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Analysis of High-Speed Peripheral Jet for ACV Applications

C. D. Hore-GiLL*
Textron’s Bell Aerospace Company, Buffalo, N.Y.

With the advent of high-velocity air cushion vehicles with high cushion pressures, a periph-
eral jet theory is needed that can be accurately applied to compressible peripheral jet flows.
An inviscid flow theory is derived, which permits many of the assumptions made in previous
theories to be relaxed, yielding results in excellent agreement with the existing incompressible
and compressible potential flow peripheral jet theories of Strand and Roche. However, un-
like these potential flow analyses, the present method can be extended to real systems with
component inefficiencies and flow pressure losses as well as more complex peripheral jet
systems. The pressure recovery and nondimensional power coefficient were calculated in
terms of the nozzle thickness and angle, jet Mach number, cushion pressure, and clearance
height. The results show a substantial decrease in pressure recovery with increasing Mach
number and decreasing nozzle flow angle. The optimum or minimum value of the first power
coefficient is decreased by approximately 109, as the Mach number is increased from a low
subsonic value to unity, which represents an improvement in lifting efficiency. The opti-
mum clearance height to jet thickness ratio is relatively insensitive to Mach number but in-

creases with increasing nozzle angle.

improved with increasing Mach number.

Nomenclature

specific heat at constant pressure

kinetic energy to total enthalpy ratio, (us2/2)/cpTr

clearance height defined in Fig. 2

unit vector in horizontal positive direction

peripheral jet length

mass flow rate

Mach number

unit vector normal (in outward direction) to control
surface (Fig. 2)

static pressure

power

first power coefficient (defined in Eq. 19)

second power coeflicient (defined in Eq. 20)

radius of curvature of streamlines at nozzle exit

radius of curvature of jet’s outer streamline at nozzle
exit (Fig. 2)

control surface area defined in Fig. 2

thickness of flow

temperature

flow velocity

(ta/he)(1 + sing)

ratio of specific heats

angle of flow at nozzle exit with respect to vertical

density
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Subscripts

atmospheric conditions

nozzle exit flow characteristic

ground parallel flow characteristic

cushion characteristic at vehicle hard bottom adjacent
to nozzle

T = total thermodynamic quantity
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1.0 Introduction

THERE is a trend toward higher cushion pressures for
air cushion vehicles because it is desirable to reduce the
over-all size and structural weight of such vehicles for a
given payload. Reducing the vehicle size and weight has
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For nozzle angles of engineering interest, the opti-
mum height to thickness ratio is approximately two.

The heave stability of a vehicle also is

the added benefit of decreasing the aerodynamic drag. Two
basic lifting systems which produce high positive cushion
pressures are illustrated in Fig. 1; they are the plenum
chamber and peripheral jet. Peripheral jets were studied
herein since they are more efficient. To sustain high cushion
pressures by the use of a peripheral jet, the velocity of the
jet must be large. It is desirable, therefore, to have a
peripheral jet theory available that can be accurately applied
to compressible flows.

The importance of using high or near sonic peripheral jet
flow velocities can be evaluated by determining the total
power required to lift and overcome the momentum drag of
a peripheral jet ACV at high speeds. Analytical investiga-
tions show that the total power requirement is decreased as
the Mach number of the jet is increased.

An inviscid flow theory is derived herein which yields re-
sults in excellent agreement with the existing incompressible
and compressible potential flow peripheral jet theories of
Strand and Roche*? for all clearance heights. Previous in-
viseid theories for the peripheral jet have used the momen-
tum, and the incompressible Bernoulli equations. This
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Fig. 1 Air cushion systems.
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work has included oversimplifying assumptions such as
constant jet thickness’* and constant jet momentum.>® As
a result, they are not exact at low vehicle clearance heights?
or for high-speed compressible jets.

Rather than using the restrictive potential flow theory, it
is desirable to incorporate the continuity, momentum and
energy equations in an exact analysis since such an analysis
could be extended to include viscous effects. Also the in-
efficiencies and ram pressure losses which occur in real com-
pressor and jet flow ducting systems can be included in this
exact analysis of ideal flows.

2.0 Description of Model and Analysis

2.1 Theoretical Model

To illustrate the validity of the general method of anal-
ysis presented herein and permit comparison with potential
flow theories,>? the following assumptions were made: 1)
the perfect gas flow is steady, two-dimensional, inviseid,
irrotational and isentropic, 2) the jet flow streamlines are
parallel in the immediate region of the jet nozzle exit, and
3) the flow approaches atmospheric pressure when the in-
viscid jet flow streamlines ultimately become parallel to the
ground. This region is denoted by BE in Fig. 2 and is
downstream of the initial impingement point of the jet on
the ground. In this region, the static pressure across the jet
will be uniform and equal to the ambient pressure paim.
Thus, the density and velocity of the flow becomes uniform
at BE and, by continuity, the thickness of the jet remains
constant thereafter.

2.2  Analysis

The power required to maintain the cushion pressure and
the pressure recovery for a compressible peripheral jet will
be derived by using the following equations.

2.2.1 Basic equations

1) Integrating the inviscid, two-dimensional momentum
equation over the control surface AFGHIC shown in Fig. 2
yields

ritta
(Pe — Patm) he + Peto sinf — sind fnl Palr. =

R ritta
psus?ty + sinf [ fT pauazdra] 1)

2) Equating the local pressure gradient and centrifugal
force term across the parallel flow at the nozzle exit, the
radial momentum equation at the nozzle exit is

OPo/OTa = pa(Ua2/7a) 2

3) Equating the mass flow rates through the nozzle and
station BE (Fig. 2), the continuity equation is

r1tta
prlsts = ﬁ . Palha drq (3)

Fig. 2 Control volume for peripheral jet.

ANALYSIS OF HIGH-SPEED PERIPHERAL JET FOR ACV 81

a

E: 0=a5

" 1.00

o I
z

S —
«» 080 B =
2

g / Yo
2 o060 10
= . f 0.7
o N
N — 0.1
N o040

o

2

S //

e

~ 020

w

u

o

=z

3 o000

o« 5
£ ) 1 2 3 4 5

HEIGHT TO JET THICKNESS R/\‘l’l(),he/ta
Fig. 3 Variation of jet thickness with Mach numbers.
4) The energy, state, momentum equations, and the irro-

tational condition for the parallel flow at the exit of the
nozzle are, respectively,

3+ ¢, T = ¢, Tr 4)
(or/p) = (pr/p)'” (5)
udu + dp/p = 0 (6)

Uy = UaTe 7

2.2.2 Analytical results

Multiplying Eq. (2) by 7. and integrating by parts with
respect to r, along AC, one obtains

S ot ot = | (14 2) 2 1)
Combining Eqs. (1) and (8) and using the definition,
Mo = us/ (YPatm/ Pat) H* 9)
which applies to isentropically compressed flows,
e/t = sind + (b/r)YM2[1/(pe = Pasw)/Patm]  (10)

Using Eqs. (5), (6), and (7) with the condition that the
velocity of the outer jet streamline at atmospheric pressure
up, remains constant and equal to the flow velocity across
station BE, Eq. (3) becomes

ritta -1 Up2ry?
Patm Usle = prY - 5 X
ry Ta

YA — 1\ V=D
<1 prY Y ﬂ YT g, (1)
2 pr v Ta

Using Egs. (5-7) and assuming v = 1.4, the following
relation is obtained:

d 5/2
wir = Gonlownd {3 00— e = L1 = ]

1 we _ 1 _da__]"

e s v
e d 3/2

e K v e

i, [(1 — DV — 1 [1=d/(] + ta/r)? M2+ 1]} 12)
o M A = & 1 [1—d/( + tu/r)2 ]2 — 1

where

d = W2)/c,Tr = 1 — Towm/Tr (13)
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Fig.4 Variation of ground jet thickness with nozzle angle.

Ford « 1 or M, < 0.2, Tr approaches Tam and pr ap-
proaches paim so that Eq. (12) reduces to

to/11 = In[l + (ta/11)] (14)

Equation (14) is exact for the incompressible flow case.

3.0 Discussion of Results

3.1 Variation of Jet Thickness

Equations (10) and (11) were used to calculate the vari-
ation of jet thickness ratio /t. as a function of h./f. for
various flow Mach numbers. Results are presented in Fig.
3. The value of #, is always less than {.. Figure 3 shows
that the approximation of constant jet thickness improves
with increasing height to thickness ratios. This result illus-
trates why previous analyses! 4 were inexact at low clearance
heights. The incompressible flow equation shows that = ¢,
only for extremely small values of i,/r;, which implies large
values of h./t.. In addition, Fig. 3 shows that, as M, ap-
proaches unity, the value of #/t. approaches unity more
quickly as h./t, increases.

Figure 4 shows that the ground jet to nozzle thickness ratio
ts/t. decreases with increasing values of 8 for a given M, and
h./ts. The value of £,/t, approaches unity more quickly for
smaller values of 6.

3.2 First and Second Power Coeflicients

3.2.1 Discussion of power coefficients
For the case where the ACV is stationary (no ram pressure
recovery) and the compression and ducting processes are
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Fig. 5 Comparison of incompressible jet theories.
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Fig. 6 Variation of first power coeflicient for various
Mach numbers.

assumed isentropic, the power requirement can be expressed
as

P mcp(TT - Tatm)

: (15)
Wuspam(¥/¥ — D (pr/Parw) Y =D/¥ — 1]

The power can be calculated in terms of h./t., 8, and M, by
using Eqs. (4), (5), (10), and (12). It is convenient to
define a first power coeflicient as

= P =
LT 2/ pan) VH(Pe — Patm)lhe

T =)

3/2
[1/(pc - patm)/patm]} <E> (16)

Il

@

The first power coefficient has practical meaning since,
once the required design clearance height and cushion pres-
sure p. are designated, the first power coefficient can be used
to determine the optimum nozzle thickness for a given M, and
6.

For the incompressible flow case, the denominator of @
expresses the power expended in replenishing the air sup-
plied to a static plenum chamber having a clearance height
h. and p. equal to pr. Thus, for incompressible flows, @, is
the ratio of the power requirement of a peripheral jet lift-
ing system to the power requirement of an ideal plenum
chamber system.

When the nozzle thickness and angle is predetermined or
constant and the height is variable, the second nondimen-
sional power coefficient defined below is useful for consider-
ing the power requirements associated with an existing
peripheral jet system.

P he
O = & ) e — o)l O <t'> )

Both nondimensional power coefficients can be obtained for
any given values of 0, M, and A./%..

By rearranging the nondimensional terms of Strand’s
report, and the incompressible flow results of Roche’s report,?
a comparison can be made based on ®;.  Agreement with the
results of this report was extremely good at all heights, and
consequently @, for both the potential theory and the theory
presented herein, can be represented in Fig. 5 by a single
curve.

While deriving the peripheral jet power requirements,
the authors of other reports have assumed that either the
thickness of the jet remained constant!'* or the jet momen-
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Fig. 7 Variation of second power coefficient.

tum remained constant®® in place of using the continuity
equation. Instead of employing a momentum control vol-
ume, it has often been assumed that the radius of curvature
of the peripheral jet also remained constant.!*

If the assumptions of constant jet thickness and radius of
curvature are used, the first power coefficient for incom-
pressible flows becomes

- P _ 1—e¥)
B (2/p>1/2(pc - patm)al?lhe - (1 - e~2x)3/2(1 + Sinﬁ)

when an irrotational velocity profile is assumed at the exit of
the nozzle. For this case, the minimum value of the first
power coeflicient oceurs for h./t. = 2.44 (see Ref. 1) as shown
in Fig. 5.

For the present analysis of the incompressible flow case,
when 6 = 45°, the minimum point of the first power coeffi-
cient shown in Fig. 5 occurs at h./t. = 1.8.

On the basis of the theory derived herein, it would appear
that, to optimize the power input for a given value of .,
the nozzle should be designed so that it is slightly greater
than one-half A, According to Eq. (18), the nozzle thick-
ness should be less than a half A, for a nozzle angle of 45°.

(el

(18)

3.2.2 Effect of jet mach number on power coefficients

The variation of the first nondimensional power coefficient
with A./f, is shown in Fig. 6 for § = 45°. The value of @,
at a given value of A./t, decreases rapidly with Mach number.
In the region where A./t. =~ 2, there is approximately a 109,
decrease in the power coefficient as M, increases from 0.1 to
1.0. The optimum value of h./{, remains between 1.5 and
2 for all M, considered. Figure 6 shows that slightly thicker
jets are desirable at higher M. The curves in Fig. 6, being
relatively flat for h./t, between 1.2 and 2.4, show that there
is some latitude in the choice of the optimum height to thick-
ness ratio.

For given values of A, t., and M, the power requirement
P increases as the produet of (pc — puw)¥? and @ (Eq.
16). Since, for a given value of P, k., and ., @; is decreased
by 109, as M, is increased from a small value to unity, the
variation of the power requirement is also decreased by 10%.

Figure 7 shows the variation of @, with A./t.. Since, at a
height to thickness ratio between 1 and 3, @, is reduced by
over 109, as M, is increased to unity, Fig. 7 and Eq. 17 show
that ®. is also decreased by over 109,. The second power
coefficient curves shown in Fig. 7 show the effect of flow com-
pressibility or Mach number for the case when ¢, and p. are
predetermined while A, and Pr are varied.

A heave stability characteristic is indicated by the slope
of @, with A./t.. 'This characteristic is defined as the partial
differential of the power requirement with clearance height
for constant values of p. and (0P/0h.),. The stability of a
vehicle undergoing heave motion is improved as the slope of
®, is decreased since the decrease means that the power re-
quirement is less dependent on the variations of k. As
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Fig. 8 Variation of first power coefficient with nozzle
angle.

shown by Fig. 7, the stability of the vehicle is improved for
higher M.

3.2.3 Effect of flow angle on power coefficients

Figure 8 illustrates the necessity of having # greater than
zero in order that the minimum value of ®; exists at h./t. > 0.
As @ is increased, the optimum design %./{. increases from
zero to approximately two. By increasing 6 from 0° to 30°,
the power required to maintain a given cushion pressure is
decreased by 259, at h./t, = 2 for M, = 0.7.  As indicated
in Figs. 8 and 9, under the ideal flow conditions assumed
herein, it is desirable to have @ equal to at least 60°. How-
ever, in actual peripheral jet systems, there is an increased
total pressure loss as the flow angle is increased caused by
viscous and turning effects. By increasing # to a value
greater than 60°, the loss in total pressure will become large
enough to cause a net decrease in over-all performance.
Consequently, practical peripheral jet systems have a value
of 6 in the region of 30° to 45°. For the analyses presented
herein, a practical value of § = 45° has been used.

3.3 Pressure Recovery

3.3.1 Comparison of theoretical results

By integrating Eq. (6) across the jet flow at the nozzle’s
exit, using Eqgs. (5) and (7), the pressure recovery may be
expressed as

Pe — Patm _ 1 ({ 1 +
Pr — Patm (pT/patm - 1) (1 -+ ta/ﬁ)z

pr YD/ |:] 1 ]}7/(7—1> 1) (19)
Patm T+ ta/m)?

The relationship between M, v, and pr/Paim can be ob-
tained from Eq. (4) and the perfect gas law equation. The
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Fig. 9 Variation of second power coefficient with nozzle
angle.
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Fig. 10 Pressure recovery for incompressible flows.

incompressible flow pressure relationship, derived from Eqs.
(7) and either (2) or (6), is

(pc - patm)/(pT - patm) = 1 - 1/(1 + tal/rl)2 (20)

A well-accepted incompressible flow equation for the
cushion pressure recovery associated with the assumptions of
Eq. (18) is'*

(Pe — Patm)/ P — Patm) = 1 — exp[—(2t./h)(1 + sind)]

2D
Equations (20) and (21) agree for small values of t./r; since
he/ry ~ (1 + sin®)(A + t./r1) (22)

for small {,/r: or large h./t,. The theoretical pressure re-
covery curves corresponding to Eqs. (20) and (21) are
plotted in Fig. 10 and are in good agreement.

3.3.2 Effect of mach number on pressure recovery

As shown in Fig. 11, the pressure recovery decreases
with increasing Mach number. As the velocity of the jet
increases from a low subsonic value to sonic velocity, there
is an approximate decrease in pressure recovery of 2%, and
109 at h./t. = 2 and 4, respectively.

3.3.3 Effect of flow angle on pressure recovery

As shown in Fig. 12 pressure recovery is highly sensitive
to 8. The decrease in pressure recovery is significant for
@ between 6 = 30° and 0°. At h./t, = 4, Fig. 12 indicates
a pressure recovery reduction of 10% as 6 is decreased from
30° to 15°.

3.3.4 Comparison of experimental and theoretical results

The applicability to engineering purposes of previous
theories and the present theory depends in a large part on the
disparity between the pressure recovery achieved under
actual operating conditions and the theoretically predicted
pressure recovery.
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Fig. 11 Cushion pressure recovery for compressible flows.
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Fig. 12 Variation of pressure recovery with nozzle angle.

Mair! presents experimental data in excellent agreement
with Eq. (20). Data' are presented in Fig. 10 for nozzle
thicknesses greater than 0.4 in. However, at &./t, = 4,
the experimental results of Richardson’ differ as much as
40%, from the pressure recovery predicted by Eqgs. (20) and
(21). Richardson found that for relatively low-velocity jets
and thin nozzles (0.1 in.), giving low Reynolds numbers,
~10%, the discrepancy between the theoretical pressure re-
covery curve and the experimental results was far greater
than for thicker nozzles (0.2 in.) and higher flow velocities
and Reynolds numbers, ~105. From Mair’s data, it would
appear that a significant portion of the diserepancy can be
explained by taking into account 1) the boundary-layer
displacement thickness along the walls of the jet nozzle
and the ground surface, 2) the Mach number or flow com-
pressibility effect, and 3) the actual flow angles at a peripheral
jet nozzle exit which may be far less than the designed flow
angles. The boundary-layer displacement thickness reduces
the effective value of ¢, and consequently, raises the effective
height to thickness ratio. If the latter ratio was used as the
height to thickness ratio, the difference between the ideal
and actual pressure recovery curves would be reduced. The
Mach number effect is described in Sec. 3.2.2. Since the
actual flow angle of a 30° nozzle of the type used by Richard-
son et al.” approaches 15°, the flow angle effect deseribed in
Sec. 3.2.3 cannot. be discounted.

4.0 Extension of Present Theory

Because of the inefficiencies in the system, the static tempera-~
ture of the nozzle jet flow is increased above Tww. By including
this effect in a more practical but complex theoretical deriva-
tion, a more accurate evaluation of real peripheral jet char-
acteristics can be made. By using the potential flow theory
of Strand? and Roche,® one is restricted to the analysis of
inviseid, irrotational flows. Using the general method dis-
cussed herein, complex peripheral jet systems can also be
analyzed. Such analyses are currently in progress.

5.0 Conclusions

1) The ratio /t, can take on any value between zero and
unity. Increasing M, and decreasing f causes an increase
in &/te. 2) The compressibility effect is beneficial to the
lifting efficiency as indicated by an approximate 109, decrease
in the power coefficients as the jet Mach number is increased
from zero to unity at k./{c = 2. 3) Results indicate that
under static conditions the design clearance height should
not be greater than twice the nozzle thickness. There is
only a slight decrease in the optimum value of A./t, as the
Mach number is increased to unity. 4) The nozzle thick-
ness required to optimize the power requirements for a given
clearance height increases with decreasing values of 8. 5)
The heave stability characteristic improves with increasing
jet Mach number. 6) The pressure recovery of a peripheral
jet decreases with increasing Mach number. 7) The
pressure recovery of peripheral jet is greatly affected by the
nozzle flow angle. In evaluating a peripheral jet system, it
is important to realize the difference between the design and
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actual flow angles. 8) The analysis presented herein agrees
with the potential flow theories of Strand? and Roche® for
all height to thickness ratios. 9) Unlike potential flow
theories which are restricted to irrotational, inviscid flow
analyses, this general method of analysis provides the basis
for an accurate evaluation of the performance characteristics
of compressible flow peripheral jets wi h viscous effects.
Furthermore, this method of analysis may be extended to
analyze more complex peripheral jet systems. :
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