 £-coordinate where side-rail equals body height

Subscrigts

(o} viscous, cross-flow value

[y

s slender-body value

A aft end of body



1. INTRODUCTION

High-speed ground vehicles, such as the tracked air cushion
vehicles (TACV) under development by the U.S. Department of
Transportation, may be design constrained by the forces due to
side winds, Traveling at speeds of 150 to 300 miles per hour,
side forces due to wi: is may require lateral constraint on the
vehicle that could be a significant factor to air cushion costs,
guideway costs, and cushion power requirements.

Ruetenik and Zartarian1 developed a theoretical method for
predicting the transient air forces on high-speed ground vehicles
of TACV type due to side-wind gusts. The method is an exten-
sion of a theoretical method developed by Ruetenik and Brooks2
for predicting the transient air forces on missile-type bodies
due to indicial sinking (sudden angle of attack). The method of
Ruetenik and Brooks also predicts the forces and moments due to a
steady side wind, and comparisons made in reference 2 with experi-
mental data showed good agreement for bodies to angles of attack
as high as 25 degrees.

Data are not available on the air forces produced by side-~
wind gusts acting upon high-speed ground vehicles, so comparisons
were made by Ruetenik and Zartarian1 with the steady-state force
data for TACV-type models from experiments performed by Grunwald3
where models were yawed in a wind tunnel using the Langley moving-
belt facility. The steady-state side force predicted by Ruetenik
and Zartarianl for a single body was 2.13 times the value measured
by Grunwald3, whereas good correlation was found by reference 1
with the measurements made by Perkins and Jorgensen4 and Schindel5
on similar bodies in wind tunnels. The large overprediction of
the side forces for these ground-vehicle models was attributed
by reference 1 to ground-plane effects. It was concluded that
the effect of a ground plane and other environmental features,
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such as side rails, air cushions, ground-plane gap and “chi rle
configuration should be studied.

Other wind-tunnel data have become available from force and
noment measurements on high-speed, ground-vehicle nodels.
Measurements are reported by GrunwaldG for examining the effect
of various air cushion types on the side-wind air forces. The
Tracked Hovercraft Limited7 performed measurements on wind-tunnel
models in an elevated track simulation with an inverted-tee secc-
tion track and a channel-section track. Data have also been
obtained by Grumman8 on a model of the tracked air cushion
rescarch vehicle (TACRV) being develoved for the Federal Railroad
Administration. The simulated TAC!V vehicle uses a channel guideway
and the vehicle has a body separate from the chassis with a

simulated jet air-supply svstem mounted aft above.

One objectiv: of the present study is to correlate all the
available data with theoretical methods for predicting the
steady-state side-force and yawing moment due to side winds.

Two theoretical methods are available for correlation of high-
speed ground vehicle data. Both methods include the effect of
side rails. WQolard9 has developed a method for predicting the
side force based on slender-body theory for a non-viscous fluid.
Ructenik and Zartarianl developed equations for predicting the
side force and yawing moment using slender-body theory and
accounting for the nonlinear viscous cross-flow effects from the
wake on the lee side. These methods will be correlated with the
data available for TACV-type confiqurations.

A second objective of this study is to investigate concepts
for measuring the forces due to side winds on full-scale air

cushion vehicles. This work is reported in the Appendix.



2. THEORETICAL METHODS TOR PREDICTING
SIDE-WIND FCRCES

A sketch of the features of a high-speed ground vehicle as
reflected in the aerodynamic methods is shown in Figure l. The
local height of the vehicle is hv and the maximum height is H,.
The gap between the vehicle and the ground plane is H, and the
height of the side wall above the ground plane is hw'

2.1 WOOLARD EQUATION (REFERENCE 9)

The equation for the steady-state side force, Y, given by
WOolard9 for a side-wall height, hw' and a vehicle height 2t the

aft end, h_, is
Va

T oY o 1l + 2
B‘(-ITA.— 2T1T[l+-———TT YA]+

»

[ryk(l - Y2)1/2 + yi tan~! (

s

~1>

I-él? [tan-l (%) - T tan n]

for Yy <1 (1)
e 0 for Yy, 2 1
where n = YA/(l - Yi)l/2
T = 2hv/wv
Y = hw/Hv' Yy T hw/hv

A

and w, is the local width of the vehicle, q is the dynamic pres-
sure, B is the local side-slip angle, and hv and A, are the
vehicle height and cross-sectional area, reséectively, at the

aft end.

Woolard specified that application of Equation (1) is
limited tc vehicles having similar semielliptic cross sections.9
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In view of the need for a more general application, Equation (1)
will be applied for predictions with differing cross sections as
well by determining T at the aft end of the body, that is taking

1 = 1, where Ty, = 2 x (hv/wv)x .

A
2.2 TEQUATIONS OF RUETENIK AND ZARTARIAN (REFERENCE 1)

Slender-Body Equations
The equations for the coefficients of the steady-state side

force and yawing moment, M,, given by Reference 1, derived assuming

slender-body flow, are*

Cy = 8I; (V)8 (2)
) 13(Y)] \
c, = 8[r v - S8 (3)
where
‘Xl _ -,
= r
I, (v) » h (£) h, (8) s (5 y) 4f
JEy
okl _ _,
- % % 4 2
Iyly) = £, () b (8) r (5, y) daf
kgl
. _d oy 1 -1,. \
rwq(a, Y} = 5 \éw 7 tan (2 tan Swh
§ (g, v) = cos™! ‘:—i——{ Yy < h, () <1
v | R (5)
The coefficients are defined CY: Y/qAr and Cn= Mz/quL, with
A= ﬂHi/d, I as the body length, and A= L/H . The x coordinate

* .
The reference area nH3/2 is employed in Reference 1, whereas

:Hi/d is used in the present report.

4
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is directed along the vehicle axis rearward from the nose,
and £ = x/Hv. The station § = El is located where hw = hv

on the forebody, and Al designates the value of { at the rear
end of the forebody, where h& = 0. The local height of the
vehicle hv(x) is scaled with the maximum vehicle height H,,
giving EV(E) = h /H. '

The method of reference 1 assumes that the fluid passes
beyond the station of maximum height essentially moving parallel
to the free stream flow, instead of following the body surface
as it may close at the rear. This means that the pressure
recovery is assumed to be negligible behind the maximum vehicle
section. This assumption is in contrast to the method of
reference 9 where closure of the flow is assumed where the body
closes at the rear.

Viscous~Cross Flow Equations

Viscous-cross flow is included in veference 1 by adding
the cross-flow effects to the slender-body effects giving

\BA

Cy = {8I,(y) + % ke (v) g (o) dO}B (4)
0
1 8 4krwc(Y) i
C,n =5 CY iy I3(Y)B - Y og (o) do (3)
(]

The viscous cross-flow effects are incorporated in the function
g{(cg), plotted in Figure 2.3 of reference 1. The effect of the
side rail is reflected in rwc(Y)' plotted in Figure 2.5 of

reference 1.

The empirical factor k is included to incorporate the
effects of body cross-sectional configuration, nose profile and

similar factors not represented in the cross-flow theory



presented in reference 2. In the present study recommendations on
values of k will be made. For a missile-type body of revolution
correlated in reference 2, the theoretical value of k = 1.0 is
qiven.2 For bodies with an elliptic cross section, data reported

by Schindel5 indicate k = 1.57 according to reference 1.

In seiecting a value of k for a high-speed ground vehicle,
it should be recognized that, from an aerodynamic point of view,
the "equivalent" body to a vehicle at the yround surface would
include the vehicle and its image below the ground surface. For
example, a vehicle with a half-circle cross section would have

an equivalent body with a circular cross section.

A practical high-speed ground vehicle might have a cross
section that is nearly square with a rounded top. In the absence
of data for a specific cross section of this type, data for a
2:1 elliptic cross section might reasonably be taken as the
equivalent body for engineering purposes.




3. CORRELATION OF EXPERIMENTAL DATA

3.1 GRUNWALD DATA OF NASA TN D-5935 (REFERENCE 3)

A series of force and moment tests was conducted with
six unpowered, high speed-ground vehicle model configurations
having various cross-sectional shapes. The tests were performed
over the moving-belt ground plane in the 17-foot test section of
the Langley 300-mph 7-ft by 10-ft tunnel and reported by
Grunwald3.

A sketch of the axis system, force and moment designations
of reference 3 is reproduced in Figure 2, The results presented
here are for o = 0° and the belt moving at the speed of the
tunnel air. Model configurations are shown in Figure 3.

Scaling Factors

For scaling Y and M,, references 1, 3 and 9 all employ the
dynamic pressure of the resultant flow, v, = (V2 + vz)l/2
is the vehicle velocity and Ve is the velocity of the side wind.
In wind-tunnel tests where the body is yawed to simulate a side
wind, as in reference 3, v, is the free-stream velocity. The
force and moment data presented in reference 3 use the maximum
cross-sectional area ot the body, A for scaling, giving a
side-force coefficient Cy = Y/q AL,- The yawing-moment data

presented in reference 3 are scaled with L, giving En = Mz/qAnL.

Scaled on this basis, the EY data of Grunwald3 at 8 = 20°
are plotted in Figure 4a for all models as a function of the
nondimensional gap height, H/de, where de is the diameter of a
circle with cross-sectional area equivalent to maximum cross-
sectional area of model. The EY data for the various configu-
rations have a relatively small spread at H/de = 3.7, but at
smaller H/de the spread is considerable. The models with the

flat lower surfaces have the smaller EY values.

where V




The moment data of Grunwald are plotted in Figure 4b. The
spread in Cn is large on a percentage basis at all values of H/d

The side-force and yawing—moment data of Grunwald3 scaled in

terms of the area A= 7H /4 are plotted in Figure 5 where Cy

Y/qA and C =M /qA L. The C data in Figure 5a collapse together
falrly well as H/d goes to zero and are relatively independent
of H/d for H/d < 0.1. The C, data in Figure 5b have a smaller
spread at low H/d values than in Figure 4b, although the im-
provement is not as good as achieved in the side-force data.

At small H/d values the Ch data for the square-type model
deviate the most from the group. In fact, the rising trend in
C, as H/d is reduced, is quite marked. The C, data for all
other models is fairly independent of H/d below 0.1.

The side force and yawing moment, therefore, will be
correlated through the remainder of this study using A= mH /4
as the reference area.

Half Circle-Cross Section Model

The variation cf C, and C, with side-slip angle 8 is pre-
sented in Flgure 6 for the half circle-cross section configura-
tion of Grunwald . The variations are linear within the data
scatter up to about 14°. Allowing for an offset in the zero
side-slip angle of about -1/2 degree, the C data fall about 20
percent above the slender-body predictions of WOolardg, Equation
(1), and Ruetenik and Zartarlan3, Equation (2), in the linear
range; the C data, on the other hand, l1ie about 45 perzent below
the slender- body curve given by Equation (3).

Going back to the correlation made in reference 2 of this
nonlinear theory with bodies of revolution, where no ground
plane is present, it is found that the linear range of the normal
force and pitching moment about the vertex with angle of attack
is much smaller, being only about 5 degrees, and that the data
agree well with the nonlinear theory for k = 1.0 up to 20° and

more.




An examination of the distribution of the section normal
force along an ogive-cylinder body correlated in reference 2
shows that the loading agrees with slender-body theory on the
forebody from the nose to the point where the slerder-body
theory predicts a maximum, but the loading falls off more
slowly rearward. This would explain CY being larger than pre-
dicted by slender-body theory; but then Cn would also be greater
than predicted by slender-body theory, whereas the values are
found to be lower.

It appears that the strength of the leeward vortices
affords the only explanation. A greater vortex strength on the
ground-vehicle model than on the bodies of revolution used in
the wind-tunnel tests correlated in reference 2 would show up
as an increase in side force, and at small angles of sideslip
the vortex loading is expected to increase in the rearward
direction, leading to a reduction in the yawing moment. There
is no clear explanation why the vortex strength might be greater,
but it could be associated with the moving ground plane. This
question might be cleared up for the moving ground plane experi-

ments by making measurements on models nf the local pressure.

The appropriate value of k for a ground vehicle with a
half circle-cross section configuration, on the basis of the
discussion in Section 2.2, would be k = 1.0. The Cy data do not
follow the rapid increase with £ beginning at about 8° indicated
by Equation (4) for k = 1.0. The slower rise in the C, data

Y
would match the theory at 20 degrees with k = 0.3.

This slower rise in CY with B8 than expected from the wind-
tunnel results could be explained also by the ground plane.
When the leeward vortices become large relative to the size of
the body, the ground plane could inhibit their further growth,
This effect has been observed elsewhere, and will be discussed

further below. For the present, it is sufficient to note that



inhibiting the vortex growth would explain both the departure
in the CY and Cn data from the respective curves for k = 1.0 at
the higher values of 8.

It is concluded then that the large linear extent of CY and
Ch data in terms of B does not imply the absence of viscous
effects to such large angles as 14 degrees, but that the ground
plane may control the viscous effects in such a way as to resuit
in linear variations. This result focuses attention on the
gquestion of ground-plane simulation.

Square Type-Cross Section Model

The Cy and Cn data for the square-type model are compared
in Figure 7. The data appear to indicate a zero-side slip angle
of +1/2°. The data agree with the slender-body curves of
Equations (1) and (2) in the range 8 < 5°, For 8 > 5°, the data
are about 15 percent above the slender-body value of Equation (1)
and 10 percent above Equation (2) up to 12 degrees. Beyond 12

degrees the deviation increases with §.

It is difficult to define a nonlinear range, but it would
appear that vortex effects may exist at 8 > 6°. For the non-
linear range, a value of k = 1.57 would be expected following
the discussion of Section 2.2. The CY data agree fairly well
with Equation (4) for k = 1.57, although the values are clearly
high relative to the k = 1.57 curve in the range 5° < g < 10°
and fall progressively below a constant-k curve for increasing
3, as did the data for the half circle-cross section model. At
B = 20°, a value of k = 0.75 would match the theory to the data.

The Cn data, allowing for the +1° offset in the zero-side
slip angle, are linear within the data scatter over the entire
range, and fall about 25 percent below the slender-body value
for Equation (5).

10



Circular-Cross Section Model

The CY and Cn data from the circular-cross section model
are compared in Figure 8. Allowing for a zero sideslip angle
of +1 degree, the CY values compare with the theoretical pre-
dictions in about the same way as for the square-type cross
section. For B < 5°, the data agree with the slender-body
value of Equation (2). The data are significantly above the
curve in the range 8 > 5°,

For engineering purposes, Equation (4) for k = 1.57 could
provide a reasonable approximation to the data. However, the
data tend to be higher in the range 5° < g < 10°, and to fall
progressively lower relative to a constant-k curve as 8
increases. At 20 degrees, the data would match Equation (4)
for k = 0.8,

The Cy data are essentially linear in B over the full range
and about 35 percent below the slender-body curve.

Ground Plane

The ground surface could have two effects on the air loads
produced on a ground vehicle by a side wind. First, a boundary
layer would be present near the ground tending to cause the
flow to separate on the windward side of the vehicle, resulting
in lower pressures on the windward side. This boundary layer
would not be present with a moving-belt facility where the
belt is aligned with the tunnel flow, such as employed in
reference 3.

Secondly, the moving ground plane on the leeward side of
the body may tend to induce vortex formation on the leeward

side at small angles of sideslip, resulting in higher C_, values,

Y
as observed for the half-circle and square-type models. Yet

the same ground plane could impede the growth of the leeward
vortices when they become large, as at high sideslip angles.

11




A demonstration of the influence of a surface in a similar
situation is shown in Figure 9, from experiments performed by
Roshkolo. A circular cylinder was mounted crosswise in a wind
tunnel and a splitter plate was placed downstream in the wake
as shown in Figure 9a, where the flow is from the left. The
pressure distribution in the wake is shown in Figure 9a. The
splitter plate increases the downstream recovery in pressure,
reducing the drag in this case.

The pressure distribution around the cylinder of refercnce
10 is shown in Figure 9b. The pressure recovery on the back
side is clearly much greater with the splitter plate. The
effect of the plate is to reduce the drag coefficient in this
case from 1.15 to 0.72. For the Reynolds number of these data,
the flow would be subcritical, but the effect would be similar

if it were supercritical.

Whether the windward and leeward effects with the moving-
belt ground plane would be the same as for a high-speed ground

vehicle remains to be determined.

Discussion

From these results it is concluded that CY for a ground
vehicle would be the same as predicted by slender-body theory
for £ < 5°. The departure from the slender-body value for

-

g > 5° depends upon the cross section and sideslip angle.

For engineering purposes, Equation (4) would appear to
give useful estimates of CY to B = 20°. For a high-speed
ground vehicle typified by the square type-cross sectional
configuration, Equation (4) would be used with k = 1.57. It is
expected most vehicles would more nearly approximate a square-
type cross section. Similarly, <, might be estimated as 55 to
75 percent of the valuz given by Equation(3) for k=0, depend-

ing unon the configuration cf the cross section. For a half-circle

12




crqQss section Cn would be taken as 55 percent of the Equation (3)

value for k=0, for a square-type cross section as 75 percent, and
for a circular cross section as 65 percent.

3.2 GRUNWALD DATA OF NASA TN D-6011 (REFERENCE 6)

A series of force and moment tests was conducted with
unpowered, high speed-ground vehicle models having the configu-
rations shown in Figure 10. A rectangular-type model is shown
in Figure 10a, a side-by-side model with a flat-bottom configu-
ration in Figure 10b and a side-by-side model with a contoured-
channel configuration in Figure 10c. Two air cushions were
tested in the rectangular model, a peripheral-jet cushion and
a modified plenum cushion. The objective of the present study
is to determine whether the results for air cushions are similar
to the results for air gaps discussed above.

The CY and Cn data for the rectangular body are plotted in
Figure 1ll. The CY data in Figure lla indicate a zero-sideslip
angle of about +2 degrees. Equation (1) predicts a zero side
force because the body closes at the rear. For B < 20°, the
data follow the trend observed for the solid models examined in
Section 3.1. At 8 = 10°, the CY values are about 20 percent
above the slender-body curve of Equation (2). At B8 = 10°, the
data match Equation (2) for k = 1,57 fairly well, and progressively
fall below the k = 1.57-curve as B increases, similar to the
trend for the square-type cross section.

The C_ data at B = 10° fall within the experimental scatter
of the expected value, which is 25 percent below the prediction
of the slender-body curve of Equation (3). At higher 8 values,
Cn falls off somewhat further from the slender-body curve, lying
between the k = 1 and k = 1.57 curves.

The correlation of the data for the side-by-side confiqgu-
ration in Fiqure 12 is similar to the rectangular-body results,

although the data spread is greater.
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It is concluded that Cy and C, results for the air-cushion
models are in agreement with the results for the rigid models
with an air gap to the ground plane discussed in Section 3.1.

3.3 TRACKED HOVERCRAFT LIMITED DATA OF FRA-RT-71-68 (REFERENCE 7)

Tracked Hovercraft Limited7(THL) reported a series of wind-
tunnel experiments studying the forces and moments for two design

concepts of a high-speed ground vehicle.

The side view of the two basic models is sketched in Figure
13, showing the model profiles and track system. The upper model
is configured for an inverted-tee track and the lower model for a
channel track. Two aft configurations were employed. Both aft
configurations closed at the rear, but one was symmetrical with
the forebody configuration and one was asymmetric.

The tracks extend ahead and behind the vehicle models. A
strip of abrasive was attached to the models along the line identi-
fied as "transition" to promote turbulent transition of the cross
flow over the model for better simulation of the full-scale situa-
tion. The model on the track is yawed in the wind-tunnel tests
to simulate a side wind.

The cross section of the two models and the associated tracks
are shown in Figure 14. The cross sections are basically rectangu-
lar with a semi-circular top. The track base has a rectangular
cross section (instead of a ground plane) characterizing an

elevated track section.

Inverted-Tee Configuration

The side-force and yawing-moment data ave plotted in Figure
15, as taken from Reference 7. Equation (1) from wOolard9 predicts
a zero side force for this model because of model closure at the
rear. The solid line in the upper graph represents the slender-
body prediction, Equatiecn (2). At B= 3° the CY data agrees with

14




the slender-body prediction. Up to 10 degrees, the data agree
with Equation (4) for k = 1.57, the value proposed in Section 2
for a high-speed ground vehicla with a Square-type cross section.
Beyond 10 degrees the CY data fall away from the k = 1.57 curve,
matching a value of k = 0.6 at 20 degrees,

The Cn data agree with the slender-budy prediction at B = 3°

and fall about 15 percent below the prediction at higher values
of 8.

4

For CY these results are quite similar to the results for
the square type-cross section model, Figure 7. The C, values
comparatively are somewhat higher, being only 15 percent below the
slender-body curve, compared with 25 percent for the Square type-
Cross section model. ‘"The comparatively higher Cn values for the
inverted-tee configuration could indicate partial reccvery of
the flow at the rear; the effect, even with this complete body
closure, is relatively swall, so for engineering purposes body

closure at the rear could be neglected for the inverted-tee
configuration.

The relatively good agreement between these results for an
inverted-tee model on an elevated guideway and the solid model
with a square-type cross section above a moving-belt ground plane
viould indicate the following. Either the effect of the ground
plane on the leeward vortices is considerably smaller than would
be deduced from the experiments of Roshkolo, as discussed in
Section 3.1, or else the inverted-tee center rail has an effect
on the loading similar to the ground-plane effect. This question
might be resolved by measurements of the pressure distribution on
the body, or by experiments in which the ground plane and the
center rail are added successively in separate tests.

For the time being, it is reasonable to assume that the re-
sults of the tests with a ground plane reported in reference 3,and
discussed in Section 3.1, would apply to an inverted-tee quideway.




Channel Configuration

The data from the channel tests of Reference 7 are repro-
duced in Figure 16. The CY values are essentially zero for
6 < 15°, and rise thereon in a nonlinear fashion. They are less
than the slender-body values of Equation (2) for B8 < 20°,.
Equation (1) from Woolard predicts CY = 0 because of model
closure at the rear. The reduction in CY by this side-rail
height of vy = 0.43 is much greater than predicted by Equation
(4) for the vortex theory, even with k as small as 1.0.

The Cn values, on the other hand, are about double the
slender-body prediction of Equation (3). Any nonlinear trend is
small.

These two results, (1) CY = 0, and (2) Ch double the value
for a cutoff tail, indicate that closure at the rear appears to
be effective with a side rail. The effect of closure on a body
according to slender-body theory is to apply a side force equal
and opposite to the side force effective on the forebody, thereby
eliminating the side force and doubling the yawing moment, which
is the result observed here.

The ctfect of the side rail is significant to the design
of a lateral constraint syvstem.  First, the side force and
moment are reduced by blockage from the side rail. Seccondly,
the side rail blockage appears to make closure of the body
at the rear effective in cssentially eliminating the side
force. Elimination of the fide force by model closure would
not necessarily reduce the forces on the lateral constraint,
because the moment would have to be opposed, but the mean lateral
acceleration on the vehicle due to the wind would be eliminated.
Also, the nonlinear component of the side force ig appreciably
lower than expected, which indicates that the side rail may

significantly reduce the growth of the leeward vortices.
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3.4 GRUMMAN TACRV DATA (REFERENCE 8)

Grumman8 has reported a series of force and moment measurements
carried out in a wind tunnel with the model of the Tracked Air
Cushion Research Vehicle (TACRV) shown in Figure 17. The model
has side rails and simulated air cushions, and in addition has a
jet propulsion naceile mounted on the top of the body to the rear.
The model is 1/10th scale of the TACRV.

The guideway is slevated. Ther= is an air gap along the
bottom of the side rail. The side rail extends ahead and behini
the model, as in the THL7 tests. The model systen is yawed to
simulate a side wind.

The measured side-force and yawing moment data cf reference
8 are presented in Figure 18, where the measured data have been
adjusted for the static tare velues of the side force and yawing
moment measured with the cushion air on and the tunnel air off.

Four of the curves plotted in Figure 18a are based on the
vehicle without the engine nacelle. This assumes that the flow-
through nacelles used in most of the tests do not influence the
lateral forces due to wind. Specifically "v is taken as 10.25
in., the height to the top of the cab.

Over this limited range of 3(8<12°), all of the curves are
in fairly good agreement with the CY data, within the data scatter.
The value of k = 1.5%7 recommended fo¢ a Square-type cross section
from the data of Section 3.1 - 3.2 provides a good estimate over
the limited range.

The long-dash curve represents CY where the engine nacelles
are included in the aerodynamic model. t is assumed in this case
that the side force increases with the square of the vehicle height
so Hv is taken equal to the vehicle height to the top of the engine
nacelles, 14.25 in. This comparison shows that neglecting the
presence of the nacelles in determining the aerodynamic model

provides a considerably better estimate of Cy.
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The C. data are compared in Figure 18b, Here the C, values
arc much overestimated using Equation (3) or Equation (5) for
either k = 1.0 or 1.57 neglecting the engine nacelles. On the
other hand, inclusion of the engine nacelles in the aerodynamic
model in the manner described above for CY considerably over-

estimates the moment in the opposite direction.

It is possible that the force on the forebody is less than
estimated using Equation (2) and that the force on the nacelles
makes up the difference in such a way as to match the predictions
of Equation (4) for CY in Figure 18a and result in a nearly-zero
yawing moment, as indicated in Figure 18b. This question cannot
be resolved on the basis of the data available from the tests
described here. It would be hecessary to systematically vary
the model and track configurations and study the incremental
cffects when components are added or removed. In particvlar,

it would be worthwhile to measure forces on individual components
and local pressuras.
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4. CONCLUSIONS

Based on the analysis of laboratory test data analyzed here
for determining the effect of steady side winds on the side force
and yawing moment for tracked air-cushion vehicles, the following
conclusions are reached.

1. For unpowered TACV bodies mounted in close proximity

to the surface in a moving-ground plane facility, the
variation of the side-force coefficient, Cy, with side-
slip angle; 8, falls into two patterns: one pattern

for cross sections with a half-circle configuration and
another pattern for cross sections with a square-type

or circular confiqguration. For TACV, which generally
would be better approximated by a square-type cross
section, slender-body equations, Equations (1) and (2)
correlate for g < 5° and the viscous-cross flow method,
Equation (4) with k = 1.57, shows fair correlation to

8 = 20°, although CY does not increase as rapidly with

B8 as the method predicts. The viscous-cross flow method
is based on wind-tunnel results for bodies without a
ground plane, and the departure from the method at large
B is tentatively attributed to constraint on lee vortex
growth by the ground plane, although some question

remains regarding ground-plane simulation.

2. For the unpowered TACV bodies, the yawing moment, Cn’
varies linearly with g to about 20 degrees, but it

is 15 to 3% percent less than predicted by slender-body
theory, Equation (5). The viscous-cross flow theory baseq
on wind-tunnel results, Equation (5), is inadequate for

predicting Cn'
3. For the powered air-cushion models, the variations of CY
and Cn with 8 are essentially similar to the variations

for the unpowered TACV bodies.
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For unpowered TACV bodies on an elevated inverted-tee
guideway, the variations of CY and Cn with B8 are similar
to the variations for the surface TACV bodies in the
moving-ground plane facility. Body closure at the rear
has a relatively small effect on CY and Cn in this

situation.

For the elevated channel guideway, body closure at

the rear of the vehicle has a marked influence
aerodynamically. As predicted by slender-body theory

for a body with closure, CY is negligible for B < 16°

and Ch is double the value for a body with a cutoff base.
The absence of side force implies very little rolling
moment, which may be of even greater significance. With
side rails the nonlinear effect is significantly

less than predicted by the viscous-cross flow theory.

Verification is needed for the side-wind problem of the
simulation achieved using either a moving ground plane
or fixed ground plane in a wind tunnel for high-speed
ground vehicles on fixed guideways.

Systematic tests are needed for various vehicle configura-
tions on the effect of side rails.
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APPENDIX

MEASUREMENT OF SIDE FORCE ON FULL-SCALE TACV
DUE TO SIDE WIND

The determination of side forces for high-speed ground
vehicles due to side winds by measurements carried out on models
in wind-tunnel tests can be useful for design purposes. But,
until wind tunnel simulation has been verified for high-speed
ground vehicles, it would be desirable, and perhaps should be
an engineering requirement, to confirm the measurements through
tests in the field. The objective of this appendix is to present
calculations for examining the practicability of making such
measurements,

The tests performed by Grunwald6 indicate that CY and Cn
for an air-cushinn vehicle are essentially independent of the
dynamic-pressure ratio q AC/L, where A, is the planform area of
the air cushion and L is the static lift. Thig means that under
conditions of low wind speed tests could be run at a low vehicle
speed to achieve the sideslip angles of interest for high vehicle
speeds.

In Colorado, where tests might be performed, winds of 30 mph
could be taken as a design condition for testing, so aerodynamic
conditions corresponding to a wind of 60 mph for a vehicle travel-
ing at 150 mph could be simulated at a vehicle speed of 75 mph.

A sketch of the test arrangement considered here is shown in
Figure 19, A barrier would be positioned toc shield the vehicle
from the side wind. The barrier would be long enough for lateral
motion of the vehicle that is produced before the vehicle reaches
the barrier to die out. The barrier would probably have a roof
extending over the track to prevent a wake from forming at the
guideway.

A test vehicle is postulated for these sample calculations
having the following characteristics:

21

i bl e e b




Length: 91.7 ft
Height: 11.0 ft
A: B8.33
Weight: 60,000 1bs
Speed: 75 mph

For this vehicle, the equations of reference 1 give

+CY

¥ Ys c

= (4 + 4.80)0.38 = 3,34
where B = 0.38 rad. The steady~state side force for these con-
ditions is
2
TH
N v 1 2
Y—CY T IDV

3.34 (95 f£t%) 14.2 psf

asoot

The side force would grow about as shown by the solid line shown
in the sketch. When the vehicle reaches the end of the barrier,
the slender-body side force on the nose wuould rapidly grow to the

APPROX

0 0.2 04 06 0.8 1.0
t, sEC

steady-state value of about 2000#. The viscous forces develop
more slowly, reaching a steady state when the vehicle emerges
completely behind the barrier. The loads would reach the steady-
state value then in about 91.7 ft/110 fps = 0.83 seconds. For
the present analysis, the side force is approximated as a 0.6-
second ramp, as shown in the sketch by the broken 1line.
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The secondary suspension of the vehicle is taken as a single-~
degree-of~freedom system having a natural frequency of 0.8 H,,
from the TACV systems study carried out by TRW, reference 11. The
maximum acceleration of this system, neglecting damping, would
occur at t = 0.925 seconds. The maximum acceleration would be

Y 2nf 21t
. _ ‘max nf_. (2nt _ )V _ s ZntJ
Ymax = Tk T [sm( T T Sin =g
#
4500 2n0.8[ . (0.925 - 0.6) . 2n0.925]
= sin 21 - sin
3920#/in. 0.6 1.25 1.25
= 19.2 in/sec2 = 0.050 g's

where to is the ramp time of 0.6 seconds and k = (W/g)(ann)l/2 =
(60,000/386.4) (210.8) 172 = 3920 ppi.

The passenger compartment is also subjected to lateral
accelerations caused by irreqularities in the guideway. Taking
0.01 g's rms as this lateral acceleration cf the passenger com-
partment due to the guideway, the 0.050 g's due to the side wind
would be measureable, but the accuracy would be low.

The wind force could be measured with much greater accuracy
by compensating for the acceleration due to the track. The
lateral acceleration due to track roughness could be suvbtracted
from the measured acceleration of the passenger compartment by
measuring the pressure in the air cushions through which the
track acts. Cn the basis of the single-degree-of-freedom systenm,
representation of the lateral motion of the passenger compartment,
the following equation applies

my = Y o+ Ycushions

where m is the mass of the vehicle, y is the lateral acceleration,

Y is the force due to the side wind, and Y is the net

cushions
side force due to the air cushions. By measuring the acceleration

23




and apnlying the compensation for the cushion forces, the force
due to the side wind should be measurable to an accuracy
significantly better than the 0.01 g's,

In carrying out the measurements, the roll and yaw deyrees
of freedom would need to be accounted for, as well, perhaps, as
elastic degrees of freedom. But the method is essentially
straight forward, and can be checked by simple tests such as
displacing the vehicle sideways and releasing when the wind
velocity is zero.
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Figure 1 - Sketch of Representative Vehicle Constructed for
Basis of Analysis.
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SIDE-FORCE COEFFICIENT, Cy

2.8
CONFIGURATION CROSS SECTION
——@— CIRCULAR = ~(2} — HALF CIRCLE
2ol (0  SQUARE TYPE YD  HALF CIRCLE (SHORT SIDES)
- A TRIANGULAR TYPE (  HALF CIRCLE (LONG $IDES)
2.0~
1.6
A
oAb —
Tl O e -0
0-8 =
o a
0.4t
0 \ { | | I | l |
0.01 0.02 0.05 0.1 0.2 0.5 ! 2 5
NONDIMENSIONAL. GAP HEIGHT, H/d,
(a) Cy
Figure 4 - Aerodynamic Coefficient Based on Maximum

Cross-Sectional Area as a Function of Gap
Height Above Ground Plane for Six Configu-
rations Tested by Grunwald, NASA TN D-5935.
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YAWING - MOMENT COEFFICIENT, Cp
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(b) En

Figure 4 - (Concluded)
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2.8
CONFIGURATION CROSS SECTION
—@®—— CIRCULAR =~y — HALF CIRCLE

@  SQUARE TYPE D  HALF CIRCLE (SHORT SIDES)
24 A TRIANGLE TYPE
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o L L 1 | I I |
0.01 Q.02 0.0% 0.1 0.2 2.5 1.0 2.0

NONDIMENSIONAL GAP HEIGHT, H/de
(a) Cy

Figure 5 - Aerodynamic Coefficient Based on Arec of
Circle Having Diameter Equivalent to vehicle
Height Plotted as Function of Gap Height
Above Ground for Six Configurations Tested
by Grunwald, NASA TN D-5935.
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YAWING ~MOMENT COEVFFICIENT, Cp
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Figure S - (Concluded)
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Sideslip Angle for Half Circle-Cross Section

Configuration.
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Figure 7 - Variation »f Aerodynamic Coefficient With
Sideslip Angle for Square Type-Cross Section
Configuration.
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Figure 8 - Variation of Aerodynamic Coefficient With
Sideslip Angle for Circular-Cross Section
Configuration.
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