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‘ basis of the Hughes Hydrostreak
design concept of water-wall nhicleaA The nmdmnm theory is given,

comparisons are made with air-wall vehicles, and preliminary test data are
presented. A typical design study is shown, illustrating the advantages of
the Hydrostreak concept over the sir-wall system and demonstrating the high

AN

The present interest and the state of the art of ground-effect machines

over-water speseds attainable with moderate power inmputs.

II. INTRODUCTION

sre illustrated thoroughly by Reference 1. It is becoming meht that the
power requirements of these vehicles are such that they will be restricted to
operation over fairly smooth surfaces. Further, if operated at high speeds,
their turning and braking ability restricts them to low accelerations and fairly
straight paths. These considerations lead directly to the conclusion that
ground-effect vehicles are best suited to over-water operation.

If the ground-effect vehicle is to prove successful in over-water operas-
tion, it must show superiority to aircraft md three types of water vehicles:
(1) Displacement vessels, (2) planing craft, and (3) hydrofoil oraft.

Each of these three types of water craft has its own regime of superiority,
as shown in Reference 2, for example. While it might seem that hydrofoil craf$
would have very high speed capability even in typical ocean waves, there are
serious practical limitations to their operation, as discussed in Reference 3.
It does not sppear that any existing type can operate at speeds sbove 50 knote
in average occemn oconditions at ressonable efficiency. .
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The ground-effect, or air cushion wehicle, by reducing friction and wave
drag can presumably operate at very high speeds over the water if it can clear
the waves., As shown below, the sir-wall ground-effect vehicle loses efficiency
rapidly as its height above the surface is increased. In order to operate at
ressonable heights (several feet) the air-wall vehicle must be very large in
surface ares or very inefficient.

In considering the basic momentum flux problem, engineers of Hughes Tool
Company--Aircraft Division saw that the use of water (instead of air) to form the
bubble~containing wall would result in a very large performmoce gain. This
concept, the Hughes Hydrostresk water-wall vehicle, has since been intensively
studied experimentally and analytically by HTC-AD. Preliminary results have
borne out expectations to a large degree. A number of design studies have shown
the concept useful .for lmding craft, ASW craft, high-speed cargo ships, missile
launchers, aircraft carriers, snd a variety of other vehicles. Analytiocal and
experimental efforts are continuing, while the fundmentals of the prodlem and

its status are presented below.
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The notation used in this report is shown in the sketch of Figure 1.

VEHICIE PLAN AREA = §

VEHICIE RADIUS

R

FIGURE 1

Discharge coefficient for air flow through wall
4

Height of vehicle above water
Peripheral length of wall
Power

Bubble pressure

Ambient pressure

Water pressure at noszle
Volume flow

Tynamic pressure

Redius of circulsr vehicles

Radius of curvature of water wall

£t

£t-1b/sec or HP
psf

psf

pef

ou £t/sec
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s Flanform area of wehicle aq ft

A Air leaksge velocity through wall Ips

v, Forward speed fre

\ Spouting velocity of wall fps
Water wall thickness e

AP, Py = Pos noszles pressure drop pef

Ap. Py = Pys bubble pressure differential pst

a Wall turning mgle degrees
Initisl spouting angle degrees

IV. DISCUSSION

A, Fluid-Wall Theory

1. In Hovering. The means of containing a bubble of high-pressure air
under a vehicle with a dynamic wall of fluid cin be derived easily if certain

simplifying assumptions are made. These are:

a. The wall section is two-dimensional

b. The wall thickness is small compared to its radius of curvature

¢. The velocity of the wall is constmnt along its length and across
its width

d. The shear forces between the wall and the ambient fluid can be
neglected

It follows directly from the sbove assumptions that the shape of the
wall is a circulsr arc. It will be shown below that the sbove sssumptions sre
fairly realistic in the case of a water wall. The squations derived subsequently
do not depend on the fluid considered, but the assumptions e not so realistic
if m air wall is used. Most of the existing air wehicles use relatively thick
air walls with small radii of curvature.



by wemed  gemd ma e

N
'

i
1 y

o I

Report X-42l

Consider the sketch of Figure 1. The balance of forces normal to the

wall, scting on a fluid element, is:

w v2
AP A = p —= dA )

if the nozzle efficiency is 100 per cent, then
1/2 e vl = AD.
w w
so thst

APy

o (2)

I=2
w

A convenient assumption in making design studies is that the wall turning is
symmetrical, in which case
h=2rcos6ada=2(n - 0)

then

) oop o0
;—lu:cosem)ll 3)

The 1ifting effectiveness of fluid-wall vehicles can now be derived, in terms
of the 1lift/horsepower ratio, %.

The total 1ift 1s the sum of the pressure force plus the jet reaction:
L=Aps+plwv2a1ne (L)
) w

The total power is the sum of the power put into the fluid pumps. In the case
of the water wall vehicle operating at moderate bubble pressure, both the air

snd water may be considered as incompressidle. Then

fwv_Ap. fh v AP
= ww asly
P L] o + e ]

where Ny and n, e the efficiencies of the water and air pumps, respectively.
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The lift-power ratio is then

L ey S5O, [1+2(£')(-§;l:) -ue]

) I W, v (5)
v 1+ ;?—: «:—: cos ©
In the case of circular planforms,
§-F
1l tan 6
L1002 ¥ ocose|— (§) b (6)
P h Vy v/ Vs .
1+ (ﬁ;)(v_") cos 6

If the wall does not leak,

%= 1100:—-: [‘%) cos 6 + sin O] (7)

The optimum spouting angle can be derived from (7) and is:

o . =tm1 (%) (8)

opt
for any given set of %, Vot Tyt

Equation (7) is plotted in Figure 2 for the conditions noted on the
figure. It will be noted that the effect of spouting velocity, A is very
important. This is precisely what makes the water wall superior to the air wall.
The air bubble is contained by the momentum flux of the wall, and sea water has
a density sbout 840 times that of air. The wall must have s dynmmic pressure
significantly higher than the bubble pressure if it is to contain the bubble.
Since the dynamic pressure of water is 84O times higher than that of air at the
sme velocity, far lower spouting velocities can be used with a resultant large
increase in the 1lift/power ratio. The regime of operation of water-wall and
air-wall craft are indicated in Figure 2.
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2. In Forward Flight. The drag of ground-effect vehicles is negligible

at low speeds; this is their principal feature. At high speeds there are
important drag forces, however, In the case of the water-wall vehicle, there are
three forces to consider:
a., Adrodynemic drag
b. Hydrodynamic drag of water scoops, propeller supports,
rudder, etc.
c. Momentum “drag® of water taken on board.

The last quantity seems to be the most serious for high-speed water
craft. The hydrodynamic drag can be quite high in some cases, since the dynamic
pressures encountered sre extremely high, e.g., 10,000 psf at 100 fps (about 60
knots). It is possible, however, to obtain low hydrodynamic drag through
proper design. BExamples are shown in Part C, below.

A simple expressicn can be obtained for the 1lift/power ratio in

forward flight if the air and water drag terms sre neglected. Thus,
OP,
P=Q(——-q)+2Qq
My

Ap,
=Q(—,;'i+q)=P°+Qq

where Po is the power required at the hovering condition. In the case of
circular vehicles, with P = 2(sea water)

P=po+hnnwv'v§

Again assuming no air leakage and 100 per cent nozzle efficiency,
L
('P)o

(9)
1l+ Ny (-:—:)

®, =
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1t Vo is varied with Y to give optimum performance,

o B
R (20)

where (§)o 1s calculated for the appropriate value of v,, which iss

v'cu:rt’. = Yo F‘w ) )
Thus, if the pumping system were ideal, ('q' = 1) the best spouting velocity
would be the same as the free stream velocity (with sero piping losses, no p\mp
would be required), and the lift-power ratio would bs just half that obtained in
hovering flight at the same spouting wvelocity. The lift-power ratio for forward
flight is given in Figure 3.

There is one more effect that occurs at high speeds. As the flight
speed increases, the dynamic pressure of the air may increase to the value of
the bubble pressure. This may affect operation in several ways:

a. Since the water wall along the front of the vehicle supports a
lower pressure differential (lower by qo) , the power input to the front portion
may be decreased. ‘

b. The air leakage through the front wall will decresse, and at
the point where q, = APy MO air pumping at a1l will be required since all
necessary air can enter at the vehicle nose.

¢, The bubble pressures considered in the design studies to date have
renged from 30 to 50 pounds per square foot. At 95 knots a dynamic pressure of
30 pounds per square foot is obtained, and 50 psf is reached at 122 knots. The
question of altitude stability occurs when the dynamic pressure is higher thmm
the bubble pressure, It is evident, however, that reduction of the water-wall

strength can increase leakage easily enough to produce altitude control and
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that any inorease in altitude, even at constant wall welocity, will provide
altitude stability.

B. Fluid-Wall Experiments

Initial water-wall tests at HTC-AD were performed in a simple facility
using whatever equipment was available. The results obtained were promising
enough to justify a better facility, shown in the photographs of Figures L and
S. Here, the immer (high pressure) side of the wall is observed, the air being
pumped out of the plenum chamber. Color movies, both 8mm and 16mm, are available
showing the setup in operation.

Data teken to date indicate that practical water-wall vehicles can be
designed, and that they will operate far more efficiently than their sir-wall
counterparts. |

A typical set of test data is shown in Figure 6, which gives the discharge
coefficient of the wall for various spouting velocities as a function of the
bubble pressure,

Experimental data on power required are sumarised in Figure 7, giving
the horsepower required per square foot of wall area as a function of bubble
pressure. Data points from the literature on air-wall vehicles are included.

It will be noted that the power required is far less for the water wall.
However, the water-wall power is still higher than necessary due to the air leakage
through the wall. The present experimental effort, therefore, is concentrated
on producing a water wall of higher integrity.
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C. Design Studies
A wide variety of design studies has been performed, covering designs

from small test vehicles to large aircraft carriers. Over-water speeds of more
than 100 knots and hull over-water heights of 20 feet have been considered and
seem attainable, Rather than present all of these data in a general fashion, a
more detailed presentation of one specific design is made here.
The-design considered is that of a multi-purpose vehicle of moderate sise.
Its specifications are:
MULTI-PURPOSE HYDROSTREAK VEHICIE

1\ 8ise 4O £t dismeter
Gross Weight ' 37,500 1b |
Maximum Speed 65 lmots
' Cruising Height L £t
) Maximm Hovering Height 5.6 £t
" Payload 19,000 1b
\;( Horsepower 2500

Sketches of an ASW version of the vehicle are shown in Figures 8 and 9.
Datails of the calculation procedure are too lengthy to present hers, but
one condition is given below, with some discussion:
Flight Speed 50 knots (84.5 fps)
Dynamic pressure of air 8.47 pet
Dynamic pressure of water 7120 psf
1. Air Drsg. The drag coefficient of the vehicle may be talcen as ,005
(Reference 2) based on "wetted® area and allowing for roughness and some separa-
tion at the base. The air drag is then
D, = .005 (8.47)(1260) = 53.3 1b
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2, NWater Drag. The drags of the surface-piercing scoop and propeller
struts will be composed of four parts: (a) Spray drag, (b) friction drag,
(c) base drag, and (d) wave drag. Since we are concerned with wave drag, the
Froude number must be used for similarity estimates, It is:

\4

F=_—

Vel
Under the present conditions, the Froude number will be about 15.
This is so high that the wave drag becomes of minor importance (see Reference 2,
Section 10-13, Figure 2l).
The total drag of a surface-plercing strut of good design is given in
Reference 2, Section 10-15, Figure 29. Using these data, the drag of the propeller
auppogt strut, which is about one foot in chord and ebout one foot deep, will be
D = 0.012 (1)(7120) = 85,5 1b
The scoop struts are designed (Figures 8 and 9) so that the strut
proper does not pierce the water surface., A plate, tangent to the water surface,
prevents spray drag smd provides a fairing between the scoop and the strut. The
scoops are designed to ventilate at their bases; the resultant base drag is
negligible according to the reference cited abhove.
The drag of each of the scoops is then primarily friction drag. This
is estimeted as
D = ,005 (7120)(2) = 71.2 b

scoop
3. Momentum or "Ram" Drag. The ram drag may be written:

- - =299
Dru—mvo-plwvo— v

where Q is the volume flow of water through the system and g is the "fyee stream"

dynamic pressure of the water.

T e §
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Assume, for exmpl.e s that the pressure losses through the plumbing
amount to 20 per cent of the free stream q, or about 10 psi. This can bs obtained
with careful piping design. Assume further that no pumping power is added at
this condition. Then the spouting velocity is

v, =V, 18 = 75.5 fps
As shomn above, the lift-power ratio (zero drag) will then be:

F)o = 550 [T cos § + 8in 0]

(p)
taking 6 = 37°,

(%) = 26,8 1b/horsepower
FF

For a gross weight of 37,500 pounds, the water pumping horsepower is then

37,500 _
prmp 1‘8‘8‘ 14,00 HP

L, Mr Pumping Power. Data taken to date indicate that a leakage velocity

of 10 fps through the wall may be anticipated with further development. The air

pumping power will then be:

P=Q['A: +q] L) (2nR) (20) 084;5:)‘0*8.1‘7]

P = 420 horsepower
The total power required is then

Air Drag Power (HP) 8
Water Drag Power
Propeller Strut 13
Two Scoops 22
Ram Drag (Pumping) 1,00 "'\/
Air Pumping 420
. TOTAL POWER - ABe3
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In the presence of waves, the powér will be increased by additional
friction and spray drag on the struts. Since this drag accounts for only 2 per
cent of the total power, waves will not decrease the performance noticeably.
This is in sharp contrast to hydrofoil or planing craft, as pointed out in
Reference 3. Operation over waves higher than four feet will bs possible depending
on wave length and vehicle dynamics. These problems are being studied, and

preliminary analysis has not revealed any very serious difficulties.

V. CONCLUSIONS

Preliminary analysis and experiments have shown:

1. The water wall is an effective means of supporting the pressure
bubble for ground-effect vehicles

2. 8peeds in the 60 to 70 knot range are possible with reasonasble power
input, and speeds of more than 100 knots can be attained

3. 1Two serious problem areas exists
a., The rate of air leakage through the wall must be minimized, and
b. The momentum drag of the water taken on board must be kept to

& minimum for economic high-speed operation.

VI. LIST OF REFERENCES
1. Princeton University Conference on Ground-Effect Vehicles, Oct 1959.
2., Hoerner, S. F., "Fluid Dynamic Drag.® 1958.

3. Hoerner, S. P., "Consideration of Sigze-Speed-Fower in Hydrofoil Ctraft.®
ASTIA AD 214011, Nov 1958.
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HUGHES TOOL COMPANY
Oqiuwft Division

CULVER CITY
CALIFORNIA

16 February 1960

In reply refer to:
T-5021

Dre Vo J. Berinati

Institute for Defense Analyses
Advanced Researoh Projeots Division
The Pendagon

Washington 25, D.C.

Dear Dr. Berinati:

Harvey Nay has asked me to answer your request for up-to-date performanoce
estimates on Hydrostreak vehiocles.

Attached hereto are three ourves giving our present best estimates of per-
formance for the Hydrostreak Research Vehicle (HRV). The following points
should be observed in using these data:

1. Hydrostreak performance analysis is still in a state of flux, not
because of any difficulties in prediocting performance of a specific configura-
tion, but because an optimum configuration has not been found as yet.

2. There seem to be at least 15 independent variables to oconsider in
each case. Any set of these will produce a certain vehiole performance.
Lack of agreement between different estimates of vehiocle performance is
usually due to different assumptions. The number of variables can be reduced
in many cases, but the task of finding olose-to-optimum solutions is still
very large.

3. The ocurves of Figures 1 and 2 show, respeotively, HRV performance
based on present data and on "design objective" data. The "design obJeotive”
performance was set up as & reasonable development goal. It will be noted,
hovever, that the "present data" estimate approashes the design objective
ourve at speeds above 70 kts. This is due to & recent date correlation which
indicates a favorable effect of spouting velooity on wall performance. Some
extrapolation of present data is needed to produce performence points above
50 kts, so the "present data" curves are shown as dashed lines at high speeds.

4. Recent performance analysis has considered the effect of adding a
rearvard velooity component to the water wall, thus obtaining some thrust at
the expense of more air leskage. It has been found that the inorease in air
leakage was small, and that significant power redusctions were possible. This
advantage is shown in the comparison curves of Figure 3. This powver reduction
can be considered as coming out of the water ram drag terms of Figures 1 and 2.

5. An air-wall estimate ourve is shown in Figure 3. Sinoce the HRY oruis-
ing height, 3 £t, is rather large, compared to the vehiole sise, and oompared

v
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O411cmft Division

Mr. V. J. Berinati -2- 16 February 1960

to the height commonly used in air-wall vehiole designs, it was felt interest-
ing to inolude this estimate. The air-wall performance analysis used the same
state-of-the-art as the water-wall performance and inoluded stability walls

for the hovering ocondition, as did the water-wall analysis. The hovering
point agrees with H. R. Chaplin's analysis, except that an additional 80% effi-
oienoy faotor has been used here to acocount for the efficiency of the wall in
produoing the bubble pressure required.

We would like to give you a less complioated and more conoise pioture of
Hydrostreak performance, but the plain fact is that any simple analysis oannot
be realistic. We hope to be able to work out more relations between the
independent variables to reduce the sumbersome nature of the analysis. In the
meantime, we hope the enclosed data will answer your present needs.

Yours very truly,

HUGHES TOOL COMPANY
AIRCRAFT DIVISION

Wlay N o

Robert T. DeVault
RTD :ma Aerodynamios Staff Engineer

PR . e e s s o
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