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Abstract

The Air Cushion Landing System is a scheme to replace the wheeled landing gear
on aircraft by a peripheral jet air cushion. This concept has been developed through flight
testing by Bell Aerosystems and the Air Force Flight Dynamics Laboratory.

The concept employs a flexible elastic membrane of “trunk’ which is attached to
the bottom of the aircraft fuselage. During flight, the trunk shrinks elastically and hugs the
fuselage like a de-icing boot. When a flow of air is applied to the inside of the trunk, the
elastic material stretches and forms an elongated doughnut-shaped protrusion on the
underside of the aircraft. The air flow is ducted by the trunk to the fuselage periphery and
exhausted through a large number of holes or slots. As a result, a pressure builds up under
the aircraft when the ground is approached. The pressure is sufficient to support the aircraft
and absorb its vertical landing velocity.

This study develops anal\_/tical relationships between the variables associated with

the Air Cushion Landing System. Included are the following:

(a} The derivation of a theory which predicts the static characteristics of
the system.

{b) Analytical methods for predicting flow, jet height, and power require-
ments.

(c) Curves which illustrate the interrelationships among the design vari-
ables.

{d) Computer programs for predicting the cross-sectional area and shape of

the elastic trunk.



(e} The development and test of an analytical model which predicts the

dynamic response of the system to landing impact.
(f) A discussion of the design considerations for the system.

Preliminary experimental data is presented to illustrate that agreement between

theory and experiment is good.
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1. INTRODUCTION

1.1 Statement of the Probiem

The purpose of this work is to develop design techniques which can predict
analytically the power reguirements and dynamic response of a unique air suspension
system which can be used to replace the landing gear on aircraft. The particular system
analyzed will be referred to as the Air Cushion Landing System and abbreviated ACLS. The
ACLS was developed jointly by Bell Aerosystems and the Air Force Flight Dynamics
Laboratory. It utilizes a flexible skirt or “trunk’ and a distributed peripheral jet as
described in Section 1.3. The development program for the ACLS is documented by
References 1, 2, 3, 4, b, and 6. The referenced program was largely experimental. This study
is intended to present analytical technigues which will be useful in extrapolating the
reported experimental results and in designing larger and more efficient air suspension
systems for aircraft,

The power requirements for an air suspension system may be stated in terms of
pressure versus flow characteristics for the fan which supplies the air for the system. in the
following chapters, relationships are developed which relate the pressure and flow to the
resulting ground clearance and overpressure beneath the aircraft. For the purposes of this
work, the effect of forward velocity is negiected.

The dynamic response of interest in this work is the response of the air cushion
trunk to landing impact. It is desired to predict the forces and motions which result from a
residual vertical velocity of the aircraft at touchdown. Of particular interest are the
maximum acceleration and the maximum trunk deflection for a given aircraft weight and

sink rate. For the purpose of this work, only vertical forces and motions are considered.




Aerodynamic forces resulting from the aircraft surfaces are neglected as are all moments and
angular motions.

Static analyses of the trunk shape and flow characteristics are prerequisites to
analytical treatment of both power requirements and the dynamic response of the system.
Consequently, these analyses are developed and experimentally verified prior to presenting
the dynamic and power system analysis.

The most widely accepted flow theories for predicting the cushion pressure in air
cushion vehicles‘ are summarized in Chapter 2. Nondimensional flow parameters are
developed in Chapter 3. The prediction of the trunk shape and crosssectional area is
developed in Chapter 4. Flow theories for the combined trunk-jet system are presented in
Chapter 5. Experimental results to verify the trunk shape and flow theories are presented in
Chapter 6. An analysis of the dynamic response of the trunk system is derived in Chapter 7.
Experimental verification of the dynamic system is presented in Chapter 8. A summary of
the design considerations, the dynamic response and the power requirements is included in
Chapter 9.

The following design tools are presented:

(a) The power-jet height parameter, Cjg. developed in Chapter 3 is
valuable dimensionless parameter for comparing the relative effectiveness of competing
designs for minimizing horsepower and maximizing jet height. The value of Cy,q for a design
may be determined easily by test, thereby eliminating a complicated analysis. The parameter

Chg is also valuable for scaling model test results to full size vehicles.

{b) The trunk shape analysis developed in Chapter 4 provides the
capability of analytically evaluating the effect of trunk length, attachment points, material
elasticity, cushion pressure and trunk pressure on trunk shape, volume and stiffness. The

accuracy of this analysis in predicting trunk shape is illustrated by Figure 6-5 (Page 159).



{c) The resitrictor flow theory developed in Chapter b provides the
capability of analytically evaluating the effect of jet size, spacing, angle, position on the
trunk; aircraft weight, power input, trunk shape and cushion area on the resulting footprint
pressure distribution, jet height and flow. The accuracy of the flow restrictor theory in
predicting pressure distribution around the trunk is illustrated by Figures 6-8, 6-9, and 6-10
(Pages 168, 169, and 170). The accuracy in predicting flow is illustrated in Figure 7-11
(Page 173). The accuracy in predicting jet height is illustrated by Figure 7-12 (Page 174).

{d} The dynamic analysis developed in Chapter 7 provides the capability
of analytically evaluating the influence of aircraft weight, sink velocity, fan characteristics,
trunk shape, trunk length, and trunk orifice area and spacing on the dynamic response of
the vehicle under landing impact. The accuracy of this analysis in predicting trunk pressure,
deceleration, and displacement during drop test is illustrated by Figures 8-11, 8-12, and 8-13
{Pages 244, 245, and 246}, respectively.

1.2 Background

An air suspension system supports a vehicle on a cushion of air trapped between
the vehicle underside and the ground. The vehicle weight is uniformly distributed by the air
cushion over a large area. Extremely low ground pressure results. Consequently, such a
system offers the potential for operating on extremely soft ground and even water.

The two most common air suspension systems are known as the plenum chamber
and the peripheral jet. These systems are illustrated in Figures 1-1{a) and 1-1(b),
respectively. Both systems rely on “‘ground effects”” or an overpressure caused by the
presence of the ground for support. In both systems, input power is required to maintain
the air cushion. The major difference between the two systems lies in the mechanism by
which the overpressure is maintained. The plenum chamber utilizes a flow restriction, while

the peripheral jet maintains the overpressure by a momentum “'seal”.
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In the case of the plenum chamber, air is pumped into the cavity under the
vehicle and leaks out through a narrow gap between the periphery of the vehicle and the
ground. An overpressure is maintained in the cavity as a consequence of equifibrium
between the pressure differential across the gap and the combined acceleration and
frictional forces which limit the flow of air through the gap. The result is a flow restriction
of the exhaust plane.

In the case of peripheral jet, air is vented in a jet at the periphery to form an air
curtain seal. The sealing effect of the jet is a consequence of the equilibrium between the
pressure differential across the jet and the centrifugal forces in the curved jet airflow.
Pressure in the cushion is maintained by this air curtain seal. In a “pure’” peripheral jet air
suspension system, all air is introduced at the periphery. In theory, air neither enters nor
leaves the cavity when the system is at equilibrium.

The concept of using an air cushion {or ground effects) to support an aircraft
during take-off and landing is not new. Machines which utilize this principle are called
Ground Effects Take-off and Landing aircraft and are abbreviated GETOL aircraft. Studies
of GETOL concepts have been conducted by AVRO Canada, ONERA (France), UTIAS
{Canada), DORNIER (Germany) and VERTOL and CONVAIR, and Bell Aerosystems in the
United States of America. (78"

Figure 1-2{a) shows the AVROCAR, a peripheral jet concept which was studied
by AVRO between 1954 and ‘1962.('9'10'1 1.12,13) Research was discontinued because of
excessive power consumption (attributed to high duct losses} and instability when out of
ground effect.

Figure 1-2(b} shows a GETOL aircraft design proposed by VERTOL. The
VERTOL studies indicated that their design is competitive with conventional aircraft in
weight and performance.“4-15'16'17r18’ However, the static and dynamic stability and
control of the craft present major problems.

CONVAIR studied a GETOL aircraft with a thick rectangular wing equipped with
a peripheral nozzle.“g'zm The major difficulties anticipated were stability and excessive

energy losses.

*Numbers in parentheses refer to references.
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ONERA,21.22) y1|a5(23,24,25,26) 304 bORNIER27) have studied wings of
various shapes equipped with peripheral nozzies. Each of the studies mentioned above
employed a jet height (ground clearance) measurable in feet. Several deficiencies are
associated with such large ground clearances. These deficiencies include poor stiffness, poor
vertical energy absorptive properties and targe power requirements.

The concept developed jointly by Bell and the Air Force Flight Dynamics
Laboratory is unique.”'2r3-4) it utilizes a jet height of less than one inch, thus reducing the
power requirements to an acceptable level. The use of flexible skirts around the periphery of

the air cushion greatly increases the stiffness and energy absorptive properties of the system.
1.3 The ACLS Concept

The Air Cushion Landing System completely eliminates the conventional aircraft
landing gear and replaces it with a cushion of air maintained beneath the fuselage during
take-off and landing. An artist’s concept of the system is shown in Figure 1-3. The elongated
doughnut shown on the bottom of the fuselage is call a trunk. The trunk forms the flexible
ducting required to provide a continuous curtain of air around the periphery of the fuselage.

Air is fed into the trunk from a compressor located in the nose wheel well. The air
is ducted by the trunk to the fuselage periphery and exhausted through jets in the trunk to
form a jet curtain. This jet curtain seals a pressure of one to two psi under the aircraft
fuselage when the ground is approached. The trunks are made of rubber and nylon. When
inflated, they stretch approximately 300% to assume the shape shown in Figure 1-3. When
not pressurized, they shrink and hug the fuselage like a de-icing boot.

A braking system is shown in Figure 1-4. Braking is accomplished by pressing a
brake material against the ground. The brake material may be replaced without replacing the
rest of the system — just as conventional brakes may be relined without replacing the
landing gear. Brakes are actuated by applying pneumatic pressure to the pillow sections
shown on the bottom of the trunk. Steering is accomplished by differential braking as in a

caterpillar tractor.
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The mechanism by which roll angles are reacted is shown in Figure 1-5. The figure
on the left shows the approximate footprint pressure of the ACLS under equilibrium
conditions. The aircraft is totally supported by the cushion of air maintained under the
fuselage. Under a farge roll angle, the footprint pressure changes. The change is shown in the
flight figure. In addition to the cushion of air, the trunk is supporting the aircraft. The
pressure in the trunk is roughly twice the pressure in the cushion. The trunk pressure, acting
over the area shown in Figure 1-5, develops a large restoring moment whenever the bag is
flattened against the ground. Negligible scrubbing of the bag against the ground occurs due
to the large flow of air between the bag and ground. Very fow friction results. The
phenomena by which pitch stiffness is obtained is identical to that by which roll stiffness is
obtained.

This Air Cushion Landing System is an extension of the technology developed for
air cushion vehicles. Figure 1-6{a) shows one such vehicle used by the U.S. Army in
Vietnamm. {28} This vehicle weighs about eight tons. A larger vehicle built for the Navy by
Bell Aerosystems is shown in Figure 1-6{b). This vehicle weighs about 30 tons —

approximately equal to the C-119 and C-123.(7.28) The Britsh operate a vehicle which
weighs 163 tons, or nearly twice the weight of the C-130.(7,28) This vehicle, shown in
Figure 1-6(c), provides commercial ferry service across the English Channel.

An extensive amount of work has been published concerning the performance of
Air Cushion Vehicles.(s) Much of this work can, and has been applied to predicting the
static performance of the ACLS. However, the design of the trunks and the peripheral
nozzles on the ACLS are considerably different from the design of the same items on Air
Cushion Vehicles. A comparison of the three designs is shown in Figure 1-7. The left figure
shows the cross section of a typical plenum chamber with a flexible skirt. The middle figure
shows the cross section of a typical ACV peripheral jet trunk. The continuous peripheral
nozzle directs the jet inward at a constant angle. In the ACLS trunk shown on the right, the
jet is formed by many holes which direct the jet at various angles. Consequently, corrections
will be necessary in applying existing flow theories developed for simple peripheral jets.

These corrections are developed in Chapter 5.
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2. PERIPHERAL JET FLOW RELATIONSHIPS

2.1 Method of Approach to Problem

It is desired to predict the interrelationship among foad capacity, power and jet
height for a peripheral jet air suspension system. This problem involves eight independent
variables whose values are fixed by the environment, the design, or the mode of operation.
There are also eight dependent variahles of interest. Consequently, it is necessary to develop
eight independent eguations which relate the eight dependent variables.

The variables of interest and the laws which have been applied to develop the
eight equations are summarized in Section 2.2. The development of the equations requires
the assumption of a velocity profile across the jet. Several authors have made different
assumptions regarding this veiccity profile. These different assumptions lead to different
theories on the performance of the peripheral jet. The basic relationships which are common
to all the theories of interest are developed in Section 2.3. The relationships for specific

theories are developed in Secticns 2.4 through 2.9.

2.2 Background

The Air Cushion Landing System is generally similar in design to Air Cushion
Vehicles shown in Figure t-G. Both employ peripheral jets of the type shown in Figure
1-1(b). However, there are differences in the design of the trunk as shown in Figure 1-7. The
ACLS uses a distributed jet as compared with a concentrated jet for the Air Cushion
Vehicles. The single-peripheral {et system will be considered in this section. Distributed jet

systems will be presented in Secticn 5.

13
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A number of flow theories have been advanced to predict the plenum pressure
which will result from a peripheral jet of a given design.(a) These flow theories fall into
three general categories.

The first category involves the development of an exact sclution of the
Navier-Stokes equations of the jet flow. The viscous exact theory developed by Boehler(30)
falls into this category. The resulting relationships are quite complicated and therefore only
numerical evaluations will yield useful results,

The second category involves the conformal mapping of the hadograph plane for
solving the annular jet flow. A number of authors including Chaplin and Stephenson,(31)
Strand,(32) Ehrich,(33) Cohen,(34) Bligh,(35) and Roche(ss) have developed solutions to
the jet flow field, assuming two dimensional, nonviscous flow. These theories have the
disadvantage of being overly complex without providing better agreement with experimental
results than provided by the simpler theories of category three.(8r37)

The third category involves an approximation of the exact solution based upon
simplifying assumptions to predict the jet momentum. These theories are known as
momentum theories. They have the advantage of providing simple relationships and agreeing
reasonably well with experimental results.(8'37) A momentum theory which included the
effect of viscosity was advanced by Chaplin.(38) However, this analysis requires the
assumption of an experimentally developed entrainment function. This approach is
considered to have little merit over the application of an experimentally determined
coefficient of discharge to a simple nonviscous momentum theory,

The nonviscous momentum theories differ principally in the assumption made for
the velocity profile across the jet, The thin jet theory(39) assumes a velocity across the jet
which is constant and independent of cushion pressure. 1t is applicable only for large jet
heights or low cushion pressures. The exponential theoryMO) assumes an exponential

velocity profile across the jet. The Barratt Theory(41)

assumes a velocity in the jet which is
inversely proportional to the jet radius of curvature, Earl“) developed a semi-empirical
relationship between jet height and velocity so that the predicted flow would be zero at the

end point where the jet height is zero.
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Khanzhonkormz) and Fuijita (43) developed separate analyses for suspension
systems which employ two peripheral jets to provide a ““double seal”’. Khanzhonkor used
the exponential theory and Fujita . used the thin jet theory to predict the flow and pressure
ratio across each jet.

A number of other authors{®37) have used the nonviscous momentum theories
to predict flow performance of peripheral jet air suspension systems. The momentum
theories which have been reported to give the best agreement with test resuits are the
Exponential Theory and the Barratt Theory.(40-37)

In the sections to follow, the most prevalent nonviscous momentum theories will
be summarized. The development of relationships which are common to ail of the peripheral
jet theories are presented in Sections 2.3 and 2.4. The momentum theories developed are as

follows:

The Thin Jet Theory — Section 2.5,
The Exponential Theory — Section 2.6,
The Barratt Theory — Section 2.7.

The Simple Plenum Theory is presented in Section 2.8. This theory is applicable
to the type of air suspension system shown in Figure 1-1{a). The plenum chamber relies
upon flow restriction rather than a momentum seal to maintain the overpressure in the

plenum.

2.3 Development of Common Relationships

2,31 Approach

In this section, the variables associated with peripheral jet performance are listed,
the laws which have been applied are stated, and the relationships which are common to all

the peripheral jet theories have been developed.
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The variables involved in the problem are shown on the idealized model of an air

cushion landing system in Figure 2-1. These variables may be grouped as follows:

Independent Environmental Variables

P - Atmospheric pressure, psfa

a
P — Atmospheric air density Ib/ft3

Independent Design Variables

Ac — The effective horizontal area over which cushion pressure acts
(cushion area), ft2

S — Length of the peripheral jet nozzle, ft

t — Width of peripheral jet nozzle gap, ft

0 — Effective nozzle angle, radians

Independent Operating Variables

hp - Energy per unit time contained in air supplied to the jet, horsepower
Wa — Weight of aircraft, Ib

Dependent Variables

d ~ Jet height, ft

J - Magnitude of the reaction imparted by the jet {-lbs)

Pe(Py) — Cushion pressure, psfg (psf}

P (pi) - Trunk {jet) pressure, psfg {psf)

P {P) — Pressure at an arbitrary point inside the jet, psfg {psf)

Qi — Flow rate of air from jet, ft3/sec

R ~ Radius of curvature of the path of an infinitesimal element of gas
in the jet, ft

v - Velocity of an infinitesimal element of gas inside the jet, ft/sec
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The independent environmental variables are considered constants. For a given

design, the independent design variables are fixed. It is desired to develop relationships

between the independent operating variables and the dependent variables for fixed values of

the independent environmental and design variables. Such relationships would allow the

prediction of the jet height as a function of power input and aircraft weight. The jet height

is an index of the air cushion performance as is discussed in detail in Chapter 9.

If one applies basic laws and principles to a free body of the peripheral jet system,

the necessary relationships may be developed. Since there are eight dependent variables, it

will be necessary to develop eight independent relationships among the variables.

The relationships are as follows:

{a)

(b)

{c)

{d)

(e}

Force equilibrium applied at a cross section of the air cushion taken
parallel to the ground and at ground level gives:

W, = floe AJ (2-1)
Conservation of energy involving the energy source for the system
gives:

hp = fip; Q; {2-2)

Geometric compatibility between the jet radius and the other
dimensions gives:
R =1f({d61 (2-3)

D"Alembert’s principle applied to an element within the jet gives:
p=fipyv, R) (2-4)

Conservation of energy applied to the jet gives Bernoulli's equation

Pj = f(P,v, p} (2-5)
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(f) Conservation of mass applied to the jet at its exit plane gives:
(g) Force equilibrium applied to the cushion seal gives:

d = f(pg, J,6) (2-7)
(h} The definition of momentum applied to the jet gives:

= f{s, Pjo t) {2-8)

The first two equations (2-1 and 2-2) provide relationships among the two
independent operating variables and three of the dependent variables. These equations do
not involve assumptions concerning the flow in the jet. Consequently, they are applicable to
all of the jet flow theories to be developed later. The approach taken here is to deveiop
these two relationships first, then develop the remaining relationships based upon various
thearies of flow in the jet.

The development of the first two relationships, which are common to all flow

theories for the peripheral jet, is presented in Sections 2.3.2 and 2.3.3.

2.3.2 . Force Equilibrium

Force equilibrium may be applied to the air cushion vehicle at the ground

footprint as shown in Figure 1-5(a). The following assumptions are made:

2.3.2.1 The ACLS is symmetric and the opposite sides have identical fiow,

stiffness and geometric characteristics.

2.3.2.2 The center-of-gravity of the aircraft is directly above the center of the

air cushion.
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The pressure is equal to P. inside the plenum and equal to P, outside

the plenum.

All flow into the trunk exhausts through the peripherali jet.

The net vertical thrust from the peripheral jet is negligible.

Force equilibrium applied at a cross section of the air cushion taken parallel to

the ground and at ground level gives:

Wa = p A, (2-9)

2.3.3 Conservation of Energy Involving the Power Source

The conservation of energy law may be applied to the energy supplied to the air.

In order to apply this principle, the following assumptions are made:

2.3.3.1

2.3.3.2

2.3.3.3

2.3.34

23.35

The air is incompressible.

The air is inviscid.

Energy fosses are negligible.

Flow is adiabatic.

The air velocity in the trunk may be neglected {P¢ = P;, where Py = total

pressure).

The work done on the air by the fan must produce an increase in the energy of

the air.
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We = (Pj—PylV;

where: \Tv} is the work done by the fan per revolution and

Vf is the air volume displaced per revolution.

The above equation may be differentiated with respect to time.

dWe  dV

@ it

Written in terms of horsepower input to the air, the relationship becomes:

Q.
hp =Pid (2-10)
550
2.4 General Technique for Developing Flow Relationships

2.4.1 Approach

In this section, the assumptions required to develop the flow equations are listed
and the general flow equations are developed. All the assumptions stated in this section
apply to all peripheral jet theories developed by this author in Sections 2.5 through 2.8.
Each of the theories also has additiona! assumptions peculiar to the particular theory. The

various laws will be applied in the same order as will be used in the sections to follow.

242 Geometric Compatibility

The various theories differ somewhat with respect to the assumptions made in the
area of geometric compatibility. The particular assumption for the geometry of the jet will

be considered separately for each of the theories to follow. It will be shown later that a

convenient dimensionless ratio associated with the nozzle geometry can be defined and wiil
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be referred to as the jet thickness parameter. This parameter is represented by the symbol

X and is defined as follows:
X =% (1 + sin6) (2-11)

24.3 D’Alembert’s Principle Applied to the Jet

A relationship involving the pressure, the velocity and the radius of curvature of
the jet may be obtained by applying d’Alembert’s principle.

The following assumptions are applicable:

2.4.3.1 The viscosity is negligible.

2,4.3.2 The density of the gas is constant.

2.4.3.3. The pressure and velocity along any streamline is constant.

D’'Alembert’s principle may be applied in the R direction to the infinitesimal

element of gas shown in Figure 2-2. The resulting equation is:

2 R P
"de = (P+dP) (n+%-) dn—2u=+92—) sin d%?dR——P(R—-%B—) dn

The above equation may be simplified by eliminating third order differentials and

introducing the following substitutions:



23

MODEL FOR GENERAL THEORY
FIGURE 2-2



24

The resulting equation becomes:

2

— dR dn = dP dn
ofR

Since dn # 0 it is possible to divide by dp to give a simple differential equation
which relates the pressure at any point in the jet to the velocity and the radius of curvature

at that point. The equation is:

dR
P = g—’lvz - (2-12)
Q

24.4 Conservation-of-Energy Applied to Jet

A relationship between the pressure and velocity at any point in the jet may be
obtained by applying conservation of energy.

The following assumptions are applicable:

2.4.4.1  The air is incompressible.

2.4.42 The air is inviscid.

2,443 Energy losses are negligible.

2.44.4 The flow is adiabatic.

2.4.45 The air velocity in the trunk may be neglected.

2.4.4.6 The total pressure is everywhere constant.

2447 The air velocity in the trunk is equal to zero and the pressure Pj =Py

{where P = total pressure).
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2.4.48 The flow velocity is perpendicular to the exit plane DF.

2.4.49 The effect of change of height of the gas is negligible.

2.4.410 The energy along any streamiine is constant.

The conservation of energy principle may be applied to an arbitrary streamline(s)
in the jet shown in Figure 2-2. The energy of the gas at any point in the trunk must equal
the energy of the gas at any point in the streamline. Since there is negligibie heat transfer,
work, frictional losses, gas compression, and change in height during the flow process, the
energy balance becomes:
pP. 4 p 2

— = = ¢

p 2g, P 24,

In the above equation, the j subscripts denote any point in the trunk and the
variables which are not subscripted denote any point in the jet. Assumption 2.4.4.5 permits

the elimination of the v j2 from the above equation. The resulting equation is:

P. P 2

I (2-13)
0 P 29,
Equation (2-13) gives a relationship between the trunk pressure and the pressure

and velocity at any point in the jet.

2.4.5 Conservation of Mass

A relationship involving the flow may be obtained by summing the increments of
flow across the jet. The assumptions in applying this principle are the same as those for the

conservation-of-energy principle. These assumptions are listed in Section 2.4.4. A mode! for
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the jet flow is shown in Figure 2-2. For an arbitrary value of 7, the increments of flow
across the jet may be summed in the radial direction. The resulting equation is:
Re
Oj =85 f\{ dR {2-14)

Ra

In the above equation, the integration is performed with n = constant. The
variable S is the length of the jet curtain. Equation (2-14) gives the total flow from the jet,
evaluated at any angle 7. It is generally convenient to evaluate the flow at the exit plane

where n=900+ ¢.

24.6 Force Equilibrium Apptied to the Jet Seal

Force equilibrium may be applied to the peripheral jet seal shown in Figure 2-2,
The assumptions from the previous sections are retained. The following assumptions are

added:
24.6.1 The surfaces above and below the air cushion are rigid and impervious.

2.4.6.2 The cushion is in static equilibrium {no air entering or leaving the

cushion).

2.4.6.3 The cushion pressure is separated from the atmosphere by a peripheral

jet.

24.6.4 The mixing between the jet and the surrounding environment is
negligible and the velocity profile is constant along the length of the jet

{two dimensional flow).
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2.48.5 The total momentum of the jet at the nozzle exit plane (Sectien DF,
Figure 2-2) is egual in magnitude to the total momentum of the jet at

the cushion exit plane {Section EG, Figure 2-2),

Under equilibrium conditions, air neither enters nor leaves the cushion (plenum).
The cushion pressure is maintained by the reaction which results from the momentum
change in the peripheral jet. For force equilibrium in the air gap (d), the cushion pressure
times the area over which it acts must equal the time rate of change of the total jet
momentum. The equation expressing force equilibrium across the air gap in the direction

perpendicular to the air gap {the x direction) is:
pcSd = 9@, _! (215)
The magnitude of the force in the x direction developed by the change in momen-

tum of the gas may be determined by the momentum principle applied to the control

volume. The momentum principle may be stated:

d 1 1 d {wv,) E 5
= (N, —= — X 4+ -
Fx dt( )x W " WY | W,

out n

If the velocity and flow rate are assumed constant, and the geometry of Figure

2-2 is applied, the resulting equation is

d 1 ,
HT(J)X o J (1 +sin ) (2-16)

0

where

&
I
é°|§
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2.4.7 Pressure Variation Across the Jet

The principal difference between the various momentum theories is a difference
in the pressure variation across the jet. All theories presented assume the pressure and
velocity along any streamline is constant (Assumption 2.4.3.3). Consequently, jet pressure is
independent of n in Figures 2-2, 2-3, and 2-4,

The pressure variation across the jet may be determined by combining the
conservation-of-energy equation, Equation {2-13), and the D’Alembert’s equation, Equation
{2-12}. The result is:

The resulting differential equation gives the pressure variation with radius. This equation
may be integrated between the jet boundary and some arbitrary radius to give the pressure
at any point inside the jet.

The pressure variations for the three momentum theories are presented in
Sections 2.6.7, 2.6.7, and 2.7.7.

24.8:  Velocity Variation Across the Jet

The velocity variation across the jet may be found in a similar manner to the
pressure variation. In this case, the pressure terms in the D'Alembert’s Principle relationship,
Equation (2-12), may be eliminated by substitution of the conservation-of-energy

relationship, Equation {2-13). The result is:

dv —dR

v R
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The resulting differential equation relates the velocity variation to the radius. The
equation may be integrated between the jet boundary and some arbitrary radius vector with
terminus inside the jet to give the velocity at any point inside the jet. As a consequence of
Assumption 2.4,.3.3 the velocity in the jet is independent of n in Figures 2-2, 2-3, and 2-4.

The velocity variations for the three momentum theories are presented in Sections

25,8, 26.8, and 2,7.8,

249 Momentum

The magnitude of the total reaction of the jet at the nozzle exit plane {Section
DF, Figure 2-2), may be determined by summing the total mass flow rate and velocity
across Section DF. The mass flow rate is determined by summing all the flow across section

DF. The result is

Re
w = pS f vdR

Ra
The integration is performed at Section DF. This section is specified by hoiding
the angle n constant at 90° + @ . By applying the definition of momentum, Equation

(2-16}, and by using the mass-flow-rate refationship developed above, an expression for the

magnitude of the total jet reaction may be developed.

Re

J=—_8 IVZ dR (2-17)
a

The integration is performed with n = constant=90+ ¢ .

Equation (2-17) gives the magnitude of the total reaction of all the air
escaping from the jet at the bottom of the trunk, evaluated at the nozzle exit plane at the

lower surface of the trunk.
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24,10  Jet Flow

The different momentum theories predict different flows as a consequence of the
different pressure distributions assumed to exist across the jet. The total jet flow, Qj, may
be found by integrating Equation (2-14). This integration has been performed in Sections
2.5.10, 2.6.10, and .2.7.10. In each section, the final result has been arranged so that the
expressions for the different theories may be compared easily. In each case, the expression

for flow has the following form:

f 290
Q] = t8S p—(pl) f@)c/pj), XJ

The term in brackets, if any, signifies the difference between the flow predicted
by the three theories. In later sections this term is treated as a flow coefficient and
designated Cq.

241 Recovery Pressure Ratio
The final relationship desired is the ratio of the cushion pressure to trunk pressure

as a function of the jet thickness parameter. This relationship has the form.
pc/ pj = f (X}

where X = t/d {1 + sin 8 ). A second relationship between pc/pJ- can be developed by
combining Equations (2-9) and {2-10)}. The result is:

walfg;) 1
P/ = T A | 550

It is evident from the above relationships that pc/pj forms an important link in

relating the independent variables W Aand hp to the resulting jet height d.
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The Pc/Pj = §(X} relationships for the three momentum theories have been
developed in Sections 2.5.11, 2.6.11, and 2.7.11. The relationships involving aircraft weight
(W A)' horsepower (hp) and jet height {d) have been developed in Chapter 3.

2.5 The Thin Jet Theory

2.5.1 Approach and Assumptions

In Section 2.3.2, Equation {2-9) was developed which relates aircraft weight to

cushion pressure and area

W, = pg A {2-9)

In Section 2.3.3, Equation (2-10)} was developed which relates input power to

trunk pressure and flow.

- P9

hp =_1 1
550

{2-10)

It is evident that if a relationship between p, and Pj could be determined, and if
Qi could be expressed in terms of p, and Pjr then the aircraft weight and input horsepower
could be directly related.

A number of theories have been presented in the literature for relating p, and Pj-
The simplest of these theories is the thin jet theory which is developed In this section. The
objective is to determine the flow Oj and the pc/pi relationship which can be used to link
Equations (2-9) and (2-10).

The Thin Jet Theory advanced by Chaplin(sg) assumes that the jet height is very
much larger than the nozzle thickness (d > t}. Under these conditions, the jet is extremely
thin and is considered as a single streamline {see Figure 2-3). In addition to the assumptions

made in Section 2.1, the following restrictions are imposed:
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The radius R is constant in magnitude.
The velocity and pressure variations are linear across the jet.

The increments dP and dR in Equations (2-12), {2-14}, and (2-17} may
be replaced by the finite quantities:

AP = Pc'Pa and AR=t
The streamline is tangent to the ground at Section EG of Figure 2-3.
The thickness of the jet is sufficiently small such that R, = R = Ry,

The pressure and velocity along the streamline from DF to EG is

constant (Figure 2-3).

The pressure variation across the jet is assumed to be linear and the

average pressure may be expressed by the relation:

P =P, + f(P,—P,) (2-18)

where 0 < f < 1. Therefore, P, =P = P, The value of f may be
determined experimentally. Chaplin (39) suggests the use of f = 0.
Stanton-.}ones(4m and Gates(44} have developed theories using a
value of f = 1. For the purposes of this development, f =0 will be

considered.
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252 Geometric Compatibitity

From Figure 2-3 it may be seen that the following geometric relationship holds:

d
E —— 2-1
1+sind (2-19)
2.5.3 D'Alembert’s Principle

Assumption 2.5.1.3 applied to the D'Alembert’s equation, Equation (2-12), gives:

Po =|— | [V ]|—= {2-20}
C 9 R

in the above equation, both pe and v are unknown quantities. The calculation of P¢ is
dependent upon v. In turn, v is dependent upon P which is determined by the choice of f

in Assumption 2.5.1.7.

254 Conservation of Energy

Conservation-of-energy applied as specified in Section 2.4.4 gives:

2
Pj = P+% Py (2-21)
9%
25,56 Conservation of Mass

Conservation-of-mass applied as specified in Section 2.4.5 together with
Assumption 2.5.1.3 gives:
Qj =8tv (2-22)
25.6 Force Equilibrium

Force equilibrium applied as specified in Section 2.4.6, together with
Assumptions 2.5.1.1, 2.5.1.4, 2.5.1.6, and the Geometric Compatibility Assumption,
Equation (2-19), gives:
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PedS = J{(1+sind) (2-23)

2.56.7 Pressure Variation

The pressure variation across the jet is constant and equal to the value assumed in

Assumption 2.5.1.7,

P=p (2-24)

2.5.8 Velocity in the Jet

The velocity in the jet may be determined by substituting the pressure in the jet,
Equation (2-24), into the conservation-of-energy relationship, Equation {2-21}. The result
is:
2g,,
vV = |— (p]-) {2-25)
P

2.5.9 Momentum

The reaction of the jet may be determined by combining Equations (2-16),
{2-22), and {2-25). The result is:

J=28 pjt (2-26)

2510 Jet Flow

The flow may be determined by combining the energy and mass-conservation
equations, Equations (2-21) and (2-22), and applying the pressure equation, Equation
(2-24). The result is:

2
Q; = st («—") (py (2:27)
)



2.56.11 Pressure Ratio

The pressure ratio for the system may be obtained by combining the equilibrium
and momentum equations, Equations (2-23} and (2-26), and applying the definition for jet
thickness parameter, X =(t/d)(1 +sin 6 }, Equation (2-11). The result is:

pe/pj =2 X (2-28)

2.6 The Exponential Theory

2.6.1 Approach and Assumptions

The simplest theory for relating pcfpj to jet geometry was presented in Section
2.5. In the present section, a more accurate theory has been developed. The development
presented follows the overall approach outlined in Section 2.4. The objective of this section
is to develop a more exact relationship between pe and pj so that input horsepower,
Equation {(2-9), and aircraft weight, Equation (2-10), can be directly related.

The exponential theory was advanced by Stanton-Jones.Mo) In this theory, the
pressure variation across the jet is exponential as shown in Equation (2-37}. The additional

assumptions are:

2.6.1.1 The radius R is constant and can be approximated by Re-
2.6.1.2 The radius R is tangent to the ground at Section EG of Figure 2-3.

2.6.2 Geometric Compatibility

The geometric compatibility assumptions are based upon Figure 2-3. It may be

seen that the following relationships hold:

d
R.= ——— -
€ 1+sing (2:29)
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Re = Ry + t (2-30)

2.6.3 D’Alembert's Principle

Assumption 2.3.3.1 applied to the D’Alembert equation (2-12} gives:
Pe Re

p
f d2 - -£ f dR (2-31)
v 99R4

Pa Ra

The variables of integration in the above equation may be changed to eliminate
the R, and R, variables. The integration is performed along the z axis {at Section DF in
Figure 2-3) between z=0 and z=t. By applying the new dummy variable, z, and using
Equations (229} and (2-11}, the R variable may be eliminated from Equation {2-31). The

result is:
Pc t

dP X
f = =—‘-’—-—-de (2-32)
v g t

Pa o

264 Conservation of Energy

Conservation of energy applied as specified in Section 2.4.4 gives:

2
v - %% (P; —P) (2-33)
P

2.6.5 Conservation of Mass

Conservation of mass may be applied by integrating the velocity across the z-axis

between z=0 and z=t as shown in Figure 2-3.

Qj = 8§ [ vdz {2-34)
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2.6.6 Force Equilibrium

Force equilibrium applied as specified in Section 2.4.6, combined with

Assumptions 2.6.1.1 and 2.6.1.2, gives:

P.Sd = J(1+sin6) (2-35)

2.6.7 Pressure Variation

The velocity relationship, Equation (2-33), substituted into the D'Alembert
equation (2-32) between the outer boundary and some arbitrary point {z) inside the jet
gives:

_2X
p=pjli-e 2, (2-36)

where X is defined by Equation {2-11).

26.8 Velocity in the Jet

The velocity in the jet may be determined by solving the pressure variation,

Equation {2-36), with the energy equation, Equation (2-33}. The result is:

v = /2& p; (e l=X21T) (2-37)
p

2.6.9 Momentum

The total reaction of the jet may be determined by Equation (2-17).
t

J'=p-§-[v2dz
%

(o]
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Substituting in Equation (2-37) and integrating gives:

J'=2t§ P; [:5% {1 —-e_2x)] {2-38)

2.6.10  Jet Flow

The jet flow may be determined by combining the velocity relationship, Equation

{2-37), with the conservation of mass equation, Equation {2-34), and integrating. The result

2g 1
Q=tS /—° (Pj} —(1 —e~ %] | (2-39)
i) X : .

2.6.11 Pressure Ratio

is:

The pressure ratio may be determined from the force equilibrium relationship,

Equation (2-35), combined with the momentum relationship, Equations (2-38) and (2-11).

The result is:
pc/pj = 12X (2-40)
2.7 The Barratt Theory

2.7.1 Approach and Assumptions

The Barratt theory has been reported to provide quite accurate predictions of the
performance of a peripheral jet.(40f37) In this section, the jet flow and recovery pressure
ratio predicted by the Barratt theory have been developed. These parameters are related to

aircraft weight and horsepower in Chapter 3.
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Barratt's theory(4” differs from the previous theories in the geometry assumed
for the jet. A cross section of the jet is shown in Figure 2-4. It should be noted that in this

theory it is not necessary for the jet thickness to be constant and streamline, s, does not

have to be tangent to the ground.

In addition to the assumptions made in Sections 2.3 and 2.4, the following

assumptions are made:

2.7.1.1 At the jet exit plane all streamlines have a common center of curvature

{shcwn as point M in Figure 2-4).
2.7.1.2 The total head or stagnation pressure is constant across the jet.

2.7.1.3 The total momentum J of the jet after the iet has been deflected is

equal in magnitude to the exit plane jet momentum.
2.7.1.4 The pressure along any streamline is constant.

2,1.2 Geometric Compatibility
From the geometry in Figure 2-4 it may be seen that at Section DF
Rc = Ry *+ t (2-41)

Based upon Assumption 2.7.1.3 it is possible to use geometric compatibility to
calculate the change in momentum of the jet. The angle through which the jet turns is g0° +

6 . The net change of the momentum vector may then be written:

d
pra W) = J'(1 +sin 0) g, (2-42)
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273 D’Alembert’s Principle

D’Alembert’s Principle applied as specified in Section 2.4.3 gives:

2
L (2-43)
dR TRy,

2.7.4 Conservation of Energy

The conservation-of-energy principle applied as specified in Section 2.4.4 gives:

2
v
P"=P+ d
24,

{2-44)

In order to determine the velocity variation across the jet,it is desired to replace
dP/dR in Equation (2-43} with an expression for d v/dR. The needed expression may be
derived by differentiating the energy equation (244) with respect to R and applying
Assumption 2.7.1.2,

af___2 , v
dR " "o ' dR (2-45)

Equations (2-45) and {2-43) have been combined in Equation (2-51}.

2.7.5 Conservation of Mass

The conservation-of-mass principle applied as specified in Section 2.4.5 gives:

c
Qj =8 [ v dR (2-46)
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2,7.6 Force Equilibrium

Force equilibrium applied as specified in Section 2.4.6 in conjunction with the

geometric compatibility relationship developed in Equation {2-41) gives:

PeSd = J{1 +sin6) (2-47)

2.7.7 Pressure Variation

The pressure variation may be found by solving the D’Alembert equation (2-43)

for v2 and substituting it in the conservation of energy equation (2-44). The result is:

dP dR

At the inside to jet boundary {streamline s;)

By integrating Equation (2-48) and applying the boundary condition to evaluate
the constant the following equation is obtained:

2
= P, 4| ¢ ~ P,
P =P +|-£| (PP (2-49)

At the outside of the jet boundary (streamline s,),

P=r,
R = R,
V=Y
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Equation (2-49) evaluated at the outside boundary gives:

R

a
o = m (2-50)

2.7.8 Velocity Variation

The velocity variation may be determined by equating the D'Alembert and the

energy equations as formulated in Equations {2-43) and (2-45) respectively. The result is:

' dv il (2-51)
v - R )

At the cutside jet boundary (streamline s )

By integrating Equation (2-51) and applying the boundary conditions, the

following equation results:

R

v =_2
R

Va

v, may be expressed in terms of Pj by applying v=v_, where P =P, in the

a
conservation of energy equation {2-44}. The result is;

/29
Vg = __0_ Pj
fel
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The last equation may be substituted into the general velocity equation to yield:
R

v = Na /290 P; (2-52)
R 4

219 Momentum

The total reaction of the jet may be determined by substituting the value of v
given by Equation (2-52} in the momentum equation, Equation (2-17)}, and integrating

between the limits R, and R.. The resulting equation is:

c
dR
J=2S(R,)? p; — (2-53)
a } R2
a
Integration gives:
R, (R,—R
Re

Equations (2-41) and {2-50) applied to the above relationship give:
J=28 pjt V11— pc/pj (2-54)

27.10  Jet Flow

Jet flow may be determined by substituting the velocity equation (2-52) in the

conservation of mass equation (2-46}. The resulting equation is:

RC
dR
q; = SR, /%o (g J bkl (2-56)
P (a
a

Integrating and applying Equations {2-41) and (2-50) gives:
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2g 1 — po/p; -1
Q =t [/ (P J ] % {2-56)

lo 1 —p./p;)
j p PN PP, 9o (1 —pc/pj
2.7.11 Pressure Ratio

The pressure ratio may be determined by substituting the momentum equation,
Equation (2-54), in the force equilibrium equation, Equation (2-47), and applying the

definition for jet thickness parameter, Equation {2-11), to simplify. The result is:
pc/pj = 2X (1/ X2+1 —X ) (2-57)

2.8 Plenum Theory

2.8.1 Approach and Assumptions

The relationships developed in Sections 2.4, 2.5, 2.6, and 2.7 apply only to a
peripheral jet and not to a plenum chamber. In this section, the equations for predicting the
horsepower, flow and jet height for a plenum chamber have been developed.

The plenum chamber differs from the peripheral jet as may be observed by
comparing Figures 1-1(a) and 1-1(b). In the plenum chamber design, the air is blown
directly into the plenum (cushion) rather than into the trunk. Consequently, the plenum
chamber has no trunk pressure, no peripheral jet, and no momentum seal. The cushion
pressure is maintained by the flow restriction imposed by the air gap between the vehicle
skirt and the ground. The relationships for this system may be developed by conservation of
energy applied to the exit and by conservation-of-mass applied to the air flowing from the
~ power source. The assumptioné made in Section 2.3 apply, but those made in Sections 2.4,
2.5, 2.6, and 2.7 do not apply.

The additional assumptions required are:

2.8.1.1  The air is incompressible.
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2.8.1.2 The air is inviscid.

2.8.1.3 Energy losses are negligible,

2.8.1.4 The flow is adiabatic.

2.8.1.5  The air velocity in the cushion may be neglected (p; = Pe, Where p; =

total pressure}.

2.8.1.6 The total pressure is everywhere constant.

2.8.1.7 The flow velocity at the exit is two dimensional and perpendicular to

the exit plane.

Conservation-of-Energy Applied to Exhaust Exit Plane

The conservation-of-energy equation may be written:

p=p +_F 2 (2-58)

Equation {2-58) expresses the cushion pressure in terms of pressure and velocity

of the exhaust air which has expanded to atmospheric pressure.

2.8.3

Conservation of Mass

Conservation-of-mass applied to the exhaust exit gives:

Q d,S

p~ vp9pCqy (2-59)
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where the subscript p refers to the plenum,
Equation (2-59) expresses the total flow from the plenum chamber in terms of

the effective flow area and the velocity of the gas crossing the flow area.

2.8.4 Conservation-of-Energy Involving the Power System

Using a development similar to that given in Section 2.3.1, the horsepower

delivered to the plenum is:

PeQp
650

hp = {2-60)

285 Determination of Flow

Fiow from the plenum may be obtained by combining Equations {2-58) and
(2-59). The result is:

Q =% C.S. d (2-61)
P T(DC) d °p %

Equation {2-61) gives the total flow from the plenum in terms of the cushion

pressure and the effective flow area.

2.8.6 Horsepower Relationship

The horsepower input can be determined from Equations {2-61) and (2-60). The
result is:
3/2 %
_ tpeh¥28,d,C4 [ 29, (2-62)
550 P

hp

Equation {2-62) gives the total horsepower which must be supplied to the air in

terms of the cushion pressure and the effective flow area.



3. COMPARISON OF FLOW THEORIES

3.1 Introduction

In order to make a general comparison of the performance predicted by the flow
theories developed in Chapter 2, it is necessary to develop six nondimensional parameters.
Three of these parameters are widely used in the literature of Air Cushion Vehicles. These

parameters include:

m A, the jet augmentation ratio is defined as follows:

_ total vehicle lift force

3-1
| reference force (3-1)

A number of different reference forces are used in the titerature.{8) In this
chapter, the reference force is the thrust which could be generated if the exhaust were

discharged vertically downward. The augmentation ratio is discussed in Section 3.7.

(2) pc/pj, the recovery pressure ratio is defined as follows:

cushion pressure (gage)

/p; = 3-2
Pe/Pj trunk pressure {gage) (3-2)
The recovery pressure ratio is discussed in Section 3.2.
{3) X, the nozzle thickness parameter which was defined in Section 24.2as
follows:
X =1 (1+sin0) (2-11)
d

49
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The nozzle thickness parameter is discussed in Section 3.3.

Three additional parameters not found in the literature are also defined in this

chapter. These parameters include:

(n Cq. the cushion pressure coefficient is a flow coefficient. This

parameter is developed in Section 3.4.

(2) Cht, the power-thickness parameter, is a dimensionless parameter useful
in predicting power requirements for a peripheral jet. This parameter is

developed in Section 3.5.
{3) Chg- the power-height parameter, is a dimensioniess parameter useful in
determining the minimum power for a required jet height. This

parameter is developed in Section 3.6.

3.2 Recovery Pressure Ratio

The ratio of cushion pressure to trunk pressure is known as the recovery pressure
ratio. It has been shown previously (Section 2.3.2) that the value of p, may be determined
by the aircraft weight and the cushion area. The value of Pj is dependent upon the input
power, the jet area, the jet height, and the jet angle. Consequently, the ratio of pc/pj gives
an important dimensionless quantity which is dependent on all the major variables. In
addition, it will be shown in Chapter 4 that the trunk shape and stiffness are strongly
influenced by pc/pj.

Because of the features cited above, pc/pj was selected as the standard dependent

variable against which other dimensionless parameters have been plotted.
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3.3 Nozzle Thickness Parameter

The nozzie thickness parameter was defined in Section 2.4.2 as follows:
X =%(‘l+sin8) (2-11)

This parameter relates nozzle geometry to jet height. For a given design, the
nozzle thickness (t) and the jet angle { 8) are relatively constant. Equation (2-11} shows that
the jet height (d) and the parameter (X} are inversely related. Consequently, the nozzle
thickness is valuable in showing the interrelationship between the independent variables and
the jet height. This interrelationship has been shown by graphs of various nondimensional
parameters plotted against the dependent variable pc/pi.

Graphs of 1/X versus pc/ Pj for the three flow theories are presented in Figure 3-1.

The analytical relationships between (pc/pj) and X are shown in Table 3-}.

3.4 Pressure Coefficient

The pressure coefficient, Cqy, is,in fact, a flow coefficient which is dependent
upon the recovery pressure ratio (pc/pj). This coefficient has been developed in this section.

Consider the total flow from the jet at the nozzle exit plane as shown by Section
DF in Figure 2-2. The pressure on the cushion side of the jet is higher than the pressure on
the atmospheric side of the jet. Consequently, a velocity and a flow gradient may exist
across the thickness of the jet. It is the nature of the assumed pressure gradient across the jet
thickness which gives rise to the differences between the three momentum theories. In
Sections 2.56.10, 2.6.10, and 2.7.10, expressions have been developed for the total flow from

the jet as predicted by the three momentum theories. The resulting equations are:

Thin jet theory

v p
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Exponential theory

Q = tS 20 (p;) .1-(1 —e %) (2-39)
/ ) X

Barratt theory
’ 2g ,/1 — P/ P; —Y%
Qi =ts|_° ®j) o ! log o (1— pc/pi) : (2-56)

Equations (2-28), {2-39), and (2-56) were constructed so that the flow is
dependent upon a standard reference pressure (pj) multiptied by a factor to compensate for
the pressure gradient across the jet thickness. The factor in brackets defines pressure
coefficient, CQ.

The pressure coefficient, Cy, is defined from Equations {2-28), (2-39), or {2-56)

as follows:

{3-3)

Graphs of Cp versus pc/pj are shown in Figure 3-2. The expressions for Cq are
summarized in Table 3-1.

Using the pressure coefficient, it is possible to write a general flow equation for
the total flow from an actual concentrated peripheral jet air suspension system. The

relationship is:
Q =5t/ caC (3-4)
| -—-—(p]} Q “x
p
where:

C, = coefficient of discharge for jet nozzle with pc/pj =0
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Cq = pressure coefficient which compensates for pressure gradient across the jet.

3.5 Power Thickness Parameter

The power-thickness parameter, Ch‘t' is a dimensionless parameter useful in
visualizing the effect of trunk pressure on power requirements. This parameter may be
developed from the general horsepower equation {2-10) and the general flow equation (3-4).

These equations are:

hp = (2-10)

2
Q; = St / 20 (Pj) Ca Cx {3-4)

Equations {2-10) and (3-4) may be combined to yield:

Cn C
hp = ()32 st % *a'x (3-5)
p 550

A dimensionless relationship may be developed by rearranging Equation {3-5) and
dividing both sides by (pc)3/ 2 The resulting relaticnship forms the basis for defining the
power-thickness parameter, cht'

(hp) (550) 0.\ 3/2
Cht AT (3-6)

p
St 2’2 (pc)3/2 ©
\/ [

For a given load, cushion area, cushion periphery and jet configuration, the

I

parameter Cht is directly proportional to horsepower. A plot of pc/pj versus Cy, (see
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Figure 3-3) shows how, other parameters being constant, increases in trunk pressure cause

increases in horsepower.

3.6 Power-Height Parameter

The power-thickness parameter, developed in Section 3.5, does not include the jet
height {d) in the relationship. In the design of a peripheral jet air cushion system, it is
generally desirable to maximize jet height and minimize power. A dimensionless parameter
which includes both horsepower and jet height may be developed by multiplying both sides
of Equation (3-6) by the ratio (t/d). The result is defined as Cj,4 the power-height parameter.

hp | (550 1 1 ¢ p; 3/2

Cry = | 1 [ 2= -

Ca Cx (3-7)
Equation {3-7) contains horsepower and jet height as a ratio. Since it is desirable
to minimize power and maximize jet height, a minimum value of the parameter Cy, 4 should
be selected as a design point.
Graphs of Cpq versus pc/pj for 6 = 0 and C, = 1.0 are shown in Figure 3-4(a).
The effect of 6 is shown in Figure 3-4{b and c}. It is evident from Figure 3-4(a) that design
points in the range of pc/pj =04 to pc/pi = (0.9 are desirable from a maximum jet height,

minimum power standpoint.

3.7 Augmentation Ratio

The augmentation ratio is, in fact, a lift coefficient for the vehicle. This parameter
is defined at least seven different ways in the Hterature,(a) depending on the choice of the
reference force in Equation (3-1). Only one definition will be considered here. The reference

force assumed here is the maximum thrust which could be generated if the jet nozzle
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exhaust were discharged vertically downward. This thrust has been designated Fj. The

expression for the augmentation ratio is:

_ pressure support + actual jet thrust in vertical direction
ideal jet thrust

Al
or

PcAc + F

i

jeos? (3-8)

Al

An expression for Fj may be developed by evaluating the total change of
momentum in the vertical direction for the air as it flows from the trunk to the atmosphere.
If the simple jet theory is assumed, the magnitude of the total momentum of the jet at the

exhaust plane is given by Equation {(2-26}.

J'= ZStpi (2-26)

The momentum of the gas in the trunk is assumed to be zero. The magnitude of the jet

thrust may be written:

Fi = 2Stp; (3-9)

Equation (3-9} may be substituted into Equation (3-8) and the result rearranged
to give an expression which relates A| to pc/pj. The resulting equation is:

A = cosf + (pclpj) (3-10)

—C
25t

Equation (3-10) may be further simplified by assuming the cushion is circular in

shape. For a circular shaped cushion with a diameter, D ,
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2

AC 7D
4

S = 7D

The recovery pressure {p./p:} may be written:
c'r]

- t
pe/pj = 2—d— (1 +sin 8)

The above three relationships may be substituted into Equation {3-10) to give:

Al = cosf + T {1+sin0) (3-11)
4d/D

Equation (3-11) expresses the augmentation ratio in terms of jet angle, cushion
diameter and jet height. A circular cushion {plenum) area and the simpie iet theory were
assumed in developing Equation (3-11}.

The influence of d/D on A, for various values of jet angle @ is shown in Figure
3-5.

3.8 Summary of Results

The influence of pclpi on the nozzle thickness parameter is shown in Figure 3-1.
The inverse of the nozzle thickness parameter is directly proportional to jet height.
Consequently, Figure 3-1 shows how the jet height varies with pc/pj for constant values of
nozzle thickness (t) and jet angle (#). This figure shows that jet height increases with
decreasing pc/pj. it may be recognized that a decreasing pc/pj‘ implies an increasing Pjr if Pe
is held constant. The figure suggests that jet height increases with increasing Pj- This result is
intuitively appealing. The three theories shown give similar results for smali values of pc/pj
but diverge with increasing pc/pj. The Barratt theory has been shown {Reference 41} to give

the closest agreement with experimental results. The exponential theory is useful because of



its relative simplicity and its close agreement with the more complicated Barratt theory. The
simple jet theory (with f=0, Eq 2-18) is accurate only at low values of pc/pi and X (say pc/pj
<0.4 and X <0.2). It is useful in developing simple preliminary relationships and trends.

The influence of pc/pj on the pressure coefficient (Cq) is shown in Figure 3-2.
For the theories presented, this relationship is independent of the jet angle, 8 . The figure
shows that a high value of pc/pj is desirable to minimize this coefficient.

The influence of pc/pi on the power-thickness parameter is shown in Figure 3-3.
The parameter, Cp,, is directly proportional to input power. Figure 3-3 shows that, for
constant values of nozzle area and cushion pressure (aircraft weight), high values o of pc/pj
(tow values of pj) are desired for minimum power,

The influence of pc/pj on the power-height parameter (Cp4) is shown in Figure
3-4. it is generally desirable to minimize power and maximize jet height. For constant Pc
(aircraft weight}, and fuselage perimeter (S}, a minimum Cpg would give a maximum jet
height and minimum power input. Figure 3-4{a} shows that both the exponentiat and the
Barratt theory give Cp4 curves with minimum values around pc/pj = 0.7. Since the curve is
flat in the region of pc/pi =0.4 to pc/pj = (.9 a considerable latitude exists in selecting an
optimum pc/pj.

The influence of & on the power-jet height parameter is shown in Figure 3-4{b
and c¢}. The curves show that a high value of @ is desirable. However, if # becomes too large,
the flow will attach to the underside of the aircraft and momentum seal will be lost. A value
of 0 = 600 is generally considered as the maximum practical.

The effect of the jet height to cushion diameter ratio on augmentation ratio for a
circular cushion is shown in Figure 3-5. The figure shows that it is desirabte to have small
values of d/D for maximum augmentation. Large values of augmentation are desirable to
minimize power. The value of jet height {d) is generaily determined by the roughness of the
terrain on which the vehicle is designed to operate. Consequently, d is largely independent

of vehicle size. For maximum augmentation it is desirable to make the cushion diameter as
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large as possible without violating structural weight and dynamic constraints.

In summary, Figure 3-3 shows that power decreases with increasing pc/pj if jet
height is allowed to decrease. However, for a specified value of jet height it is desirable to
select a value of pc/pj in the range of 0.4 to 0.7. Figures 3-4(b and c) show that it is
desirable to employ a jet angle 0 of at least 30°, Larger angles, up to 600, give slight
additional benefits in minimizing the power-height parameter. Finally, Figure 3-b shows that
it is desirable to make the vehicle diameter large and the jet clearance small for maximum

augmentation.
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4. PREDICTION OF THE SHAPE OF A TWO DIMENSIONAL AIR CUSHION TRUNK

4.1 Approach

Accurate predictions of the cross-sectional shape and area of the air cushion trunk
are necessary in determining the flow rate, jet height, stiffness and dynamic response of the
system. it is desired to predict the trunk shape when it is subjected to two types of loading.

The first type occurs when the aircraft is being supported totally by the air
cushion, In this case, the trunk transmits none of the load directly to the ground. The trunk
shape associated with this type of loading is ilustrated by Figure 4-1. This case is called the
Free Trunk Shape. It is developed in detail in Section 4.4.

The second type of loading occurs during dynamic loading of the air cushion. In
this case, a portion of the trunk may be flattened against the ground and transmits loads to
the ground through a thin layer of air. The trunk shape associated with this type of loading
is illustrated in Figure 4-2. This case is called the Loaded Trunk Shape. It is developed in
Section 4.5. Computer programs which predict these two shapes for an inelastic trunk
material are presented in Appendices | and |l respectively. Appendix Il contains a
computer program for predicting the Free Trunk Shape including the effects of trunk

material which have non-linear elasticity.

4,2 Background

The configuration and loading of the trunk of the Air Cushion Landing System is
considerably different from the trunk on Air Cushion Vehicles. Consequently, the literature
associated with air cushion vehicle trunks is of little assistance in predicting the ACLS shape.

(45)

Esgar and Morgan conducted an analysis of the energy absorptive

characteristics of gas bags of various shapes and at various rates of gas bieed. The study
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included cytindrical shaped bags impacted on their sides. This case approaches the Loaded
Trunk Shape problem. These authors found that the deflected cross-sectional shape
approximated two circular arcs tangent to the ground surface and connected by a straight
line at the ground contact. A similar condition is shown in Figure 4-2.

In the sections to follow, numerical solutions to predict the shape of the trunk
under both free and loaded conditions are presented. Digital computer programs which
evaluate the trunk shape for these conditions are presented in Appendix | and Appendix I1.

The relationships which are common to both the free and the ioaded trunk shape

are presented in Section 4.3.

4.3 Development of Common Relationships

4.3.1 Approach

In this section, the variables associated with the trunk shape are listed, the laws
which will be applied are stated, and the relationships which are common to both problems
are developed.

The variables for this problem are illustrated in Figures 4-1 and 4-2. They may be

grouped as follows:

Independent Design Variables

a(a) x coordinate of (horizontal distance between) trunk attachment points,
ft.
b{b) y coordinate of {vertical distance between) trunk attachment points, ft.

e distance between lower trunk attachment points, ft {see Figure 4-8).
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2 cross-sectional length of trunk material, ft.

24 cross-sectional length of the trunk material at the design point, ft (see
Figure 4-14).

E¢ the unit elongation per pound of tension per foot-length in the axial

direction for the trunk material, tb/ft (see Figure 4-14).

Independent Operating Variables for Free Trunk Shape

pe{Pg) = cushion pressure, psfg (psf).
pj(Pj) = trunk pressure, psfg (psf).

For the Loaded Trunk Shape, one additicnal independent variable is:

Y0 = vertical distance between the aircraft hard structure  and bottom of

the trunk (ft}.

Dependent Variables

24 length of trunk segment inscribed by angle ¢ 1 ft.

£9 length of trunk segment inscribed by angle ¢ 5, ft.

3 length of trunk segment flattened against the ground, ft.
R4 radius of curvature for segment £ 4, ft.

R2 radius of curvature for segment £ 9 ft.
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L tension in trunk material, pounds in tangential direction per foot-length

in the axial direction, Ib/ft.

x|

distance from aircraft center of gravity to center of pressure of the
trunk footprint, ft.

X; x coordinate of ith point, ft.

¥; y coordinate of ith point, ft.

1 central angle formed by trunk segment £, radians.

) central angle formed by trunk segment £ % radians.

The laws to be applied to this problem are:

(1} Force equilibrium applied to the trunk
(2) Load-elongation of the trunk
(3) Geometric compatibility of the trunk shape

The first two laws hoid for both trunk shapes. The difference in the two problems
lies in the geometric compatibility assumptions. Consequently, the first two relationships

will be developed in Sections 4.3.2 and 4.3.3 to follow.

4.3.2 Force Equilibrium

Consider an elastic material of length 2 attached to the structure at points (a,b)

and (0,0) as shown in Figures 4-1 or 4-2, The trunk is subjected to an internal pressure Pj, to
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a cushion pressure P, and to atmospheric pressure P,. The following assumptions are made:

4.3.2.1 The trunk behaves as a membrane. Thus it forms a segment of a circle

when subjected to internal pressure locading.
4.3.2.2 Reactions from the nozzles are negligible.
4.3.2.3 The tension in the trunk is constant in the Sections £4 and £,.

Based upon the assumptions, a free body diagram of the loading on the two
sections of the trunk is shown in Figure 4-3(a). The tension at any point in the trunk is

calculated by a force balance {as shown in Figure 4-3{b) and found to be:

(P;—P) 2Rsin® = 2T,sin®
2 2

Applying this force balance to the two trunk sections and simplifying gives:
Tt = [.T)J R1 (4-1)

and

Ty = lpj—pe) Ro (4-2)

433 Load-Elongation of the Trunk

The length of the trunk material is determined from the tension-elongation
characteristics of the material. For a purely elastic material, the tension-elongation

relationship is:

T
2 =2, +_t &, (4-3)
Et
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In general, the elasticity of trunk materials will be non-linear. Consequently, a
more complicated relationship than Equation (4-3) must be used. A typical

tension-elongation curve for a trunk material is shown in Figure 4-14.

4.3.4 Geometric Compatibility

The geometric compatibility conditions of the free trunk shape problem differ
from the loaded trunk shape problem. The differences are shown in Figures 4-1 and 4-2,
respectively., Separate development of the geometric compatibility conditions will be

presented in Sections 4.4 and 4.5.

4.4 Free Trunk Shape

441 Assumptions

A cross section of the free trunk shape is shown in Figure 4-1. In addition to the

assumptions listed in Section 4.3.2.the following restrictions are imposed:

4.4.1.1  The pressure change from P to P, occurs over a short distance in the

vicinity of point {x, v ).

4.4.1.2 The trunk is assumed to be tangent to the ground at point (xg: Yg!- No
flatiening of the trunk around point (X, Yol is allowed. This
assumption requires that the centers of curvature for radii Ry and Ry

have the same x coordinate.

442 Geometric Compatibility {Free Trunk Shape)

The assumed trunk geometry is shown in Figure 4-1.
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In order for the trunk segments formed by 9-1 and 22 to both be tangent to the

ground at (x, Y} the centers of curvature must have the same x coordinate. Thus

X1 = Xg (4-4)
X9 = Xg (4-5)
The distance between {0, o) and (x5, y9) is Ry

(xg— 02 + (yz—0)2 = Ry? (4-6)
The distance between (x4 yq} and (a,b) is R4

(x; —a)2 + (y; - b)Z = Ry2 (4-7)

The distance between (x,,y,) and (x5,yp) is Ry. Since x4 = x5 the distance is

simply the y distance:
Y2 — Yo = R2 {4-8)
Similarly, the distance between (x, yo) and {xq, vq} is Ryq.
Y1 — Yo = Ry (4-9)

The arc formed by 25 is defined by ¢,. The angle ¢ may be written in

trigometric terms as:

-0
$pg = arc taﬂ:22_o ; 0 < ¢9 < 7 radians (4-10)



the angle
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The arc formed by 21 is defined by $4. The angle ¢q may be written in terms of
Yy which is defined in Figure 4-1.

¢1 = 1]11 +% 0 < ¢1 < 27 {4-11)

The angle 4 may be written in trigometric terms as:

b — —
" T o<y <3~ (4-12)
2 2

Yq = arctan
a—Xx,

The total length of the trunk is equal to the sum of the two segments:

g = R1 ¢1 + R2 ¢2 (4-13)

Solution of Equations
In Equations (4-1) through (4-13) the following variables are known:

a; br pc/pji Qor Et' P]'

The following variables are unknown:

T‘tr R1J’ RZJ Qr xor x1r x2! YOI' y1r y21 ¢1l ¢2r ‘p"-

In principle, the thirteen equations can be solved simultaneously to predict the

unique trunk shape for the given known quantities.

Equations {4-1) and (4-2} may be combined to solve for Ry:

R2 = R1 /11— (pc/pj) (4-14)
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Equations (4-4) through (4-9) may be combined to solve for y,. Combining
Equations (4-4), {4-6) and {4-8} gives:

xo2 + lyg + Rp)? = Ry2

x02 = _Voz — 2y, Ry

Combining Equations @-5), (4-7), and (4-9} gives:

(x, — a2 + (y, + Ry — b)2 = Ry2

o

2

Equating {4-15) and (4-16) to eliminate x,“ yields:

—yo2 — 2y Ry = 2ax, —a2 —y o2 — b% + 2Ryb + 2y b — 2Ryy,

2

b b

Xo =2 (Ry—b—Rg) + =+ —Ry—
a 2 2a a
Ry ~-b-R

C1 = 1 2

2 _ 2 2 _ 2 '
Xo< = 2ax, — a¢ — yo© — b% + 2R4b + 2ygb — 2Rqy,

{4-15)

{4-16)

(4-17)

(4-18)

{4-19)
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Then Equation (4-17) becomes:
Xo = C1vY, * Co (4-20)
Combining Equations (4-20) and (4-15) yields:
—Voz — 2yg Ry = (Cqyo ¥ (:2)2
or

(C12 + 1Ny 2+ 2(Ry + C1Coly, +C2 = 0 (4-21)

Applying the quadratic formula to Equation (4-21)

—~2(Ry+C1Cy) & ~f(2R5+2C1Cs)2 — 4(C42 + 1)C,2
y, = AR2*CiCy \J12Ry +2¢4C, 17+ 11Cy (4-22)

2(C42+1)

The choice of positive or negative square root is dependent on the quantities a, b,
and 2. A physical representation of the two solutions is shown in Figure 4-4. The figure
illustrates that for given values of a and b the negative square root requires a larger value of
£ than the positive square root.

In order to develop criteria for selecting the sign of the square root, consider the
case where p. = 0. For this case, the trunk takes the shape of the arc of a circle of radius R 1
In order for the circle to pass through {0,0) and (a,b) the radius R4 must equal at least half
the distance between the two points. The minimum value for R4 would be() aZ + b2. The
value of # associated with the minimum value of R4 is(fr/2) Va2 + b2, Smaller values of ¢
would require larger values of R4 but smaller values of Yo Consequently, the positive
square root gives the desired solution for this case. Larger values of £ would require larger
values of R4 and larger values of Y ,. Consequently, the negative square root would give the

desired solution for this case.
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When pc/pj = 0, the criteria for the sign on the square root is as follows.

Take positive root when

Q< ya2 + b2

2

Take negative root when

The problem may now be solved by an iterative process as follows.

The following information is given:
a, b, %o, /Py Py Et
The iterative procedure is as follows:

(1) Ry must be assumed for a trial solution. A trial guess is
Ry =% a2 + b2

(2} From Equation {4-1) compute T
Ty = Pj B4

(3} From Equation (4-3) compute ¢

T
R =g, +-L g
Bt
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(4-1)

(4-3)




(4) Calculate the other variables as follows:

H2 = R1/1 — (DC/Pj)

R{—-b—R
¢, =M 2
a
2
C2 =4+ P..... - R1 E
2 2a a
Yo = —2(R2 + C1C2) * \[(Zﬁz + ZC1C2}2 “4(012 + ”022
2(C42+1)
Xo = C1yotCy
Y1 = Yot Ry
Y2 = Yot R2
X2
¢g=arc tan_= 0< ¢y < 7 radians
Y2
- ~=Y1 T L .
1,{;1 = ar¢ tan —_ = zp1 £ 3 —radians
a—X, 2 2
¢1 = 1,(/1 +1T/2

2=Rq$1+Ry 0

where £ isa trial vafue of ¢,
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(4-14)

{4-18)

(4-19)

(4-22}

(4-20)

(4-9)

{4-8)

(4-10)

{4-12)

{4-11)

(4-13)



{5)

(6)
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Check to see if £ from Equation {4-13) agrees with £ from Equation
(4-3). If not, iterate the process. A new guess for Ry may be found
using Newton's method, Mueller’s method(46) or other numerical

techniques.

Continue the process until the desired accuracy is obtained in the ?
computed from Equation {4-13) and the £ computed from Equation
(4-3).

4.5 Loaded Trunk Shape

4.5.1 Assumptions

The assumed shape of the trunk under an imposed P, Pj and Y, is shown in

Figure 4-2,

in addition to the assumptions listed in Section 4.3.2 the following restrictions

are added:

4.5.1.1

45.1.2

4.5.1.3

The pressure on both sides of segment £ 5 is equal to Pj. and £ 5 is a

straight line.

The pressure change from P 1o p, and P; to p, occurs instantaneously

at points (x9, v,} and (x4, yo) respectively.

The trunk is assumed to be tangent to the ground at points (x4, v,) and

(x5, Yol-
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45.2 Geometric Compatibility (Loaded Shape)

Referring to Figure 4-2, the algebraic relationships for the assumed geometry may
be developed as a consequence of Assumption 4.5.1.3:

The distance between {0,0) and {x2,¥5} is Ro.

{xg —0)% + (yp—0)2 = Ry? (4-23)
The distance between {a,b} and (x1,y4) is Ry.

(x4 —a)2 + lyq - b)2 = R12 (4-24)
The distance between (x5,y5) and (xz,yo) is Ro.

Y2—Vo = Ry (4-25)
The distance between {x},y{) and (xq,y,) is Ryq.

Y1 — Yo = Ry (4-26)
The distance between (x1,yo) and {x5,y,) is £3.

Xq —Xp = 23 {4-27)

The arc formed by segment £ is defined by $2.

The angle ¢5 may be written in trigometric terms as:

Y2

9y = arctan 2 o0<gq< 7 (4-28)
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The arc formed by segment £ is defined by ¢4. The angle ¢4 may be written in
terms of the angle 5.

1 = ¥q "'—;- o <¢q <27 (4-29)

The angle w1 may be written in trigonometric terms as:

b—\/1

a—x1

Y4 = arctan

_T < V<327 (4-30)
2

The total iength of the trunk must equal the sum of the length of the segments:

2 =0y+825+23 (4-31)
where

21 = Ry ¢4 (4-32)

%2 = Ra 97 (4-33)

2 is a trial value of 2.

Using the coordinate system shown in Figure 4-2, we note that:

Yo = —Yo (4-34)
453 Solution of Equations

In Equations (4-1), (4-2), (4-3), and (4-23} through (4-35), the following variables
are known:

a, br pc/pjr 201 Etr pjl Yo
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The following variables are unknown:

Tt R, R RXq, %2, Vo V1, Y2, 81, 62, ¥4, &, 82, 03

In principle, the fifteen equations can be solved simuitaneously to predict the
unique trunk shape for the given known guantities.

Equations (4-23) and (4-25) may be solved simultaneously for Xo. The result is:

X3 = V=vo2 ~ 2Rqy, (4-35)

It may seem from geometry that X9 should always be positive; consequently, only
the positive sign of the squre root in Equation {4-35) was chosen.
Similarly, Equations (4-24) and (4-26) may be solved simultaneousty for X1. The

result is:

xq = a+sign) [Ry2 = (yy + Ry — b)2 (4-36)

The choice of sign on the square root in Equation {(4-36)} will depend upon
whether x falls to the right or to the ieft of a. The criteria for this sign will be treated later.
The process for solving the equation will now be outlined. The known variables

are:

a, b, 20’ Et’ pc/pj, YO

The iterative process requires the assumption of R4 and a determination of the
sign in Equation {4-36) to provide a trial solution. Criteria for R selection and sign will be

given later.

(1) Assume R4 value and determine sign.

{2) From Equation (4-1} compute L
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Ty = pj Ry (4-1)
(3) From Equation (4-3) compute £.
T
R =g, +_L g (4-3)
Et
(4) Calculate the length of £ as follows:
yo = —YO (4'34)
. Ry
Ry = (4-14)
1—pc/pj
xg =\ —Vo2 — 2R,Y, (4-35)
Y2 = Roty, {4-25)
X2
$p = arc tan—% (4-28)
Y2
2 = Ry¢g (4-33)
{5) Calculate the length of £¢ as follows:
x4 = a+ (sign) ‘\/——(vo +Rq — b)2 + R12 {4-36)
v1 = Rytye (4-26)
b—
Yq = arctan Y1 _I <y gsz (4-30)
a—Xq ?
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1 ==+ vy (4-29)

21 = Req (4-32)
(6) Calculate the iength of 24 as follows:

oy = Ix1 —xq| (4-27)
(7} Calculate the difference between the trial solution for ¢ in Equation

{4-31) and the value of £ from Equation (4-3}). The results are:

£=09 + 8+ 123 (4-31)
—f=¢ (4-37)

ol

If € approaches zero in Equation (4-37), the correct values of all the
variables can be obtained. It should be noted that both ¢ and £ are

complicated functions of Ry

(8) Iterate the procedure until ¢ in Equation (4-37) approaches zero to the

accuracy desired.

In order to develop the desired solution to the system of equations, numerical
methods using Mueller’s algorithm (Appendix 1) may be used. Muelier’s algorithm converges
on the root of a complicated function, such as those specified in Equation {4-37), by
approximating the function with a second degree polynomial. in order to apply Mueller's
algorithm, it is necessary to bracket the desired root of Equation {4-37).

Therefore, it is desired to determine two values of R1 which will bracket the

desired root in Equation (4-37). The value of R4 which provides the upper bracket (makes
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€ positive in Equation (4-37}) will be designated (Rq}(;. The value of Ry which provides
the lower bracket (makes ¢ negative) will be designated as (R4), .
The technique for determining the lower bracket (R4}, will now be considered.
For a given Yo and b, the minimum value which R4 can assume {and yet be
tangent to the ground line) is illustrated in Figure 4-5.

From Figure 4-5, it is evident that the minimum R is:

b—v,
2

(R'I)MIN = (4-38)

As a first trial, let R1L = (RT)N”N

A check to determine if (R1)MIN provides a suitable lower bound can then be
made. Steps 1 through 4 of the iteration process can be performed to calculate the value of
£ 9. However, in order to calculate ¢ 1 the sign must be determined. The sign value is
determined by comparing the actual trunk length with the trunk length associated with
(ReIMIN-:

The value of 2 associated with (Rq)p  is designated £ 4 and is calculated from

geometry.

2

24 = Q1+Q2+Q3 = + ¢2 R2+ a-—Xo (4-39)

In Equation (4-39), R4 is the minimum trunk length associated with the
condition Rq = (Rq)pq N under the restrictions that x4 > x9 and x> 0. It should be noted
that 24 is not necessarily the minimum trunk length for all values of R4.

The value of £, is represented in Figure 4-5(a) (for pc/pj = 0). The fact that £, is
not the minimum trunk length for all values of R4 is illustrated in Figure 4-5(b). It is

evident from the figure that the trunk length (£ 4) associated with (R )y is greater than
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the trunk length { L) associated with (R4} a. Further, whenever Xq =a, then £> % for all
values of Ry > (Rqly)N- This condition is illustrated by the configuration with radius
(Rq}g in Figure 4-5(b).

As illustrated above, the value of (R1)MiN is a satisfactory lower bracket for the
solution if £ >R, and x4 > X9. In this case x4 = a, and the sign in Equation {4-36) is plus.

The upper bracket for the condition ¢ > 24 may be found from the geometry of
Figure 4-6. This figure shows the maximum value of R1 possible for given values of a, b, and
L

The length of the chord between coordinates (0,0} and (a,b) in Figure 4-6 may be
written in terms of the radius and central angle or in terms of the rectangular coordinates. If

the two expressions are equated, the resuit is:

‘\./a2+b2 = 2R1 sinﬂ

2
Further, the radius, arc length and central angle are related as follows:

P = —
Rq

These two relationships may be combined to give a relationship for Rq.

g 2 2
ac+b
R4 sin — = —_— 4-40
1 sin 2R1 .\/ ( }

4
Equation (4-40) may be solved numerically to give the upper bracket {Rq)y for
the condition 2 >£,.
It is now necessary to consider the upper and lower brackets for the condition £

< #4. Two cases are possible. The first is the condition X1 < Xo. The second is the
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PHYSICALLY IMPOSSIBLE SOLUTION
FIGURE 4-7
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condition x4 > xg. In the first case, the condition shown in Figure 4-7 exists. This case is of
no practical interest and will not be considered.

If, on the other hand, & < £, and x4 > x5, then from the geometry of Figure
4-5{b} it is evident that X{ < a. Therefore, in this case, the sign in Equation {(4-36) is minus.
Further, (R )IVIIN is not a satisfactory lower bracket for the solution of Equation (4-37}. In
this case, the correct value of 2 lies between the configuration represented by (R4} and
{(Rq)pmin in Figure 4.5({b}. Therefore, under these conditions, mﬂMIN = (Rqly forms a
satisfactory upner bound.

It is necessary to establish a different criteria for the lower bracket (Rq) for the
condition ¢ < £4 and x4 > xo. The minimum value possible for € for given values of a, b,
Per Pjr and Y, is reached when 23 = o in Equation {4-31). This occurs when x4 = x5. The
value of R4 for the condition xq = xp establishes the lower bracket for the solution to

Equation {4-36}. This value occurs between the values of xq = 0 and xq =a.

Numerically the upper bracket for xq = x5 is:

b—y0

{Rqly = {(4-41)

2

The lower bracket may be found by setting Equation (4-36) equal to zero and

solving for Ry. The result is:
aZ+b2 + y02 - 2y,b

(Ry) = (4-42)

Using iterative numerical techniques (Mueller's method} it is now possible to solve for the
R4 associated with xq = xo. This Ry is then taken as (R1)U which is required to provide a

solution to the system of equations which define the non-equilibrium trunk shape.
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4.6 Trunk Cross-Sectional Area

The cross-sectional area of the free and loaded trunk shapes are shown in Figures

4-1 and 4-2 respectively. The cross-sectional area of the loaded trunk shape {Figure 4-2) has

been divided into five regions which are designated by Roman numerals. The areas of each

of these regions may be calculated as follows:

(1)

(2)

(3}

(4)

Region | is the area of the sector of the circle with radius Ro and
central angle ¢ 5 less the area of the triangle with vertices at coordinates

(0,0), {x9, y5) and (x5, o).

A =02 p2 X2 (4-43)
2 2

Region Il is the area of the rectangle with corners at coordinates (x5,

0), (xq, 0}, (xq, yo) and (x5, y4).

A“ = —-9.3 Yo {4-44)

Region 11l is the area of the sector of the circle with radius Rq and

central angle ¢y4.

A||| = ¢1 R12 (4~45)

2

Region 1V is the area of the rectangle with corners at coordinates (a, o),

{xq,0), {xq, y1} and (a, y4).

AIV = (X1 —a)V1 (4-46)
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() Region V is the area of the triangle with vertices at coordinates (a, b},

(x4, y1) and (a, y4).

Ay =_Ixg-al{b—-yq) (4-47)

1
2

The total cross-sectional area may be determined by summing the five areas given

by Equations {3-43) through (3-47). The result for the Loaded Trunk Shape is:

_ 92 o 2 Xa¥2 9 52
(Ajhoaded =—= Ro™—_2 = —fgvo+__ Ry
2 2 2

+{xq —aly, +_;_ (xq —a) (b —yq) (4-48)

For the Free Trunk Shape, the cross-sectional area may be derived by simplifying
Equation {4-48). A comparison of Figures 4-1 and 4-2 shows that for the Free Trunk Shape

the following simplifications are possibie:

0

f3

X1 = X2 = XO

The above simplifications when applied to Equation (4-48} give an expression for

the cross-sectional area of the Free Trunk Shape. The result is:

X R, 2
(Ajtree -2 Ry - o2 LU, (xg —alyy
2 2 2
41
- (xg—a) (b—yq} (4-49)

2
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4.7 Analytical Results

4.7.1 Approach

The trunk shape problems involve a large number of variables whose dimensions
are fength to the first power, A large number of nondimensional ratios result. Consequently,
the use of nondimensional parameters is of little value in presenting the resuits of this
problem. The approach will be to predict the shape for two trunk cross sections of a typical
design and indicate how the general method could be applied to other designs.

The trunk dimensions may be scaled by holding two scale factors constant. These

scale factors involve only the independent variables, and are defined as:

_aZ+p?
m = — the trunk length parameter
b
g = the trunk attachment parameter
a2 + b2

Provided these factors remain constant, the other dimensions may be scaled
linearly with £.

The design chosen for analysis is approximately 1/3 scale relative to the size
required for a 60,000 pound aircraft such as the C-119. A drawing of the model is shown in
Figure 4-8. This model is only 82 inches in length whereas the true 1/3 scale model should
be around 150 inches in length. Except for the length dimension, all others are to the 1/3
scale.

The side and end trunk cross sections of the model shown in Figure 4-8 were
selected for detailed analysis. The dimensions of these two sections are summarized in Table

4-1.
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(a) SHAPE AT R, /P, =0.5

(b) sHAPE AT R /R =08

END TRUNK SHAPE
FIGURE 4-10
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The analysis applied to the trunk shapes is the two-dimensional analysis developed
in Sections 4.1 through 4.5.

This analysis does not include the effect of loads and geometry changes
perpendicular to the cross section shown in Figure 4-1.

it may be noted from the model drawing that the trunk cross-section at the sides
is different from the cross section at the ends. This difference is caused by the necessity to
pass the trunk under the fuselage to eliminate interference with the large cargo doors at the

rear of the C-119. Most other military cargo aircraft also have a similar restriction.

4.7.2 Free Trunk Shape Results {Inelastic Trunk}

The cross-sectional shape of the trunk changes as pc/pj varies. The effect of this
change is illustrated pictorially in Figures 4-9 and 4-10 and graphically in Figures 4-11, 4-12,
and 4-13.

The cross sections of the side trunk at pc/pj = 0.b and pc/pi = (.8 are shown in
Figure 4-9, Figure 4-10 shows a similar relationship for the side trunk. It may be seen from
these figures that an increase in pc/pi results in a decrease in trunk height (Yo), a decrease in
cross-sectional area (Aj), and a shift to the outside for the ground tangent point (xo, yo).

These qualitative effects are shown quantitatively in Figures 4-11, 4-12, and 4-13.
These curves are developed from the computer program described in Appendix |.

Figure 4-11 shows the influence of pc/pj on trunk height (YO'). The figure shows
that there is a mismatch problem between the end trunk and the side trunk. The trunk was
designed so that no mismatch would exist at pC/pj = 0.45. At pc/pi less than 0.45 the end
trunk height is lower. At pc/pi greater than 0.45 the side trunk height is lower. {n practice,
the mismatch shown is reduced by the elasticity of the trunk material.

Figure 4-12 shows the outward movement of the ground tangent point with

increasing pclpj. For a two dimensional mode! of the type shown in Figure 6-1, the trunk
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ends are unconstrained and the tangent point is free to move outward. However, for a three
dimensional model of the type shown in Figure 4-8, no free edges exist and the trunk
material must stretch to permit outward movement of the ground tangent. The actual trunk
material envisioned for use on an air cushion landing system would be highly elastic (300%
stretch}, Consequently, considerable movement of x, should be permitted, and the
two-dimensional predictions should be reasonable.

Figure 4-13 shows the variation in cross-sectional area with pc/pj as predicted by
Equation {4-48). The curve shows relative small area variation below pc/pj = 0.5 and large

variation above pc/pj = 0.5.

4.7.3 Free Trunk Shape Results (Elastic Trunk)

The effect of using an elastic material for the trunk was investigated using the
computer program described in Appendix I1l. The trunk material envisioned is a rubber and
nylon laminate. The nylon is laminated in a slack condition so that it does not carry load
until the rubber has extended by at least 100%. A typical elastic curve for such a material is
shown in Figure 4-14. The material was selected so that at the design point (¢ =0, pc/pj =
0.5, pj = 80 psfg) the length of the elastic side trunk was equal to the length of the inelastic
side trunk and the resulting shapes were identical. The effects of changing pc/pj and pj on
the shape of the side trunk and the end trunk constructed from the elastic material
described by Figure 4-14 were evaiuated. The results are presented in Figures 4-15 through
4-20.

Figure 4-15 shows the effect of pc/pj on the trunk length. The effect of a 50%
increase or decrease in the design pressure is also shown. The figure shows that the trunk
length decreases with increasing pc/pj' The figure also shows that the trunk pressure has a
large influence on the trunk length. The trunk material has a slack length of about 1.4 feet.
At pj = 80 psfg, the length has extended to around 4.9 feet. This large length change allows

the trunk to elastically retract after take off to reduce aerodynamic drag.
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Figures 4-16 and 4-17 show the trunk height for the side and end trunks,
respectively, A comparison of the curves shows that the elastic trunk tends to reduce the
mismatch problem. A comparison of Yo versus pc/pj for the design trunk pressure (pj =80
psfg) is shown in Figure 4-18, A comparison of Figure 4-16 and Figure 4-17 shows that the
end and side trunk heights more nearly match for the elastic case than for the inelastic case.

The relationships between cross-sectional area (Aj) and pc/pj for the side and end
elastic trunks are shown in Figures4-18 and 4-19 respectively. The curves show that the
cross-sectional area and consequently the trunk volume is very sensitive to changes in
pressure below the design pressure (80 psfg}. The sensitivity to changes in pressure above the
design pressure is not as great. The curve points out the necessity of carefully tailoring the
material, design pressure combination to achieve the desired cross section. Errors in
providing an excessively stiff material or insufficient Pj could cause large degradation in the
performance due to the large change in the trunk shape which would result.

A comparison of the trunk height for the elastic and inelastic side trunk is shown

in Figure 4-20.

47.4 Loaded Trunk Shape {Inelastic Trunk)

The load support offered by the trunk is dependent upon the degree to which the
trunk is flattened against the ground. This flattening is illustrated in Figure 4-2. The
flattened length is characterized by % 3- Since this segment of the trunk membrane forms a
straight tine, the pressure on both sides of the membrane is assumed to be equal. The load
support offered by the trunk is proportional to £ 3 B and the trunk depth(s).

The flattened length 23 is dependent upon both pc/pj and Y. For any value of
pc/pj there exists a value of Yyat which 25 = 0. This value is the Ym for the equilibrium
trunk shape case and is shown in Figure 4-11. When Y, is less than the Y_ shown in Figure
4-11, trunk flattening occurs and ¢ 3 has a positive value. The shape of the flattened trunk
was evaluated using the computer program described in Appendix 11. Some of the results are

presented in Figures 4-21 through 4-24,
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Figure 4-21 shows the relationship between !23 and Y0/Y°° at various pc/pj
values for the side trunk. Figure 4-22 shows the same relationships for the end trunk. The
stope of the 24 versus Yo/Yoo curve is proportional to the stiffness. The curves show that
the stiffness of both trunk shapes is nearly linear for deflections up to 50% of the free trunk
height (Y o).

Figures 4-23 and 4-24 show the relationship between A: and Y /Yoo for the side

I
and end trunk respectively. The values of Aj were predicted by Equation {4-48).
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5 ANALYSIS OF DISTRIBUTED JET FLOW

5.1 Introduction

The Air Cushion Landing System introduces air throughout a large area of the
bottom of the trunk in order to provide “air lubrication’” to the trunk. This “air
lubrication” is necessary to prevent excessive wear of the trunk during takeoff rotation and
landing flare. During these maneuvers, the cushion pressure approaches atmospheric pressure
and the trunk must carry a portion of the load.

For the ACLS, the peripheral jets are formed by a large number of slots or holes
which are distributed over the bottom of the trunk. The Air Cushion Vehicle, on the other
hand, normally employs a one continuous nozzle which concentrates thasingle jet at the
point of minimum daylight clearance. Because of these differences, modifications of the
concentrated jet theories are necessary when applying them to the distributed jet system.

in this Chapter, modifications to the concentrated jet theories presented in
Chapter 2 have been developed. These modifications allow the concentrated jet theories to
more closety conform to the actual Air Cushion Landing System distributed jet design.

Two cases have been considered: The Distributed Jet Momentum Theory and the
Flow Restrictor Theory.

The Distributed Jet Momentum Theory applies the momentum theories
developed in Chapter 2 to a number of jets in series. This theory assumes the cushion
pressure is maintained by the change in momentum of the peripheral jet. The momentum
theory is developed in Section 5.2.

The Flow Restrictor Theory applies the plenum theory to the trunk configuration
for the Air Cushion Landing System. This theory assumes the cushion pressure is maintained
by a flow restriction at the cushion periphery. The Flow Restrictor Theory is developed in

Section 5.3.

120
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The symbols are as follows:

x coordinate of the upper trunk attachment point, ft

total area of the orifices in the trunk, ft2

total area of the orifices in the n"h row, ft2

y coordinate of upper trunk attachment point, ft

cushion exhaust nozzle shape coefficient

totat coefficient of discharge for cushion chamber (C4 = CpCy}
flow coefficient for pressure distribution at the nth

row of trunk orifices

effective flow area reduction in the cushion exhaust nozzle
caused by the flow from the trunk orifices

coefficient of discharge for the nt row of trunk orifices
trunk orifice diameter, ft

jet height or trunk daylight clearance, ft

jet height for the nth row of trunk nozzles, ft

gravitational constant, ft/sec2

aircraft clearance, the distance between the aircraft hard
structure and the ground, ft

the total . reaction from the nth row of jet orifices, ibs
partial trunk length (see Figure 5-3), ft

partial trunk length (see Figure 5-3}, ft

trunk footprint length (see Figure 5-3), ft

number of jet orifices per row

effective number of rows of jets which contribute to cushion
nozzle area flow reduction

atmospheric pressure, psf

cushion pressure, psf
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trunk pressure, psf
h

static pressure in the cushion exhaust nozzle at the nt
row of trunk orifices, psf

cushion to trunk pressure ratio

flow from the nth row of trunk orifices, ft3/sec

flow from the plenum chamber, ft3/sec

total flow from the trunk, #t3/sec

h

total flow from all trunk orifices from the m™" row up to and

h row, ft3/sec

including the nt
radius of curvature for the trunk segment ¢4, ft
radius of curvature for the trunk segment £, ft
total length of the trunk, ft

effective flow length of the trunk, ft

total effective jet thickness, ft

h row of orifices, ft

h

effective jet thickness for the nt
average velocity of the gas from the nt" row. of orifices, ft/sec
average velocity of the gas in the cushion exhaust nozzle at the
nth row of trunk orifices, ft/sec

jet thickness parameter for concentrated jet

jet thickness parameter for nth jet

horizontal distance from lower trunk attachment point {0,0) to
trunk low point {x,,y), ft

x coordinate of minimum jet height point

vertical distance from lower trunk attachment point {0,0) to
trunk low point (x,,y,), ft

y coordinate of minimum jet height point

value of Y, at which trunk flattening begins (k3 =0}, ft

momentum parameter defined by Equation {5-7)
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Greek symbols

Bn angular position of nth row of orifices relative to the vertical, radians
Tn angle of nth orifice row relative to the trunk, radians
5 height of ' orifice row above minimum ground clearance of the trunk,ft
n effective jet angle, radians
Ay distance along the trunk from attachment point {a,b} to the
nth row of orifices, ft
P density of the gas, Ib/ft3
Subscripts
R first row of orifices inside the cushion
m last row of orifices inside the cushion
n arbitrary row of orifices
5.2 Distributed Jet Momentum Theory

5.2.1 Approach and Assumptions

In Chapter 2, several theories for predicting the performance of a peripheral jet air
cushion were developed. These theories assumed that the peripheral jet was formed by a
single concentrated slot or nozzle around the periphery of the cushion. The nozzle
configuration for the Air Cushion Landing System may be considerably different from the
assumed concentrated jet. In particular, the ACLS utilizes a large number of slots or nozzles

distributed over the bottom portion of the trunk. Consequently, it was desirable to modify



TABLE 5-1

Values of Trunk Design Variables
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VARIABLE SYMBOL VALUE
Trunk Length 1 4, 803 ft.
Trunk Width 8 2.667 ft,
Equivalent jet thickness t .03832 ft,
Upper trunk attachment a 1. 44 fit,
Lower trunk attachment b 1,00 ft.
Number of rows of orifices M 8
Diameter of orifices D 026 ft.
Total number of orifices -- 1972
Porosity £ . 049
ORIFICE DETAILS
ROW JET JET
ROW DISTANCE THICKNESS ANGLE
NUMBER ‘)Ln t ¥n
n ft. f?. Radians
1 2, 599 . 00479 0
2 2,703 . 00479 0
3 2. 807 . 00479 0
4 2.912 . 00479 0
5 3.016 .00479 0
6 3.120 . 00479 0
7 3,224 . 00479 0
8 3. 328 . 00479 0




the theories to more closely approximate the ACLS configuration. In this section, the jet
configuration was assumed to be represented by a series of continuous slots along the
bottom portion of the trunk. This configuration is illustrated in Figure 5-1.

The general approach to the problem was to assume a trunk clearance {d) for
given values of trunk pressure (pj) and recovery pressure ratio (pc/pj). The jet height for
each of the trunk nozzles was determined from the trunk shape programs developed in
Chapter 4. Starting on the atmospheric side of the trunk, the pressure increment across each
jet was calculated in succession until the pressure in the cushion was determined. If the
calculated and assumed value of cushion pressure did not agree, the jet height was adjusted
until agreement was achieved.

The pressure increment across each jet is dependent upon the momentum theory
assumed, However, when the pressure increment is small, all of the momentum theories
developed in Chapter 2 give similar results. In view of the small pressure increments
associated with a series of distributed jets, only two theories — the thin jet theory and the
exponential theory — were selected for further development.

The development of the distributed jet momentum theory is similar to the
concentrated jet theories presented in Chapter 2, The assumptions made in Section 2.4
apply to the distributed jet system. Moreover, the assumptions made in Sections 2.5 and 2.6
are applicable when the thin jet or the exponential theories are applied to the distributed jet

system. Two additional assumptions are necessary. These assumptions are as follows.

5.2.1.1 The jets are formed by a series of continuous slots along the bottom of

the trunk.

5.2.1.2 The flow from any given jet is related only to the static pressure
difference across the nozzle. The effect of flow from other jets is

neglected.
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DISTRIBUTED JET GEOMETRY

FIGURE 5-1
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5.2.2 Force Equilibrium Across the Jets

In Sections 2.4.6, 2.5.6, and 2.6.6 force equilibrium was applied in the x direction
to a control volume containing the peripheral jet. The resulting expression equated the
product of the jet height and the pressure increment across the jet to the change of
momentum of the jet in the x direction. A similar expression may be developed for each jet
in the series shown in Figure 5-1,

Force equilibrium applied to the first jet in Figure 5-1 gives:

JJ
dqtPq—P,) =1 (1+sin8) (5-1a)
S

where 4 = 71 + ¢4

Similarly, force equilibrim applied to the second jet is:

J’
dglPy —Pq) = 2 (1 +5sin o) (5-1b)
S
Across the nth jet, force equilibrim gives:
_ Jn .
dp{Pp —Pp_q) =L (1 +sin g ) (5-1c)
S

where 0, = v, + ¢,

in general, the pressure at any point P, may be found by rearranging Equation
(5-1c).

Jf
Po=_" (+sin ) +P,_, (5-2)

n J—

nS
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The value of Jr’, is dependent upon the flow theory selected. The simple jet theory
and the exponential theory are considered most appropriate for the distributed jet case.
Both of these theories are applicable to thin jets, and the distributed jet configuration
involves a series of thin jets.

The expressions for J,, given by the two thin jet theories were developed in

th

Sections 2.5 and 2.6 respectively. When applied to the n™'' jet in the series, the momentum

expressions become:
Thin jet theory

Jn = 28 tn ‘“)j _ Pn_1) (5'38)

Exponential theory

=28ty =Py | 1 (1-e2Xn (5-3b)
2X,,
t
where X, = " (1 +5sing,) (5-4)
dn

The momentum expressions, Equations {5-3a) for (6-3b}, may now be combined
with Equations (b-2) and (5-4) to provide an expression for the pressure across the nth jet.
The results are:

Thin jet theory
Pn = 2(Pj —Ph_1) X+ Pyq {5-ba)

Exponential theory

~2X
Po = (Pj=Ph_q) {1—e ™M + Py_4 (5-5b)
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A general expression for the pressure across the jet may be written as follows:
Pn = 2 (Pj - Pn_1) Zn + Pn_1 (5-6)

where:

for thin jet theory

n (5-7a)

for exponential theory

n = % (1 - 2%n) (5-7b)

z

5.2.3 Geometric Compatibility

In order to determine X, for each of the jets, it is necessary to determine the
trunk shape and the location of each jet. This problem may be solved by using the trunk
shape solutions given in Sections 4.4 or 4.5. For a given a, b, £ and pc/pj, the trunk shape
may be determined by the method derived in Section 4.4. It is necessary, in addition, to
specify the location of the jets and their angle relative to the trunk membrane. These two
variables are specified by v, and A, which are defined geometrically in' Figures 5-1 and 5-2
respectively.

The trunk shape analysis presented in Section 4.4 predicts the lowest point on the
trunk (x,, yo). This is the coordinate point at which the minimum jet height (trunk
clearance) is measured. This height is specified as d and is shown in Figure 5-2. All other jet
heights may be measured relative to the minimum d in terms of §, as shown in Figure 5-2.

Consequently, it is possible to write the jet height of any nozzle as:

dy = d + 5, (5-8)
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TRUNK GEOMETRY FOR DISTRIBUTED JET

FIGURE 5-2
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It is now possible to calculate &, and 6, from trunk geometry. These values, in
turn, allow the calculation of X, and P..

It is possible for the nth jet nozzle to be located on any one of the three trunk
segments shown in Figure 5-3. Each of these locations constitutes a different case. The three

cases are listed as follows:

Case 1

The nth jet is on the atmospheric side of the low point.

Case 2

The nth jet is at the low point.

Case 3

The nth jet is on the cushion side of the low point.

Case 1 may be recognized by the following condition:

g — A, >0 (6-9a)

For Case 1, the remaining geometric refationships may be derived from the

geometry shown in Figure 5-3(a). These relationships are:

g = 1M (5-10a)
Ry
8, = Rq (1 —cosfB) {b-11a)

g = _Bn + 7I"I (5-123)



Case 2 may be recognized by the following condition:

Q-E‘FQS—?\n?D?Q-]"—?\n

The remaining geometric relationships as shown in Figure 5-3(b} are:

fh =0
5, = 0
fn = T

Case 3 may be recognized by the following condition:

5.2.4

follows.

0 + 85 — A, <O

The remaining geometric relationships as shown in Figure 5-3(c) are:

A= -8
=1 S

Ro

o
il

n = Roll—cosf,)

O = Bn +* 1

Solution of Equations
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(5-8b)

{5-10b)

(5-11b)

(5-12b)

{5-9c}

(5-10c}

(5-11¢)

{5-12c)

The distributed jet momentum theory may now be solved on an iterative basis as
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(c) case IO

THREE CASES FOR JET LOCATIONS
FIGURE 5-3
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{1) Given a, b, 2 and pc/pj the trunk shape may be found usihg the
procedure of Sections 4.4 or 4.5. This procedure gives Ry, Ro, 24, £,
and 9.3.

{2) Assume a maximum value of d. This value may be determined from the

simple jet pressure relationship given in Section 2.5.11.

pe/pj = 2X = 2% {1 +sin 6) {2-28)

Rearranging:

d = 2t{1+sin8g)
Pe/P;

and

4t

d (5-13}

max pc/p]

(3) The other known variables are:

M2 mi Y12, mit123, ... mi Pa P Sande.
With the assumed value of d, it is possible to calculate Xn from
Equation (5-4). Equations (5-8), (5-11), and (5-12) provide the values

of d, and 8, which are required in the calculation of X,.



(4)

(5)

(6)
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It is now possible to solve for the pressure distribution across the jets.
This solution is achieved by applying Equation (5-6) to each jet in turn,

starting at the first jet (Figure 5-2) and proceeding inward.

P] 2 (Pj - PO) Z1 + Pa

Pm = 2 (P] - Pm—1) Zm + Pm_-i

The assumed value of d is correct when

Py — P,

= pe/p; (5-14)
i a

If pC/pj is greater than (P —P,)/ (P; — P,), decrease d and repeat the

procedure until agreement is reached.

Once Equation (5-14) is satisfied, it is possible to calculate the flow.
The flow equations developed in Sections 2.5 and 2.6 applied to each

jet give the following relationship:

2
O.j = St, \ﬁgﬂ (Pj - Pn—'l) (Calp {5-15)
z p
n—.
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where:
{Cqly = 1 forthin jet theory
! X
(Coly = K (1—e%n) for exponential theory
5.3 Flow Restrictor Theory

5.3.1 Approach and Assumptions

The general configuration of distributed jets is shown in Figure 5-1. In the flow
restrictor theory, it is assumed that the jets are formed by rows of circular holes rather than
by continuous slots. As a result of the spacing between the holes, passages for air flow from
the cushion exist. A continuous momentum seal does not exist, and the flow may approach
that of a plenum chamber. The plenum chamber assumptions developed in Section 2.8 are

applicable to this case. The additional assumptions for this case are as follows:

5.3.1.1 The lowest point of the trunk is specified by (xq yo). The distance
between (x5, y,) and the ground is d, the minimum jet height {trunk

clearance).

5.3.1.2 The jets on the cushion side of (xo, yo) supply all the flow into the
cushion which maintains the height d. The momentum seal effect of

these jets is neglected.

5.3.1.3 The jets on the outside of (xo, yo) act to reduce the flow area. A flow

coefficient (CT) is used to account for this area reduction.



137

5.3.1.4 The flow from the cushion is dependent on the shape of the cushion
exhaust nozzle (which is formed between the trunk and the ground). A

flow coefficient (C D) is used to account for this effect,

The jet height (trunk clearance) may be estimated by assuming that the prassure
on the cushion side of (x, yo) is uniform and equal to the cushion pressure. The trunk
pressure is known. Since the total orifice area on the cushion side of (xo, yo) is also known,
the flow into the cushion may be calculated. Assuming the plenum theory is applicable, the
jet height will rise until the flow from the plenum equals the flow into the plenum. The jet
height may be determined by finding the value of d which equates the flow out to the flow
in. The expression for flow from the plenum is developed in Section 5.3.2. The flow to the
plenum is developed in Section 5.3.3. The jet height is then determined in Section 5.3.4.

A more exact determination of flow and jet height based upon a sequential
analysis of the flow and pressure increment associated with each row of orifices is presented

in Section 5.3.5.

5.3.2 Determination of Flow from Plenum

It was shown in Section 2.8 that the flow from a plenum chamber is given by:

29
Qp= [ =2 (P,—~P,) SdCy (2-61)
fi]

The coefficient of discharge Cy is dependent upon a large number of variables.

For the purpose of this analysis, the dependence on nozzle pressure ratio, exhaust nozzle
shape and jet configuration will be considered.

The coefficient Cy may be considered as the product of two coefficients:
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Cd = (CT) (CD) (5-16)

where:

Cp = nozzle shape coefficient

Ct = flow area reduction coefficient

From Figure -4 it is evident that the nozzle shape for the plenum chamber
exhaust approaches that of a convergent-divergent nozzle. Consequently, Cp should
approach the coefficient of discharge for a nozzle.

The value of Ct is dependent on the flow area reduction caused by the jets
outside of point (x,, yo) (see Assumption 5.3.1.3). Figure 5-5 shows a typical orifice
pattern. Adjacent rows of orifices are generally not aligned in the direction of flow.
Consequently, the cushion flow must follow circuitous paths between the orifices. As a
result, the effective flow area is reduced and friction is increased.

The value of Cy may be approximated from an estimate of the effective flow area
reduction caused by the nozzles. The effective flow area is proportional to the effective flow

width:

S = 8- (N} (Dq) {n") {5-17)
where:

§' = effective flow width

S = actual flow width

n' = effective number of rows of orifices which contribute to flow area reduction

Dg = diameter of orifices

=
]

number of orifices per row

The coefficient (Cy) may now be estimated as follows:
Cr =2 {5-18)

The actual value of C+ requires experimental determination.
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LOCATION OF JETS RELATIVE TO LOW POINT
FIGURE 5-4
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5.3.3 Determination of Flow to Plenum

The flow to the plenum chamber, based on Assumption 5.3.1.1, is the sum of the
flow from the jets on the cushion side of point (xo: yo). The first jet on the cushion side is
represented by the gth row in Figure 5-4. The last jet is represented by the mth row. The

flow may be written:

m
2
Qp =Z an\/ 2o pj-Py (Cyn (5-19)
n={ P

where:

Qp = fiow to plenum chamber

an = area of orifices in nt" row

Pn = exhaust pressure for holes in nth row

(Cy)n = discharge coefficient for holes in nth row

The total jet flow is:

m
Q = %% (. _p ) (C
i ap [— i~ n) { x)n (5-20)
n= P2

The flow may be approximated by letting Pn=Pcforn > 2 and P,=P,forn <

L.

5.34 Determination of Jet Height

The jet height may be determined by equating the flow into the plenum,

Equation (b-19), to the flow from the plenum, Equation (5-20}, and rearranging. The result
is: m

ngsz an (Pj = Pp) (Cyyy

d = (5-21)

P, — P,) (C) (Cp)




142

As an approximation, P, can be taken equal to P The resuit then becomes:

m
Lo

(5-22)

S {Ct) (Cp)

Equation {5-22) shows that for the flow restrictor theory, the jet height is
dependent upon the ratio of Pc/Pj- Consequently, the parameter pc/pi continues to be a
valuable dimensionless quantity for relating the independent and dependent variables

associated with the system performance.

5.356 Determination of Pressure Distribution

A more exact prediction of flow and jet height is dependent upon a more exact
prediction of the pressure distribution across the jets. Such a prediction has been developed
in this section by a sequential analysis of the flow from each row of orifices. The flow is
assumed to be governed by flow restriction as in the plenum theory.

The assumptions associated with the plenum theory (Section 2.9) and the flow
restrictor theory {Section 5.3.1} apply to this analysis. In addition, the following

assumptions apply.
5.3.56.1 Flow is adiabatic, incompressible and frictionless.
65.3.6.2 Flow from the jets impinges on the ground and is directed in all
directions. The total pressure of the plenum exhaust is equal to the

static cushion pressure.

5.3.6.3 The net flow from the cushion cavity is zero.
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5.3.56.4 The total pressure of gas in the trunk and cushion are equal to Pj and

Pc. respectively.

The general approach to the problem was to assume a trunk clearance {d) for
given values of trunk pressure (pj) and recovery pressure ratio (pc/pj). The jet height for
each row of the trunk nozzles was determined from the trunk shape programs developed in
Chapter 4. Starting on the cushion side of the trunk, the flow from the mth row of jets (see
Figure 5-4) was determined. The flow out of the cushion at the {m—1)t" row of jets was
assumed to equal the flow into the cushion from the mth row of jets. Since the jet height at
the (m-—1)'Eh row of jets was known, the velocity and static pressure in the cushion
exhaust nozzle at the (m—1)th row could be calculated. The resulting static pressure was
used to determine the flow from the (m—1 )th row of trunk orifices. The flow and pressure
at subsequent rows of orifices were determined sequentially in a similar manner until the
pressure at the cushion nozzle exhaust (the 20 row of trunk orifices} was found. If the
calculated and assumed value of pressure at the cushion nozzle exhaust did not agree, the
trunk clearance {d} was adjusted until agreement was achieved.

The equations for predicting the pressure distribution across the distributed jets
for the restrictor theory are summarized in the following paragraphs.

The jet velocity from the mtP row of jets (see Figure 5-4} may be calculated from
Bernoulli’s equation.

29,

vy, =./Pi~P

= Pe (5-23)

0

Equation (5-23) gives the jet velocity for the mtD row of orifices in terms of the
known pressure difference across these orifices. The velocity of the gas in the trunk was
assumed to be zero and Assumptions 5.3.5.1 and 5.3.5.2 were applied in the development of

Equation (5-23).
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h

The total flow from the mt"' row of orifices may be determined by applying the

continuity equation.

Qi = Wehy (B (C)py (S) (5-24)

The entire flow from the mth jet is assumed to exhaust through the plenum
exhaust nozzle formed between the trunk and the ground. The velocity of the gas in the
plenum exhaust nozzle at a section just to the left of the (m—1)lEh row of jets (see Figure
5-4) may be computed from the continuity equation. The resulting relationship is:

Qg

Wm-1 = {5-25)
T (d+8,q) (9) (Cy

Equation (5-25) predicts the velocity of the gas in the plenum exhaust nozzle at a
section just to the left of the (m—T)th row of trunk orifices. The values of S and C, are
known and constant for a particular trunk design. The value of (Qy)y, was predicted by
Equation {5-24). The value of 8—1 May be determined from the trunk shape program
developed in Section 4.4. Only the value of d on the right hand side of Equation (5-25) is
unknown. The correct value of d is the value which will predict atmospheric pressure at
plenum nozzle exhaust plane. At this point it is necessary to assume a trial value of d.

The pressure at the (m——~1)"h row of trunk orifices may be computed from the
total pressure and the gas velocity. Based on Assumption 5.3.5.2, the total pressure at any
point in the plenum exhaust nozzle is Po. The resuiting static pressure at the (m—1)th jet

row is
(Vm—1 )2

Plm—1 = Pc —
20, (5-26)
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Equation (5-26) predicts the static pressure at the (m—1 )th row of trunk orifices.
Since the static pressure at the (m—1)th row is known, velocity and flow from the (m—!)th
row of jets may be calcuiated. In a similar manner to the procedure developed by Equations
(5-23) through {5-28), the pressure distribution for all the remaining jets may be calculated
in sequence.

The general equations for the pressure distribution calculation are:

29
Vitlm—n =\/—° (P~ Pm—_n! (5-27)
p
(Qd—n = ¥V I m—n Om—n (Cxtm—n (S} (5-28)
m=4
(Q—n = Z Q) m—n {5-29)
n=
(Qtm—n
(V)m_n = (5'30)
. (d+8,,_p) {S) (Cy)
2
Pn_n_t = Po— Wim—n o) (5-31)
29,

The pressure at each jet may be calculated in sequence until the minimum
pressure and maximum exhaust velocity is reached. The maximum velocity in the exhaust
nozzle is determined by the expansion of the exhaust flow from the total cushion pressure
to atmospheric pressure (Assumptions 5.3.56.1, 5.3.5.2, and 5.3.5.4}. The resulting

maximum exhaust velocity is:

2
Vax = | 0 . [Pc—P, (Cp) (5-32)
p
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In Equation (5-32), the coefficient Cy was introduced to compensate for the
convergent-divergent shape of the plenum exhaust nozzle.

The pressure distribution problem may now be solved on an iterative basis by
varying the jet height (d) until the maximum predicted plenum exhaust velocity agrees with
the velocity predicted by Equation {5-32).

The procedure is basically the same as outlined in Section 5.2.4. Total jet flow
and jet height may be predicted from Equations (5-20) and (5-21) respectively, once the

pressure distribution for the distributed jet is known.

5.4 Analytical Results

The distributed jet theories require the specification of more design parameters
than the concentrated jet theories. In particular, the distributed jet theories require the
specification of the trunk shape and the nozzle size, location, spacing, and number. The
concentrated jet theories are useful in visualizing genera! trends. The distributed jet theories
are useful in predicting actual performance of a particular distributed jet design.

Because of the large number of variables involved, the analytical results will be
presented for one single design. The design selected was the side trunk discussed in Section
4.6 and shown in Figure 4-8. The trunk material is assumed to be inelastic. The nozzles are
formed by 8 rows of 5/16 diameter orifices. The spacing between the rows is 1-14”. The
spacing orifices in a giver row is 2-1/2”. The location of the rows of orifices on the trunk is
determined by specifying A as shown in Figure 5-2. The values for A, and the other
specified variables are shown in Table 5-1.

The jet height predicted by the distributed jet theories may be compared with the
concentrated jet predictions if an equivalent jet thickness is assumed for the distributed jet.
The equivalent jet thickness (t} is defined as follows:

m

a
t= LS (5-33)
S
n=1
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where:
ap, is the total area per row of jets. S is the length of the jet row

{trunk section length}.

Using the above definition of t, the ratio d/t for the distributed jet case becomes

equivalent to d/t for the concentrated jet case. It may be noted that:

d
VX =
t(1+sin6)

Consequently, 1/x and d/t are equal when 8= 0°.

Figure 5-6 gives a comparison of the predicted d/t versus pc/pi for the distributed
and concentrated jet theories. For the concentrated jet theories, it was assumed that 6 = 0.
It is evident from .the figure that the jet height predicted by the flow restrictor theory is
considerably lower than that predicted by the various momentum theories.

The relationship between Cq and pclpj is shown in Figure 5-7. The definition of
Cgq was given by Equation {3-4).

Q.
CQ = 1 CX (3‘4)

2
tS __g..gpj
Vv e

The parameter Cq is a flow coefficient which compensates for the pressure
variation across the jet. The physical significance of this parameter was discussed in detail in
Section 3.4.

In computing Cq, all other flow coefficients were assumed to be unity. The
results shown in Figure 5-7 indicate that all distributed jet momentum theories give nearly
the same value of Cy. The corresponding values of C, are slightly higher for the distributed

jet thearies than for the Barratt theory for a concentrated peripheral jet.
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The distributed jet curves presented in Figures 5-6 and 5-7 were based on an
assumed trunk pressure of 120 psfg. Computations were also made for trunk pressures of 80
psfg and 160 psfg. The resulting values of C and d/t were within a few percent of those
predicted at 120 psfg. It was concluded that the curves presented in Figures 5-6 and 5-7 are

dependent only on p./p; and independent of the magnitude of p;.
c'Fj |



6. EXPERIMENTAL PROGRAM — STATIC MODEL

6.1 Experimental Apparatus — Static Tests

Figure 6-1 shows the test apparatus used for verification of the trunk shape, flow,
pressure distribution, and jet height which were predicted by the analysis developed in
Chapters 4 and 5. The plexiglas side in the test rig allowed the inspection of the
two-dimensional shape of the trunk cross section. For this reason, the apparatus was
generally referred to as the 2D test rig. The total test apparatus consisted of three units: an
air supply, a test section, and a trunk specimen.

Airflow was supplied by a Spenser Gas Booster capable of delivering 3,000 cfm at
1.65 psig. Air was ducted to the test section through 16 feet of 12-inch diameter galvanized
ducting. Trunk pressure was controlled by adjusting a butterfly valve located in the blower
housing ahead of the ducting. A flow straightener was positioned in the ducting in
accordance with standards set forth in Reference (47). Flow was determined by measuring
the differential head across an orifice plate meeting ASME specificationsmg) using a
micromanometer with a 20-inch range. Air temperature upstream was measured by a 0-120
F mercury thermometer.

The test section consisted of a box approximately 32’' wide by 42" long by 52"
high. The box was constructed from plywood and plexiglas. The front of the box was open
to allow air to exhaust and the floor was movable to enable the model to simulate varying
vehicle heights. Sixteen static pressure taps, spaced two inches apart, were installed along
the centerline of the test section floor.

The trunk specimen under test was made of a nylon-hypalon material which was
fastened in the test section by wooden stringers. Six static pressure taps spaced 2-1/2 inches

apart were installed along the centerline of the trunk in the jet region. The trunk section was

151
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STATIC (2D) TEST RIG
FIGURE 6-1
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32" wide and 57" long. A flap was installed on the edge of the trunk to seal leakage
between the trunk and the test section edges. Details of the jet configuration and the trunk
elastic properties are given in Appendix |V. The trunk dimensions were the same as those
listed in Table 5-1. Consequently, the trunk test specimen represented the side trunk whose
shape was analyzed in Chapter 4 and whose flow, pressure distribution, and jet height was
analyzed in Chapter 5.

Airflow was ducted into the trunk through the top of the test section. The air
flowed through the trunk, out of the jets, and exhausted through the front of the test
section. The flow caused a static pressure to build up between the trunk and the rear of the
box when the floor was in place. This pressure was equivalent to the cushion pressure (p.}.
Both cushion pressure (p,) and trunk pressure (pj) were measured by pressure taps instalied
in the top and rear of the test section, All pressure taps were connected to a 100-tube well
type manometer bank. Water was used as the manometer fiuid.

A grid was marked on the plexiglas side of the test section to facilitate
observation and measurement of the trunk shape. Trunk shape and low points were

measured with a scale,

6.2 Experimental Procedures — Static Test

It was necessary to determine the magnitude of leakage flow and the coefficient
of discharge for the jets prior to conducting the flow verification tests. The leakage flow was
measured by installing in the test section a trunk specimen without jets and measuring the
flow for various values of Pj but with p, = 0. The results of the leakage flow test are
summarized in Appendix V. The flow coefficient for the jets was measured by repeating the
leakage flow procedure after the jets had been installed in the trunk specimen. The results of
the coefficient of discharge test are summarized in Appendix V.

In order to verify the predictions of trunk shape, jet height (d)} and pressure

coefficient (Cy), tests were conducted on a trunk specimen of the configuration specified in



154

Table 5-1. This configuration was identical to the side trunk shape analyzed in Chapter 4 and
Chapter 5.

The independent variables in the tests were trunk pressure (pj) and vehicle height
(H). The vehicle height was set at 10 positions in T-inch increments between 4.5 and 13.5
inches. For each vehicle height, the trunk pressure was set at nominal pressures of 40, 60,
80, 100, 120, and 140 psfg. A tolerance of + 2 psf was allowed in the pressure setting. At
the beginning of each run, the ambient pressure and temperature were recorded. The
micromanometer which measured the differential pressure across the ASME flow orifice was
leveled and zeroed. The vehicle height was set by adjusting the supports for the movable
fioor. The desired trunk pressure was obtained by adjusting the butterfly valve in the blower
housing.

The following data was collected and recorded.

(1) The location of the low point on the trunk was determined by visual
sighting and its coordinates were measured from a coordinate system

grid with a steel rule.

(2) The jet height was measured by means of calibrated steel rods; the rod
was placed on the floor of the model so that its longitudinal axis was
parallel to the direction of flow from under the trunk. The rod was
then slid under the trunk until it was positioned below the low point of
the trunk. Clearance, or the lack of it, between the rod and the trunk
was visually detected and a iarger, or smaller, rod was tested for
equality of rod diameter and jet height. The rods were calibrated to
0.001 inch in increments of approximately 0.01 inch between 0.03 and
1.00 inch.
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{3) The pressure distributions on the floor and trunk were indicated on the

micromanometer bank, as were the cushion and trunk region pressures.

(4} The micromanometer, thermometer, and upstream pressure readings

were recorded.

Photographs of the trunk shape were made for a run with pj = 80 and the vehicle
height varied in 1.0 inch increments between 13.5 and 4.5 inches.
The results of the tests are summarized in Section 6.3. The variables used in this

chapter are summarized in Chapter 5.

6.3 Summary of Results — Static Tests

6.3.1 Entroduction

Experiments were conducted on a trunk specimen which simulated the side trunk
configuration shown in Figure 4-9. This configuration was similar to the side trunk of the
model shown in Figure 4-8 whose shape was analyzed in Chapter 4. The verification of the
trunk shape predictions are presented in Section 6.3.2.

The side trunk specimen was also similar to the model analyzed for jet height,
pressure distribution and flow in Chapter 5. The details for this configuration were
summarized in Table 5-t. The verifications of the trunk flow characteristics are presented in
Section 6.3.3.

6.3.2 Trunk Shape

The predicted and experimental values of £, x, and y,, for the free trunk shape

are shown in Figures 6-2, 6-3, and 6-4 respectively.
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The trunk segment length (24) is defined as the length of the trunk segment
between the attachment point {a, b) and the low point (x, yg). This segment is illustrated
in Figure 54, The' length of £q is important in determining the location of the orifices

h

relative to the low point {x ). The distance from the attachment point {3, b) to the nt

Y

o Yo
row of orifices is defined by A . For an inelastic trunk, the value of A , is independent ot
pc/pj while the value of €4 is not. The values of the A \"'sand £ are plotted versus pc/pj in

th

Figure 6-2. A value of A, greater than £, indicates that the n™' row of orifices is on the

cushion side of the low point {x ). Figure 6-2 shows that the number of rows of orifices

o Yo
on the cushion side of the low point varies from 3 at pc/pj =10to6Gat pclpj = 0.9. Close
agreement between theory and experiment is shown by the curve.

Figure 6-3 shows the variation of the horizontal position of the trunk low point
(Xg) with pc/pj. It is evident from the curve that the agreement between theory and
experiment is excellent.

Figure 6-4 shows the variation of the vertical position of the trunk low point (Y )
with p./ Pj- It is evident from the curve that the agreement decreases as pc/pj increases. The
slight difference betwean predicted and measured values of Y, was probably due to a
vacuum produced just to the atmospheric side of the trunk low point. This phenomena
would tend to force the trunk down. The phenomena is discussed in more detail in Section
6.3.2.

Figure 6-5 shows a comparison of the predicted and measured trunk shape for
pc/pj = 0.b. It is evident that the agreement between theory and experiment for the free
trunk shape is excellent.

In order to determine the validity of the ground loaded trunk shape prediction, a
second series of tests was conducted. In this series of tests, the cushion area was vented to
the atmosphere. The trunk clearance (Y} was varied and the resulting footprint length 23

was measured with a scale. The resulting values of £ 5 versus YO/Y are compared with the
o0
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analytically predicted values in Figure 6-6. The figure shows that the agreement between
theory and experiment is good for pc/pi =0.

A second run was made with pc/pj = (0.41. During this run, the cushion pressure
was maintained by introducing flow into the cushion area from a separate air source and
venting the resulting cushion flow through the floor of the test section. The resulting values
of 23 versus YO/Yoo are compared with the analytically predicted values in Figure 6-7. The
figure shows good agreement between theory and experiment.

The trunk shape experiments have demonstrated the accuracy of the analytical
models developed in Chapter 4 for predicting the trunk low point, the location of the

nozzles, trunk shape, the cross-sectional area, and the footprint length.

6.3.2 Flow Characteristics

The results of the tests for leakage flow are shown in Appendix V. The
experimentally determined flow coefficient for the trunk orifices (Cy) is given in Appendix
VI.

The influence of vehicle (floor) height {(H} on pc/pj is shown in Table 6-1. This
table shows that the pressure ratio (pc/pj) is largely independent of the trunk pressure (pj).

The influence of vehicle height (H) on the jet height-thickness ratio (d/t) is shown
in Table 6:1l. The results show that the jet height-thickness ratio (d/t) is not strongly
dependent on trunk pressure (pj).

The influence of vehicle height {H) on the pressure coefficient {Cq) is shown in
Table 6-111. The results show that Cg is largely independent of trunk pressure (pj). The
method by which Cy was calculated is given in Appendix VII. Since the jet height {d} and
pressure coefficient {Cy) are largely independent of Pj- the presentation of experimental
results can be greatly simplified. Table 6-1V shows the average values of the data collected at

the various floor heights. These values are assumed to be independent of Py



Pressure Ratio (pC/pj) vs Vehicle Height (H)

TABLE 6-1

and‘TrunkIPressure(pﬁ

164

p. (psig)

H (in) 40 60 80 100 120 140 | Ave
4,44 .91 <91 .91 .91 <91 .91 .91
5.44 .88 .88 . 87 . 87 .87 .87 | .87
6,44 .82 . 82 .82 .82 .82 .82 | .82
1.44 .76 .76 .76 .76 .77 76 | .76
8.44 .70 .70 .70 .70 .70 .70 | .70
9.44 .60 .61 .60 .61 .61 .61 | .61

10.44 .52 .52 .52 .53 .53 .53 } .52
11.44 .41 .41 .41 .41 .41 .41 § .41
12,44 .28 .28 .28 .28 .29 .29 | .28
13.44 .13 .14 .14 .14 .15 .15 | .14
13.94 .08 .08 .09 .09 .09 .09 ¢ .09




Flow Theory Coefficient (CQ) VS
Vehicle Height (H) and Trunk Pressure (pj)

TABLE 6-1I
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H (1n) p. (psfe)l 45 60 80 100 120 | 140 | Ave
4, 44 .570 | .581 | .589 | .581 | .580 | .580 |.58
5, 44 L670 | L5665 | 675 | 672 | 667 | . 673 | .67
6. 44 .727 | .730 ) .735 | .740 | .736 | .735 | . 735
7,44 .784 | ,791 ] .804 | .792 | .797 | .795 | .794
8, 44 .824 | .830 | .830 | .825 | .828 | .825 | .828
9. 44 .975 | .875 | .870 | .873 | .870 | .870 | . 872

10. 44 .920 | .924 | .915 | .920 | .918 | .923 | .920
11, 44 .942 | .950 | .950 | .948 | .953 | .953 | . 950
12, 44 .974 | .990 | .978 | .974 | .974 | .975 | .977
13. 44 .940 | .980 | .980 | .973 | .980 | .975 | .971
13,94 975 | .985 | .982 | .983 | .981 | .978 |.982
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TABLE 6-III

Jet Height - Thickness Ratio (d/t} vs
Vehicle Height (H) and Trunk Pressure (pj)

pj(psfg)

H (in) 40 50 80 100 120 140 | Ave
4, 44 . 37 .37 .37 .37 . 39 .39 | .37
5. 44 L4165 .415| .435| .435 L4351 .435( .43
6. 44 .46 | .47 .48 | .50 .50 | .50 | .48
7. 44 .50 | .52 | .52 . 52 .545| 545} .53
8, 44 .58 | .58 | .58 | .59 .59 .60 | .59
9. 44 .62 | .62 | .63 | .64 .64 | .64 | .63

10. 44 LTV | .71 | L2 | .72 .72 .12 | .72
11. 44 .85 | .85 | .85 | .85 .86 | .87 . 85
12. 44 1.02 1,02 [1.03 | 1.04 1.04 | 1.04 | 1,03
13. 44 1.59 | 1.57 | 1.57 | 1.57 1.57 | 1.59 | 1.58
13.94 2.19 | 2.17 |2.10 |2.08 2.08 [2.10 | 2.12




TABLE 6-1IV

Calculated Data vs Vehicle Height (H)
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H (in) pc/pj Cq d (in) tg X _ (in) y, (in)
4. 44 0.91 0.58 0.17 0.37 23.6 -4,27
5.44 0.87 0.67 0.19 0.43 23.3 -5.24
6.44 0.82 0.73 0.22 0.48 22.4 -6.22
7.44 0.76 0.79 0.24 0.53 21.4 -7.20
8. 44 0.70 0.83 0.27 0.59 21.0 -8.17
9,44 0.61 0.87 0.29 0.63 19.8 -9.15

10.44 0.52 0.92 0.33 0.72 18.8 -10.11
11,44 0.41 0.95 0.39 0.85 17.3 -11.05
12. 44 0.28 0.98 0.48 1.03 15.7 -11.97
13.44 0.14 0.97 0.72 1.58 14.7 -1z.72
13,94 .09 0.98 0.98 2.12 13.9 -12.97
NOTE:

The above data exhibited slight variations with pj.

The values shown are mean values over the range of p.'s.
J
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Experimentally measured static pressure distributions along the cushion exhaust
nozzle at the trunk surface for the 120 psfg trunk pressure run are shown in Figures 6-8,
6-9, and 6-10. These figures show the pressure distributions for pressure ratios (pc/pj) of
0.28, 0.5, and 0.72 respectively.

Values of d/t and Cq calculated from experimental measurements in the Pj = 120
psfg run are shown in Figures 6-11 and 6-12 respectively.

it was found that the value of Cq predicted by the distributed jet momentum
theories was in reasonable agreement with the experimental results. However, the jet height
predicted by the momentum theories was an order of magnitude higher than that observed.

The flow restrictor theory was found to give much better agreement with
experimental results. In applying the flow restrictor theory to the experimental model, it
was necessary to select values for the three flow coefficients. These coefficients are C x: Cp-
and C.

The coefficient Cy is the trunk orifice coefficient. The measurement of this
coefficient is discussed in Appendix VI. The values of Cy versus the pressure ratio across the
trunk (Px/Pj) are shown in Figure VI -1 (appendix}. When cushion pressure is present, the
value of PX/P]- varies around the trunk. However, since this variation is not large, a constant
value of Cy = 0.72 was assumed.

The coefficient Cp is intended to evaluate the efficiency of the
convergent-divergent nozzle formed between the trunk and the ground in expanding the
flow from the plenum chamber to atmospheric pressure. |t may be observed from the
pressure distribution curves (Figures 6-8, 6-9, and 6-10) that the pressure at the nozzle
exhaust is below atmospheric. The flow in this area is highly complex and beyond
reasonable analytical analysis. For the shape tested, the vacuum produced in the nozzie
exhaust caused the exhaust velocity to be approximately 10% higher than would have
occurred had the minimum pressure been atmospheric. On the basis of these observed

results a CD = 1.1 was selected.
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The nozzle area reduction coefficient {Ct) represents the effective reduction in
plenum nozzle area caused by the momentum seal formed by the jets from the trunk
orifices. The high velocity flow from the trunk orifices results in forcing the plenum flow to
follow a circuitous path between the jets. The net result is to reduce the effective plenum
exhaust nozzle area.

The value of Cy should be less than 0.76 based upon constant width jets. The
width is assumed to be equal to orifice daimeter (5/16") and the minimum distance between
jets is 0.965". The value of 0,76 probably represents an upper bound since the effective area
reduction is expected to be greater than the projected width of the orifices. A selection of
Ct = 0.57 gave the best agreement with experimental data.

The computed pressure distributions for the flow restrictor theory using the selected
discharge coefficients are shown in Figures 6-8 through 6-10. It may be seen from Figures
6-8, 69, and 6-10 that the agreement between experimental and calculated pressure
distribution around the trunk is quite good.

The experimental and calculated values for C are shown in Figure 6-11. The flow
restrictor theory is shown to give the closest agreement with experiment.

The resulting jet height to thickness ratio (d/t} is shown in. Figure 6-12. Again,
agreement between calculated results and experimental data is excellent. Figure 6-12 also
shows the predicted values of d/t using the approximate formula (Equation 5-22). The
approximate formula gives the correct trend but predicts a lower jet height than is actually
observed.

The trunk flow experiments have demonstrated the accuracy of the flow
restrictor theory developed in Chapter 5 for predicting the pressure distribution, jet height
and flow coefficient of the trunk design under test. The distributed jet momentum theories

were unsatisfactory for predicting the jet height for the tested jet configuration.
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7. DYNAMIC AMNALYSIS OF THE AIR CUSHION LANDING SYSTEM

7.1 Introduqtion

The landing gear of an aircraft must have the capacity to absorb the vertical
landing energy of the aircraft without overloading the aircraft structure. Two critical
parameters in designing the gear are the maximum “‘g” load and maximum stroke which
results from landing at a given weight and sink speed. Consequently, it is desired to predict
the load-stroke characteristics of the Air Cushion Landing System as functions of aircraft
weight and vertical velogity,

The aircraft attitude and farward velocity at touchdown also exert an appreciable
influence on the load-stroke characteristics of conventional landing gear. For the purposes
of the analysis presented in this chapter, these two influences are neglected. The pitch and
roll angles at touchdown are assumed to he zero, and the forward velocity is assumed to be
negligible.

The system of equations which describe the dynamic response of the ACLS is
developed in the foliowing sections. Section 7.2 presents a simnplified model of the trunk
portion of the system. Section 7.3 presents a more complete model of the trunk, but
neglects the effect of pressure build-up in the plenum beneath the aircraft. Section 7.4
presents a model of the combined trunk-plenum system.

The variables involved in the analysis are as follows:

A piston area, ft2

Ag cushion area under the trunk, ft2

A cushion area under the aircraft hard structure, ft2
Ag trucik fooiprint area, ft2

175
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total exhaust area of nozzles in fan calibration test, ft2

total area of orifices in the trunk, ft2

area of orifices in the 2nth segment of the trunk, ft2
effective flow area for the 9.3 segment of the trunk, ft2
flow coefficient for the cushion exhaust nozzle

specific heat at constant pressure for air, Btu/lb OF
flow coefficient for pressure distribution

specific heat at constant volume for air, Btu/Ib 0F

flow coefficient for orifices in the trunk

flow coefficient for jet height

flow coefficient for jet height

jet height, ft

distance between lower trunk attachment points, ft
total vertical thrust from jet exhaust, [b

total force developed by the trunk footprint, Ib
acceleration due to gravity, ft/sec?

gravitaticnal constant, (lbm/Ibf¥ft/sec?)

specific enthalpy, Btu/lb

effective length for calculating volume of the nth trunk segment from the
cross-seciional area Aj, ft

ratio of specific heats

effective length for calculating the footprint area of the nth trunk segment
from the footprint length £4, ft

length of trunk side segment, ft

number of rows of holes in the nth trunk segment

mass flowv rate, slug/sec

pressure in the control volume, ib/ft2 absolute

cushion pressure, psfa
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cushion pressure, psfg

trunk pressure, psfa

trunk pressure, psfg

total flow from cushion, #t3/sec

total flow from fan, #t3/sec

total flow from orifices in the £ nth trunk segment, ft3/sec

total fan flow at stall pressure, #t3/sec

gas constant, Btu/Ib °F

radius of curvature for trunk segment 2,, ft

radius from center of rotation to centroid of area A; for nth trunk
segment, ft

effective length for calculating cushion area Ag from length X, ft
effective length for calculating the volume Vg from area Ag, ft
effective length for calculating the trunk volume Vj from area Aj, ft
effective length of nth trunk segment, ft

peripheral distance around the trunk at cushion nozzie exhaust, ft

peripheral distance around the trunk at nth

row of orifices, ft
effective width of all rows of orifices, ft
effective width of nth row of orifices, ft

absolute temperature, °R

trunk tension per unit length, Ib/ft

total internal energy of the gas in the control voilume, Btu
specific internal energy of the gas in the control volume, Btu/ib
volume of gas control volume, #3

total cushion volume, 3

volume of ducting between fan and trunk, £13

total volume of the ath trunk segment, 3
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Vg portion of cushion volume under the trunk, ft

Vi portion of cushion volume under the hard structure, ft

Vj total trunk volume, 3

v velocity of the gas, ft/sec

W mass of gas in control volume, Ib

Wa mass ©Of aircraft, Ib

w; mass flow into the controf volume, Ib/sec

W, mass flow from the ¢ nth segment of the trunk, Ib/sec

Wo mass flow from the contro! volume, 1b/sec

X5 horizontal distance from inside attachment point to inside of the
trunk footprint, ft

Yo vertical distance between the aircraft hard structure and the ground, ft

Yoo vertical distance at which no footprint exists { £ 3= 0), ft

¥ vertical coordinate, ft

¥ vertical velocity, ft

y vertical acceleration, ft

Greek letters:
a angle of revolution for trunk cross-section to form trunk velume

segment n, radians

£ trunk porosity
0 density of gas, Ib/ft3
Yy angle between trunk and ground at edge of footprint, radians

Subscripts:
C refers to the cushion
e refers to the end trunk segment

i refers to flow into the control volume
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SIMPLE MODEL FOR DYNAMIC ANALYSIS

FIGURE 7-1
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i refers to the trunk
k refers to the corner trunk segment
n arbitrary
o refers to flow out of the control volume
r refers to stail condition of the fan
5 refers to the side trunk segment
1 refers to the segment 24
2 refers to the segment !22
3 refers to the segment 23
7.2 Simple Dynamic Model

7.2.1 Approach and Assumptions

A greatly simplified model of the air cushion trunk is shown in Figure 7-1. The
figure shows an insulated cylinder of gas. The gas is being compressed by a piston falling
under the action of gravity. During the compression process, air may enter the control
volume from a fan and may leave the volume through an orifice.

The assumptions for the analysis are as follows:

7.2.1.1  Thrust from the exhaust gas is neglected.

7.2.1.2  Adiabatic expansion or compression occurs in the control volume.

7.2.1.3 The change in height of the gas flowing through the control volume is

neglected.

7.2.1.4 The enthalpy of the input air equals the enthalpy of the exhaust air.
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7.2.1.6

7.2.1.7

7.2.1.8
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The gas obeys the perfect gas law.

The flow through the exhaust orifice is assumed to be adiabatic and

incompressible.

The velocity of the gas in the control volume is negligible. The static

and total pressure are equal.

The flow in, Oi is constant.

The variables involved in this model may be grouped as follows:

Independent environmental variables

9
Pa
o
k

acceleration due to gravity, ft/sec2
atmospheric pressure, Ib/ft2
atmospheric density, Ib/ft3

ratio of specific heats for gas

Independent design variables

A

%

Cx

o

piston area, ft2
orifice area, 12
coefficient of discharge of orifice

distance of origin of coordinate system above ground, ft

Independent operating variables

Q;

Wa

flow from the fan into cylinder, ft3/sec

piston weight, Ib
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Tirne dependent variahies

P{t} conitrol volume pressure, b/ft?

T(t) contiol volume gas temperature, © R
V{t) control volume, 3

Wit} controi volume gas weight, b

y(t) piston position, ft

v(t) piston velocity, ft/sec

In order to determine the variation of the dependent variabies with the time
parametei, six independerit equations are necessary. These equations may be developed by

applying the following laws and principles:

{(n Newton's second law applizd to the free pistan nody in the vertical

direction gives:

yit) = f[P(1)]

{2) Geometric compatibility appiied 1 the control volume Gives:

w(t) = fiv{t)]

(3) An energy balance applied to the controf velume gives:

T{th = flW(t), vit), P{1)]

(4) The perfect gas law gives:

T{t) = 1W(t), V{t}, P(1)]

{5} The continuity and energy principles anpdier! 1o flow through the

orifice and fan gives:
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Wi{t) = fIP(t)]

It may be noted that the equation resulting from principles (3) and {(4) may be
combined to eliminate T{t). An additional equation defining y{t) = fly{t)] may be

introduced to eliminate y(t) from the relationship in principle {1)}.

7.2.2 Newton’s Second Law

Newton's second law may be applied to the piston shown in Figure 7-1. The result

g
AT W, —+AP-Py (7-1)

Equation {7-1) equates the vertical external forces acting on the piston to the
product of the mass and acceleration in the vertical direction. The thrust force is neglected

{Assumption 7.2.1.1).

7.2.3 Geometric Compatibility

Since the piston area is constant, the relationship between the piston height and

the control volume is linear. It is evident from the geometry of Figure 7-1 that:

V=AY, ty {7-2)

1.2.4 Energy Balance Applied to the Control Volume

To complete the problem, a force {pressure) versus deflection relationship must
be derived from thermodynamic considerations. The first law of thermodynamics may be

applied to the control volume shown in Figure 7-1 as follows:
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change in stored energy = energy in — energy out + work in + heat in

Based upon Assumptions 7.2.1.2 and 7.2.1.3 the heat in is zero and the change in

potential energy of the gas flowing through the cylinder is zero. The energy balance then

becomes:
du dv
E-—(hl w; — hO Wo) + PE- =0 (7-3)

The conservation-of-mass law may be applied to the control volume. The resulting
equation equates the change of mass of the gas in the control volume to the difference

between in flow and out flow. The results are:

dw
— = w—w, (7-4)

i
dt
The application of Assumption 7.2.1.4 gives:
{7-5)

For a perfect gas (Assumption 7.2.1.5), internal energy {u) and enthalpy (h) can

be represented as:

U=Wu (7-B8)

du = C,dT (7-7)
PV

h=uUu4— (7-8)
w

Substituting Equations (7-4) through (7-8) in Equation (7-3) and dividing the

resulting equation by C, WT, gives the following results:
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i _ PV dw P dv (7-9)

T CWT W CMWT

The perfect gas law and the specific heat definition gives the following

relationships:

N _g (7-10)
wT

R

— = k-1 )
e (7-11)

Combining Equations {7-10) and {7-11) yields:

PV
WTC

=k-—1 (7-12)
v

The substitution of Equations (7-10), (7-11}, and {7-12) in Equation (7-9) yields:

dT dw dv

T k=TT k=T (7-13)

7.2.6 Perfect Gas Law Applied to the Control Volume

The temperature variable in Equation (7-13) may be eliminated by introducing

the perfect gas law. Written in logarithmic form, the perfect gas law is:

mP+AnV = nW+nR+8enT (7-14}
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Differentiation of Equation {7-14} gives:

&P dv  dW  dT
i (7-15)
P V W T

The combination of Equations (7-13} and {7-15} allows the elimination of the

temperature variable. The result is:

—_= ke — - k. (7‘16)

Expressing Equation {7-16) as a time rate equation gives:

P [k dw Kk dv

{7-17)

Pl—

dt W dt Voodt

Equation (7-17) predicts the time rate of change of the pressure within the

control volume as a function of the weight and volume change.

7.26 Continuity and Energy Principles Involving

Gas Flow from the Control Volume

The first law equation {7-17) introduced a new variable: W. A flow equation is
needed to express the mass change in the control volume with respect to time. Such a
relationship was derived in Section 7.2.4. The resulting equation was:

aw

g= Wi — W (7-4)
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The exhaust flow through the orifice may be found by applying the continuity
principle to the exhaust plane of the nozzle. The result is:

a. C (7-18)

W i Yx

o Po VYo

The velocity v and density pg of the exhaust gas at the nozzie throat may be

determined from isentropic flow relationships. The results are:

1

_ 2PV {Pa _r
o< [y %o 1( p) (k-1)

1/k
Po = p (Py/P)

These results may be substituted into Equation {7-19) to predict the exhaust flow
from the orifice. However, for small pressure differences across the exhaust nozzle, the
compressibility of the gas may be neglected. In the present investigation, pressure
differences of less than two pounds per sguare inch are involved. Consequently, the
Assumption (7.2.1.6) of incompressible subsonic flow in the exhaust nozzle was made. The
static pressure and total pressure of the gas in the control volume were assumed to be equal
(Assumption 7.2.1.7).

For incompressible flow, the velocity at the exhaust exit plane is:

{7-19)

Combining Equations (7-18) and {7-19) gives:

w, = ‘/290 W (P-P, aCy (7-20)
\
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Equation (7-20} predicts the flow from an exhaust nozzle for small pressure

differences across the nozzle. For large pressure difference ratios {pressure ratios less-than

0.9), Equation {7-20) should be modified to account for compressibility.

The weight flow inte the control volume was assumed to be constant. The

resuiting relationship is:

1.2.7

Combining Equations {7-4), (7 -20) and {7-21) gives:

dw W
— = Qjp— |25 — (P-Py) a; C, (7-22)
dt v

Summary of Equations

The system of equations which describes the simple dynamic model may be

summarized as follows:

Definition of velocity

dy .
—=y (7-23)
dt
Newton's second law:
dy A
dt Wa
First law of thermodynamics:
dP k dW  k dV
—=Pl—— - — (7-17)

dt W dt VvV dt
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Conservation of mass:

dw

W
— - pO_i—\j2gov(P—Pa) aj Cx (7:22)

Geometric compatibility:

V=AY, + vV {7-2)

The above set of linear, first order, differential equations may be solved by

numerical procedures using the Runge and Kutta algorithm.(47)

7.3 Air Cushion Trunk Dynamic Analysis

7.3.1 Approach and Assumptions

The simplified analysis developed in Section 7.2 may be applied to the Air
Cushion Landing System by the introduction of a few complications. The performance of
the trunk alone is considered in this section. Under this condition, cushion pressure is not
allowed to build up beneath the fuselage. The configuration for the analysis is shown in

Figure 7-2. The assumptions made in Section 7.2.1 are modified as follows:
7.3.1.1 pc/pj =0
7.3.1.2  Only vertical motion is considered.
7.3.1.3  Thrust from the exhaust gas is included.

7.3.1.4  Elasticity of the trunk material is neglected.
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7.3.15

7.3.1.6

1.3.1.7

7.3.1.8
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The flow in, Qi' is a known function of Pj.

The distance above the ground at which the trunk begins to influence
the dynamic response of the aircraft is designated Y . More precisely,

Yoo is the point above the ground at which A3 = 0.
The coordinate system is selected as shown in Figure 7-2 such thaty =
0 at distance Y,, above the ground. With this selection, the following

refationship holds: Y, = —y foralt y< 0.

The fan speed is assumed to be constant.

It may be noted that there are five major differences between the simple model of

Section7.2 and that of the air cushion trunk. These differences are as follows:

(1}

{2)

{3}

(4)

(5)

The trunk model has a thrust force acting upward due to the change in

momentum of the exhaust gas.

The footprint (piston) area {Ag) is not a constant, but is a function of

V.

The control volume is a nonlinear function of y rather than a simple

linear function.

The effective area of discharge of the orifice is not a constant, butisa

function of y.

The fiow from the fan (Qi) is not a constant, but rather a function of

Lrunk pressure (Qj),
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Corrections have been incorporated in the simple model analysis to compensate
for the differences listed above. These corrections are surmmarized in the discussion to

follow.

7.3.2 Correction for Thrust

The thrust may be included by applying Newton's second law to the free body

shown in Figure 7-2. The result is:

Wy d?y g
._...____.2 = — WA — A3 (PJ - Pa) + FI (7'24)
go dt go

The vertical thrust is equal to the rate of change in momentum in the y direction.

By assuming the velocity of the gas in the trunk is negligible it is possible to write:

. = =P QwC.= P 2., .
Fl ' mviy e Q] Vi C, vi© g Cy Cy C, {7-25)
9% 90
where:
Cx = coefficient of discharge for the trunk orifices
CY = coefficient to compensate for the dependence of the discharge

coefficient on vy, and

o
n

2 coefficient to compensate for the various orifice angles.

{(Not all of the exhaust velocity is in the vertical direction.)

Values of these coefficients are determined in Sections 8.2, 84, and 8.3,
respectively. The expression for velocity, Equation {7-19), may be substituted into Equation
{7-25} to give:
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Fj = 2 (Pj — Pyl 3 Cy Cy C, (7-25)
Equation (7-26) may be substituted into Equation (7-24) to give:

wy d2y g
...___—-—2 = _.WA —+A3 (Pj—Pa)+2{Pj_Pa) aj CXC\[ CZ (7-27)
go dt go

Equation (7-27) equates the sum of the vertical forces on the aircraft (weight,
footprint pressure and thrust) to the product of the aircraft mass and the vertical

acceleration. This equation proviues the required correction for jet thrust.

7.3.3 Correction for Footprint Area

The footprint area (A3} may be determined analytically from the values of
footprint length ( 23) predicted by the computer program developed in Section 4.5. 1t was
noted in Section 4.5 that £ is dependent on the trunk length £, the attachment points
{a,b) and on pc/pj and Y. It is evident from Figure 4-8 that different sections of the trunk
on an actual model have different attachment points and trunk lengths. However, it is
possible to separate the trunk into a number of segments which have approximately the
same trunk length and attachment points. If the effective length of the nth segment is L,

and there are a total of m segments, the total footprint area is:

Ag = Z (230, Lp, (7-28)

Equation {7-28) predicts the total footprint area of the trunk as the sum of the
footprint areas of all the trunk segments. The footprint length 4 isa known function of

Yo and pc/pl-. For the case considered in this section, pc/pj = 0. The variation of ¢4 with
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Y, for pC/pj = 0 was shown in Figures 4-21 and 4-22. The former figure is for a side trunk
segment and the latter is for an end trunk segment.

The value of L is a constant for straight trunk segments such as the side segment
shown in Figure 4-8. However, for curved segments such as the end segment shown in Figure
4-8, Ly is dependent on pc/pi and Yo. This dependence may bé calculated from the
computer program given in Appendix Ill. Using the above procedure, it is possible to

determine Az as a function of Y for the trunk on a given model.

7.3.4 Correction for Trunk Volume Change

The trunk volume (Vi) may be determined analytically from the values of
cross-section area (Aj) predicted by the computer program developed in Sections 4.5 and
4.6. The trunk may be divided into a number of segments in a manner similar to that
described in Section 7.3.3. If the effective length of the nth segment is K, and there are a

totail of m segments, the total trunk volume is:

Vj = Z (Ajdn Ky (7-29)

The trunk segment cross-sectional area (Aj) is a known function of Y, and pC/pj.
The variation of Aj with Y, for Pc/pj = 0 was shown in Figures 4-23 and 4-24. The former
figure is for a side trunk segment and the latter is for an end trunk segment.

The value of K, is constant for straight trunk segments such as the side trunk
segment shown in Figure 4-8. However, the end trunk segment is a volume of revolution.
For a volume of revolution, the effect fength may be defined as follows:

Kn = an (7-30}
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where
?n = radius from the center of revolution to the centroid of the area
A; for the nt trunk segment
an = angle of revolution for the volume of the nt trunk segment

The values of r, and a, may be calculated from the geometry of the particular
model and trunk segment.
Using the above procedure it is possible to determine Aj as a function of Y, for

the trunk on a given model.

7.35 Correction for Variable Discharge Area

As the trunk is pressed against the ground, the flow from trunk exhaust orifices in
the footprint area is reduced. A discharge coefficient, Cy, has been introduced to account

for the resulting dependence of the trunk exhaust flow on the vehicle height (Y ).

The resulting flow relationship is:

_ 24,
o = /____ (b)) ;Cy Cy (7:31)
p

where CV is a function of Y ,.
The value of Cy is determined by computing the flow from the various trunk

segments &, £,, and £ 5 shown in Figure 4-2. The resulting flows are designated Q4, Q,,

and Qg, and may be computed as follows:

(7-32}
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—

Q, = }_& (b)) ag Cy (7-33)
P
—

Qg = /_g_o (p)) a3’ Cy (7:34)
p

Q] = 01 + 02+ 0.3 {7-35)

The values of a| and a9 are determined by the total trunk orifice area in segments
£ 4 and %9 respectively. The value of a3’ is determined by the area which controls the flow
from trunk segment 3.

If the area between the trunk and the ground is less than the trunk orifice area as,
then flow is controlled by the ground clearance rather than by the trunk area.

Consequently, the effective flow area for segment 3 may be written:

a
3
33’ = whichever is smaller (7-36)

Cx

The value of ag may be approximated by the product of the footprint area (A3)

and the porosity of the trunk ¢ in the footprint area. The result is:
ag = Agé (7-37)

The porosity of the trunk ¢ is defined as the ratio of orifice area to tota! area in

the section of the trunk containing the orifices.
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The total jet area of the trunk is the sum of the area in the three segments.

aj = aj +ag +ag (7-38)

An expression for Cy is obtained by combining Equations {7-31}, {7-32), {7-33),
(7-34), and {7-35). The result is:

a +a2+a3’
Cy = L____. (7-39)

9

It is evident from Equation (7-39) that CV = 1.0 whenever a3’ = as.
The equation for Cy may be further simplified by substituting Equations (7-37)
and {7-38) into (7-39). The result is:

a; — A3E + 33'
c, = ) (7-40)

%

In Equation (7-40), aj and ¢ are constants. Az is a known function of Y as

developed in Section 7.3.3. The value of a3"was defined as follows:

Aqé

ag = whichever is less {7-36)
284d Cp/C,

The values of S, Cx' and Cpy are constants. The value of d is dependent on a
number of variables including Y . An assessment of the value of d is presented in the

remainder of this section,.
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An estimate of the jet height d variation with Y has been made based upon an
analysis, conducted by Han! 49 ), of idealized flow in a channe! with injection from a
porous wall. In his analysis, Han determined the pressure distribution ir a channel of the
configuration shown in Figure 7-3. The independent variables for this anatysis were d, 23,
Pi’ and & The latter quantity is the effective wall porosity and may he expressed by the
ratio a3/A3. The total vertical force per unit length which is developed in the footprint area
can be determined by integrating the pressure over the footprint lfength. Using a trunk
pressure of 80 psf and the porosity value for the model side trunk given in Table 5-1, the
footprint force was deterimiined as a function of jet height anc foctprint length. The results
are plotted in Figure 7-4.

Figure 7-4 presents the load-deflection characteristics of the jet for various
footprint lengths. The actual jet height is determined by the load which the jet must support
for a given trunk configuration.

A free body diagram of a trunk configuration is shown in Figure 7-5. Force

equilibrium applied in the y direction gives:
Bj E3_F3~2‘Ttsin yg = 0 (741
The value of T was given by Equation {4-1}.
T; = Ry Pj {4-1)
Combining Equations (7-41) and (4-1) gives:

Fq = Pj (83~ 2 Rq sin ) (7-42)
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FREE BODY DIAGRAM FOR TRUNK FOOTPRINT
FIGURE 7-5
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For the analysis of the trunk shape presented in Section 4.5, y; was assumed to
be zero. However, this analysis was made for a trunk section with free edges. A trunk on a
three-dimensional model is constrained by the curvature of the trunk in the peripheral
direction. Consequently, it is possible for a finite angle to exist at the edge of the footprint.
Such an angle has been observed on a three-dimensional model. A value of Yy = 40
constant gives reasonable agreement with observed results on the dynamic model. Using the
assumed value of ¥y, the values of F4 computed from Equation (7-42} are shown as the
load fine on Figure 7-4.

The jet heights at which a3 = 2S3d are also shown on the curve. From the results
presented in Figure 7-4, it is assumed that d = constant for values of ¢ 3 greater than about

2 inches.

7.3.6 Correction for Flow from the Fan

The flow from the fan is dependent upon the fan speed and the exhaust pressure.
This variation may be determined by standard fan calibration tests. Such a test is described
in Section 8.6 and the test results are shown in Figure 8-3.

For the purposes of this analysis, the fan speed is assumed to be constant during

landing impact {Assumption 7.3.1.7).

7.3.7 Summary of Equations

The changes required to apply the system of equations developed in Section 7.2
to the air cushion trunk system have been developed in Sections 7.3.1 through 7.3.6. The

resulting equations may be summarized as follows:

Definition of velocity

dy

T y {7-23)
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Newton's second law

dy _ % W P.—P.}+2(P
dt Wy 9

First iaw of thermodynamics

—_— P — (7-43)

Conservation of mass

de Wj

—=p Qi — 290 '——(P] - Pa) a;C, C (7-44)
dt Vj

Geometric compatibility

In the system of equations, there are five dependent variables: v, v, P, Vi' and Wi'
The following variables are known and constant: Wj, g4, P, 3 Cy. Co k. 0. Ky, g

The following variables are known functions of the dependent variables:

Az = f{Y) as developed in Section 7.3.3.

Ai = f(Y,) as developed in Section 7.3.4.
Cy = f{Y,) as developed in Section 7.3.5.
Q. =

f(Pj) as developed in Section 7.3.6.
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The system of equations and functions described in this section has been
programmed and solved on a digital computer using the Runge and Kutta algorithm.(“)

The computer results have been compared with experimental results in Chapter 8.

7.4 Complete Air Cushion System Dynamic Analysis

7.4.1 Approach and Assumptions

The analysis developed in Sections 7.2 and 7.3 may be applied to the complete air
cushion system by introducing relationships to account for the effect of cushion pressure on
the system response. The configuration for the analysis is shown in Figure 7-6. The

assumptions made in Section 7.3.1 are modified as follows:
7.4.1.1  The cushion pressure is allowed to build up so that pc/pj %0.

7.4.1.2 The model is of the type shown in Figure 7-6. The trunk cross section is

the same at any section.

7.4.1.3 The trunk configuration is identical to the side trunk whose properties

were listed in Table 5-1.

A number of additional simplifying assumptions are included in the sections to
follow.

The equations of motion developed in Section 7.3 may be applied to a complete
cushion-trunk system by the introduction of corrections for cushion pressure.

The necessary corrections are as follows:

{1) Correction of the second law equation for the reaction force from the

cushion pressure.
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(2) Prediction of the area over which the cushion pressure acts.

(3) Prediction of the cushion pressure.

{4) Prediction of the cushion volume.

{5} Prediction of the cushion flow,

{6} Prediction of the influence of cushion pressure on trunk flow.

(7 Prediction of the influence of cushion pressure on trunk footprint area.
{8) Prediction of the influence of cushion pressure on trunk volume.

(9) Prediction of the influence of cushion pressure on vertical thrust.

These corrections have been developed in the sections to follow.

7.4.2 Cushion Reaction

The cushion pressure reaction may be included in the second law equation,

Equation (7-27), by the introduction of an additional force term. The resulting equation is:

= —Wa—Ag (P =P+ AL (P — P+ F (7-45)
go dt go
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Equation (7-45) equates the sum of the vertical forces on the aircraft {weight,
footprint force, cushion force and thrust) to the product of the mass and the vertical

acceleration,

7.4.3 Cushion Support Area

The cushion support area {A.) is a function of both Y, and pc/pj. Figure 7-6
shows that the cushion area may be divided into two parts — A, and Ag. The Ay, part is the
area under the hard structure which is enclosed by the inner trunk attachment. This area is
constant. The Ag part is the area between the inner trunk attachment and the inner ground
tangent. This area is dependent on the width X  and the effective length Sg. The total

cushion area may be written as the sum of the parts as follows:

Ac = Ap + Sy%, (7-46)

The value of Ap is constant, and Sg may be considered constant for smail changes
in X,. The value of X, is dependent on Y, and pC/pj. The relationship between these
vartables has been determined for a straight section of trunk with unconstrained edges using
the computer program described in Appendix [ll. The results for the side trunk section are
shown in Figure 7-7. The carpet plot in Figure 7-7 shows constant {ines of pC/pj and !23.

it is evident from Figure 7-7 that for a given £ 4, the trunk low point X, moves
outward with increasing {pC/pj) thereby increasing the cushion support area. On the other
hand, it is evident that decreasing Yo at constant pc/pj causes an increase in the footprint
fength (24). The increase in footprint length, in turn, results in a decrease in X, and an
attendant decrease in cushion support area,

During a landing impact, the energy absorption process starts at the point defined

by 24 = 0and pc/pj = 0. For the case when p. = 0, the process proceeds along the pc/pj =0
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tines. On the other hand, for the case when the change in Y, is slow and the weight is
supported only by the cushion pressure, the process follows the 24 = 0 line. An actual
impact process follows a path somewhere between these two extremes.

It should be noted that Figure 7-5 is for a trunk section with free ends. For a
trunk on an actual model, there are no free ends. The trunk closes on itself as shown in
Figure 7-6. In order for X, to increase with increasing pc/pj, the trunk must stretch along
circumferential length Sg. The degree of constraint which results depends upon the elasticity
of the material and the shape of the model. As a consequence, caution should be exercised
in applying the free shape curves to an actual model. However, such curves are valuable in
making approximations for the relationships among the variables.

in view of the offsetting influences of pc/pj and £ on the value of X, a first

approximation of X, = constant is reasonable for the trunk shape shown in Figure 7-6.

7.4.4 Cushion Pressure Prediction

The cushion pressure equation may be developed in a manner identical to that

presented in Sections 7.2.4 and 7.2.5. The resulting equation is:

k dw, k dv,
— = P |— —— (7-47)
dt Vv, dt

c

Equation (7-47) predicts the cushion pressure change with time as a function of
the change of volume and change in weight of the gas in the cushion. In order to predict the

cushion pressure, it is necessary to predict the volume and weight change of the cushion air.

7.4.5 Cushion Volume Prediction

The cushion volume is a function of Yo, L4, and pc/pj. However, as in the case of

the cushion support area, the influence of pc/pj and £ tend to offset each other.
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The cushion volume on the air cushion mode} shown in Figure 7-6 is considered
to be composed of two parts — the portion directly under the hard structure {Vy) and the
portion directly under the flexible trunk (Vg).

The volume under the hard structure (V) is a linear function of Y, and is

independent of pclpj. The equation for this portion of the volume is:

Vh = Ah YO (7'48)

The volume under the trunk is more difficult to calculate. For the purposes of
simplification, a triangular cross section of Vg is assumed. Figure 7-6 shows that the altitude
and base of the triangle have lengths of Y, and X, respectively. If the triangular area is
assumed to be constant around the trunk, the portion of the cushion volume under the
trunk is computed as follows:

Vo= X v.s (7-49)

g , 0 0%g

The variable Sg' is defined as the effective length for calculating the volume from
the cross-sectional area. Figure 7-6- shows that the volume Vg consists of straight sections
along the sides. However, the two ends, taken together, form a volume of revolution. The

effective length for the two side volumes is 2L. The effective length for the end volumes is

the distance from the center of rotation to the centroid of the triangular area times the

angle of revolution. The resulting equation for Sé is:
e X
Sg' = 2L+ 20 | — +_0 {(7-50)
2 3

The relationship between X, and Y, was shown in Figure 7-5 and discussed in

Section 7.4.3. As a first approximation, X, = constant is a reasonable assumption.
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Combining Equations (7-48), (7-49), and {7-50) gives the following equation for
the cushion volume:
X

Vo= { Apt X, (Lt |— + 29| | )Y, (7-51)
2 3

In Equation (7-51) the variables A L and e are assumed constant. A
relationship of the type given in Figure 7-7 may be used to relate X, to Y. However, as a

first approximation, X, = constant is assumed.

7.4.6 Cushion Flow Prediction

In a manner similar to the analysis developed in Section 7.2.6, the conservation of

mass law may be written for the cushion:

dwW
— = i — g (7-52)
dt

Alil flow into the cushion cavity comes from the orifices in segment ¢, of the
trunk. This segment is shown in Figure 4-2. The total area of orifices in segment 25 isa,.

The flow into the cushion from the trunk may be written:

(wgl; = {sign) 2g,p [(P;=P.)]| arC, =w (7-53)
o} j c 2 %x 2

The sign on the radical in Equation {7-53) takes the same sense as the quantity
(Pj—Pc). This convention is necessary because it is possible during dynamic impact for Pe to
exceed Pj. The direction of flow is, of course, from the higher pressure to the lower

pressure.
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The value of ay may be determined by summing the area of all the orifices in
segment £5. The total number of rows of orifices in segment £, is designated as Mo. Each

row has an effective thickness t,, and a length S,- The total area a5 is written:

ag = Z [nén (7-54)

in Equation {7-54) the values of s, and t,, are known constants. The value of My
is dependent on pc/pj and Y. This dependence has been determined using the computer
program listed in Appendix |1l. The results are presented in Figure 7-8.

The flow out of the cushion is through the cushion exhaust nozzle. This flow may

be expressed:

Wy = Y2950 (Po—P,) S3dCp (7-55)

In Equation {7-55), 9o P 83 and Cp, are assumed constant. The variation of d is
determined as discussed in Section 7.3.5.

An expression for the cushion flow may be written by combining Equations
(7-562), (7-563), and (7-55). The resuit is:

dw,
= wy— y 29,0 (P, —P,) S3dCp (7-56)
dt
7.4.7 Influence of Cushion Pressure on Trunk Flow

The flow into the trunk is dependent only on trunk pressure and fan speed. No
modification to the fan flow relationship is necessary to correct for the effect of cushion

pressure.
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The flow from the trunk is influenced by the cushion pressure. The nozzle in
trunk segment 522 exhausts to cushion pressure rather than atmospheric. The exhaust from
the trunk segment £4 expands to P. on the inside and P, on the outside.

The flow from the trunk may be written as the sum of the flow from the three

segments.

(Wj)O = W1 + \N2 + W3 (7“57)

The flow from segment {1 exhausts to atmosphieric pressure.

wy =280 0 (P~ Py} a7 C, (7-58)

The flow from segment £, exhausts to cushion pressure.

wo = \,290 p |- Pa)| apCy (7-59)
The sign for wo is positive when Pj = P and riegative when Pe < Pj-

The flow from segment £ is assumed to exhaust to atmospheric pressure.

w3 = 2,0 (P;—P,) ag' C, (7-60)

The value of a3’ is determined by the area which controls the flow from the trunk

segment {4. The area ag’ may be expressed:

ag' = whichever is less (7-61)
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In Equations (7-58) through (7-60) the independent variables are P] and P.. The
variables aq, ao, and ag are dependent on Yo and pclpj. The value a4 may be determined by

rearranging Equation {7-38).

61 = aj — 32 - 83 (7-38)

where ai is constant,
The values of ag and ag were determined in Sections 7.4.6 and 7.3.5 by Equations
{7-54} and {7-37), respectively.

The value of a3’ is determined by the same method discussed in Section 7.3.5.

7.4.8 influence of Cushion Pressure on Trunk Footprint Area

The influence of pc/pj on trunk footprint iength for a side trunk section with free
edges is shown in Figure 4-21. For the p. = O case, the relationship between £gand Y is
given by the pc/pj = 0 curve. Higher values of pc/pj tend to decrease £ for a given Yo

The total footprint area of the modet shown in Figure 7-6 may be computed as
the sum of the area of the side sections and the area of the end sections. The resuiting

equation is:

Ag = Lolg+m %+x0+93 —%+x (7-62)

In Equation (7-62), L and e are constants. As a first approximation, X, is

assumed constant. The variation of £ 5 with Yo and pc/pj is given in Figure 4-21.
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7.4.9 Influence of Cushion Pressure on Trunk Volume

The influence of pc/pj on trunk cross-sectional area for a side trunk section with
free edges is shown in Figure 4-23. For the p, = 0 case, the relationship between Aj and Y,
is given by the pc/pj = 0 curve. Higher values of pc/pj tend to decrease 23 for a given Yo

The total trunk volume is the product of the trunk cross-sectional area (Aj) and
the effective trunk length (Si)'

The effective length for the two sides is 2L,. The effective length for the two ends
is the product of the distance from the center of revolution to the area centroid and the

angle of revolution. The resulting equation for the trunk volume is:

Vj = QRLg+2mr,) A; (7-63)

in Equation ({7-83), L. is constant. The centroidal distance ?e and the
cross-sectional area Aj are dependent on both pc/pj and Y,. The dependence of these

variables has been shown in Figures 7-9 and 4-23, respectively.

7.4.10 Influence of Cushion Pressure on Thrust

The presence of cushion pressure reduces the exhaust velocity from the rows of
orifices in the 522 segment of the trunk. The effect of this reduction may be approximated
by adjusting Equation (7-26) to account for the cushion pressure across the £ 9 segment.

The resulting equation is:
Fj = [(Pj—Pglag+ (P —B,) {a; —ap) C,) C, C, (7-64)

7.4.11 Summary of Equations

The changes required to apply the system of equations developed in Section 7.3

to the complete air cushion system have been developed in this section. The resulting



equations may be summarized as follows:

Definition of velocity

dy .
— =y
dt

Newton'’s second law

dy g, g

— = [_WA —+Ag (Pj—Pa)+Ac{Pc—Pa)+Fj]

dt Wy %

First law of thermodynamics

dP; k dW: k dV;
at wpodt Vvt
dP, k dw, k dv,
— P ‘ —

dt ¢ W, dt V. dt

Conservation of mass law

de
- P Qi lwyrwytwg)
dW,, W,
= wp— |2g,— (P, —P,) SzdCp
dt Ve

(Geometric compatibility

Vj = (2L5+ 2 1) A
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{7-23)

(7-45)

{7-43)

(7-47)

(7-44)

(7-56)

(7-63)
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X
Ve = {An+X, [Letm S+ 22} v, (7-51)

In the system of equations there are eight dependent variables: vy, vy, Pj, Pes WJ-,
W, Vj, and Vc:' The following variables are known and constant: WA, Ugr Pa, Kk, 83, CD, LS,
Ap. Xoe € Cy,and C,.

The following variables are known functions of the dependent variables:

F.| = [(P! - PC) 82 + (P] — Pa) (aJ - 82)] CV CX CZ (7-64)
Yo = —v fory<0 Assumption 7.3.1.7
Ac = ARt Sg Xo {7-46)

e 2 e 2
A3 =2LSQ3+ — +X0+ 23 - — + XO T (7-62)
2 2
wy = \/290 Wi/V; (P ~Py) aqC, (7-58)
W
wy = {sign} 2g, — (Pj——Pc) ap Cy {7-59)
V.

[

where the sign takes the same sense as the quantity (Pj — PC).

W-
wg = |29, _\;1 (P, — Py ag Cy (7-60)

j
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0; = f(F'j) as developed in Section 7.4.7.

Cy = f(Y,) as developed in Section 7.3.5,

aq = f(Yo,pc/pj) as developed in Section 7.4.7.
as = f(Yo, pc/pj) as developed in Section 7.4.7,
ag’ = f(Y,, pc/pj) as developed in Section 7.4.7.
d = f(YO) as developed in Section 7.4.7.

:z = Yo pc/pi) as developed in Section 7.4.9.

A sufficient amount of information has been developed in this section to allow
the prediction of the dynamic response of the complete air cushion landing system. Such a
solution would require development of the functional relationships described above for a
particular modet. These relationships can be developed from analytical predictions by a

procedure similar to that described in Chapter 8.



8. EXPERIMENTAL PROGRAM — DYNAMIC MODEL

8.1 Experimental Apparatus - Dynamic Tests

Figure 8-1 shows the test apparatus used for verification of the dynamic model
developed in Cahpter 7. The apparatus consisted of three units — a hydraulic power supply,
a dynamic model, and a test platform.

Hydraulic power was supplied by a Sun Electric MK-3 Aircraft Hydraulic System
Test Stand capable of delivering O to 30 gpm at variable pressures up to 5,000 psig. The
hydraulic power delivered to the dynamic modei was regutated by controlling the flow rate
pressure of the hydraulic fluid which was piped by flexible hoses to the model.

A drawing of the dynamic model is shown in Gifure 4-8 and its dimensions are
summarized in Table 8-1. The air source for the model was a centrifugal fan powered by a
hydraulic motor. The fan and motor were connected by v-belts. The fan speed was 3.17
times the motor speed. The motor characteristics are shown in Figure 8-2. The fan
characteristics are shown in Figure 8-3. Air was ducted from the fan into the trunk and
exhausted from_the trunk through 1093 holes located in the vicinty of the ground plane.
The mode! structure was fiberglass and the trunk was a nylon-hypalon material. The trunk
material was “‘inelastic” in that it did not possess the 200% to 300% elongation which would
be required for complete retraction of the trunk. The elastic curve shown in Figure [V-3,
Appendix 1V, is typical for the trunk material.

The test platform was constructed of wood and was 10 feet in length by 8 feet in
width. One section of the plywood surface was replaced with plexiglas in order to allow
inspection of the underside of the test mode. The center of the platform contained by a 2
by 3’ hole which could be covered with plywood and sealed. The hole in the center allowed

the cushion pressure to escape and, consequently, the performance of the trunk could be
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TABLE 8-1

Dynamic Model Trunk Design Variables

223

VARIABLE SYMBOL VALUE
Total orifice area a.j 104.16 inz
Number of orifices M 1093
Porosity £ 0.049
Cushion nozzle length (S3) o 14, 7 ft.

Trunk Section Properties
SIDE CORNER END
VARIABLE SYMBOL| SEC TION| SECTION| SEC TION

Cross-sectional area, in (_Aj)cp 326, 1 235, 6 202
Effective section length, in | Ly 16,0 17.1 14. 6
Section angle of rotation, o 0 48 42
degrees
Centroidal radius, in Y, 20.9 20. 4 19.9
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measured independently from the cushion. The performance of the combined trunk-cushion
system could be measured when the hole was closed and sealed.

Two types of tests were conducted. The first was a series of static tests to
determine the static performance of the model and to compare the results with the analysis
presented in Sections 7.3.2 through 7.3.6. During these tests the values of the following
variables were determined: C,, F;, C,, A3, Cy, d, Aj, and Ql" The results of these tests are
reported in Sections 8.2 through 8.6.

The second test was a dynamic drop test of the model to determine the dynamic
response and compare the results with the analysis presented in Section 7.3.7. In all tests

reported, the value of P, was zero. The dynamic test is described in Section 8.7.

The variables used in this chapter are summarized in Chapter 7.

8.2 Determination of Discharge Coefficient C,,

A test was conducted to determine the discharge coefficient for the orifices in the
trunk of the dynamic model. This test was conducted with the model suspended two feet
above the test platform. At this distance, no cushion pressure existed and the influence of
the ground plane on flow from the trunk was negligible.

By varying the hydraulic flow rate toc the motor, the fan speed was varied to
produce a trunk pressure which ranged from 25 to 65 psfg. For each data point, the rpm of
the fan (N} was determined with a strobe light and the trunk pressure (pj) was determined
by a water filled manometer. The tota! air flow from the trunk was determined by entering
g and N in Figure 8-3 and reading Q;. The coefficient of discharge was determined from

Equation (VI-2), Appendix VI.

Cy = — {see Appendix VI) {VI-2)
29,
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The resulting graph of Pa/P]- VErsus Cx is shown in Figure 8-4. From Figure 8-4 it is evident

that C,, = 0.66 for the pressure range investigated.
X

83 Determination of Jet Thrust and Cz

In the test to measure vertical jet thrust, the model was suspended from a load
cell. The model height was in excess of two feet so that the influence of the ground plane
was negligible. The trunk pressure was varied from O to 45 psfg and the loss of weight
registered by the load cell was recorded. The vertical thrust was equated to the difference
between the static weight and the weight recorded at a given trunk pressure. The resulting
thrust versus p; was plotted in Figure 8-5.

The thrust coefficient {C,) was calculated from Equation (7-26).

Fi
C, = (8-1)
2(P; - Pyl a; Cy C,,

For the test conducted:
Cx 0.66 (from Section 8.2}

Cy

1.00 (from Section 7.3.5, Equation {7-39) )

The resulting value of C, was found to be

C, = 0.33

8.4 Determination of A3 and Cy

The variation of Az and Cy with model height was determined from a test series
which statically loaded the model against the test platform. The center section of the test

platform was uncovered so that no cushion pressure existed.
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The fan speed was maintained at a constant rpm and the weight supported by the
trunk was varied. For low trunk loads the model was partially suspended from a load cell.
The load on the trunk was determined by the loss of weight registered by the load cell. For
heavier toads, the model was loaded with known quantities of lead weights.

Data was recorded at approximately 1-inch increments over a model height range
from 11 inches to 7 inches. At each data point, the model was leveled by adjusting the
location of weights and the fan speed was set at 8000 rpm. The trunk height (Y} was
measured with a scale and the jet height (d) was measured by rods of calibrated thickness.
The trunk pressure was rmeasured by a water tube manometer.

The recorded values of jet height {d} and trunk pressure (pj) at a constant fan
speed of 8000 rpm are shown in Figure 8-6.

The effective footprint areas of the trunk were calculated from the weight

supported and the trunk pressure.

Az =_ (8-2)

The resulting experimentally determined values of A5 versus Y are shown in Figure 8-7.
The values of Ag calculated by the computer program developed in Section 4.5
were also plotted in Figure 8-7. Values of Aq were computed from the values of 523 shown
in Figures 4-21 and 4-22 using techniques described in Sections ‘7.3.3 and 7.4.8. In
computing Ag, the trunk was divided into three parts -- the ends, the sides, and the corners.

These three parts are designated by L, Lg, and L, respectively (see Figure 4-8). The

Sl
respective footprint areas were computed as follows.

(Agls = (f3)s Lg (8-3)

{a)g e 2 (e 2
(Ag)e =—-2—- ; + (xo)e + (93)8 ~|3 +(Xg)e {8-4)
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2 2
{a)) e e
(Aqly &~ — +{X la + (£a), 1—| — + (X}
3k 4 {{ 5 o'e 3 e] [2 o] e:}
e 2 e 2
+[5 + (X ) + (QS)s] - [; + (Xo)s:] {8-b)

As shown in Equation (7-28), the total footprint area is equal to the sum of the

various parts. For the model in Figure 4-8

Az = 4(Aglg + 2(Ag)s + 4lAg) (8-6)

Figure 8-8 shows the experimentally determined values of the coefficient Cy. The
value of Cy at a given height (Yo) was determined by the ratio of the flow at that height of
the flow at an infinite height.

The value of CY was also computed from theoretical considerations. For this
calculation, the trunk model was divided into three segments: ¢ 1/ 25, and Q3 as shown in
Figure 4-2, The fiow from the three segments was computed following the procedure

outiines in Section 7.3.5. The resulting equations were:

. — + g4
¢, <A st (7-40)
Y a.
|
and
Agt
ag = whichever is less {7-36)
Sqd Cp/Cx

The values of Aj, £, and S5 are given in Table 8-1. The values of Cx and Cp were

experimentally determined in Appendix VI and Section 6,3,2 respectively. The values for d
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and Aq versus Y are given in Figures 8-6 and 8-7 respectively. The resulting variation of Cy

with Y, is given in Figure 8-8.

8.5 Determination of Trunk Volume

A test was conducted to determine the variation in trunk volume with model
height.

The trunk volume in the free (unioaded) condition was determined by graphical
integration of the various cross-sectional areas shown in Figure 4-8. The total trunk volume
was found to be 25.24 3. The volume of the ducting between the fan and trunk was 1.8
£,

The change in volume with model height was determined from the change in
trunk cross-sectional area as the model was statically loaded against the test platform.

A constant fan speed of 8,000 rpm was used for this test. The floor center
sections were removed to prevent cushion pressure build-up and to allow access to the inside
portion of the trunk. The model height was varied by changing the load which was
supported by the trunk. Data points were taken at approximately every 1.5 inches from a
model height of 12 inches down to 6.25 inches. The trunk shape was determined at the
midpeoint of one side and one end for each data point.

The ground tangent points, {x1, Yo! and (xo, y,) in Figure 4-2, were determined
by measuring the vertical and horizontal distance relative to the attachment points (o, o)
and (a, b).

The contour between an attachment point and a ground tangent point was
determined by fitting a copper wire against the trunk. The copper wire was deformed
plastically to retain the trunk contour. The inside and outside contours (122 and 21 in
Figure 4-2, respectively) were transferred by the copper wire to a full scale drawing of the
trunk cross section. The resulting areas were measured with a compensating polar

planimeter.
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The volume of the trunk was calculated from the side and end cross-sectional
areas in a manner similar to that outlined in Section 7.3.4. In order to perform this
calculation, the trunk volume was separated into the four parts — the end shape, the corner
shape, the side shape, and the fan ducting. These parts are shown in Figure 4-8, It is evident

from the figure that the total volume of the trunk is

Vj =4 Vot 2V +a V) +Vy (8-10)

The volume of the end is a volume of revolution. The radius vector between the
center of revolution and the centroid of the cross-sectional area is_;e. The total volume of
the two end sections is the product of the angle of revolution, the radius and the
cross-sectional area. The result is:

Vg = ag I (Aj)e (8-11)

The volume of the two sides is the product of the section length Lg and the
cross-sectional area. The result is:

Vg = L (Aj)s (8-12)

The volume of a corner section is more difficult to calculate than the other
volumes. |t approaches a volume of rotation, however the cross-sectional area and the radius
of the centroid vary with the angle of rotation. On one side the cross-sectional area is (Aj)e
and the centroid radius is -r; On the other side the cross-sectional area is (Aj)s and the

centroidal radius is rg. It is evident that the volume of a single corner section lies in the range

Gg Te (Ajlg < Vi < ag g (A (8-13)
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In order

(1)

(2)

(3}
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to approximate the corner volume, the following assumptions were

The effective centroidal radius for the corner section is the average of

the end and side radii.

(8-14)

The values of Eand r_S do not change with Yo

The effective cross-sectional area of the corner section lies somewhere

between (A}, and (A,

(Aj)k =§‘(Aj}5+ {1-%) (Aj)e {8-15)

where { is a fraction between 0.0 and 1.0.

The resulting corner volume is:

{rg +71g)
Vk = ak_____

E“ (Ajg* (1 =) (Aj)e] (8-16)
2

The total trunk volume may now be written:

V] =4 [aeFe (A])J‘f‘ 2 [LS (AJ)S]
(fg — )

+4

r,—T
ak_f;_s [(1—;) (Apgf(A@ + Vg
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Factoring the above equation gives:

- (Fe+?s)
Vj = 2ae re+4ak —'-é— {1 - f) ] (Aj)e

(r, +7.)

h e §
+ [2 (Lg) + 4a) ————

(§)] (Ajg + Vs (8-17)
2

The free voiumne of the trunk may be written

_ (rg +7g) _
(Viloo = | 2agTe+4ay — (1-51 [(Aje=

+ | 2HLg + 4oy (© | (Aot Vy (8-18)
2

With the exception of { , the values of all variables in the above equation are
known and are listed in Table 8-1. Consequently, the equation may be solved for { . For the
model summarized in Table 8-1 the value of { was 0.727.

It is now possible to simplify Equation (8-18) with the following condensation of

variables:
_ {rg +7g)
Ke = 2a,:_,re+4a,k " (1-1¢) (8-19)
(F +Tg)
Kg = 2Lg+4a ; ¢ {8-20)

For the moclel described in Table 8-1, the valuesof these parameters are Ke =
126.6 in. and K = 556.5 in.
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The general equation for the total volume of the trunk and ducting may be

written

Vi = Kg (A

] + Kg (Aj)g + Vs {8-21)

ile

The volume ratio is

Vs Ko (Aj)g + K (Ad)e +V
_ e jle ™ Bstfls f (8-22)

Figure 89 shows the values of Vi/(Vj)OO computed from the experimentally
determined values of (Aj)e and (Aj)s. In addition, the values of Vj/Vj wocomputed from the
values of Aj predicted by the computer program developed in Chapter 4 are shown. The

computed values of (Aj)s and (Aj)e versus Y /Y . are shown in Figures 4-23 and 4-24.

8.6 Fan Characteristics

The fan characteristics were determined by measuring the flow from the fan at
various speeds and back pressures.

In the calibration tests, the fan and ducting were instailed above a plywood
plenum chamber of approximately the same volume as the free volume of the trunk. Two
convergent conical nozzies with an included angle of 12 degrees were installed on opposite
sides of the plenum. The discharge coefficient of the conical nozzles was constant at 0.95
over the range of Reynolds numbers of interest in the test. Data was recorded at 200 rpm
increments, at motor speeds ranging between 2200 rpm and 3000 rpm. The back pressure
(trunk pressure) was varied by changing the exit area of the convergent nozzles. Since the
coefficients for the nozzles were known, the total flow from the fan could be calculated

from the formuia given in Appendix VI.
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2
O'i = \/V_‘:g (pj) an CD

where \
ap is the total exhaust nozzle area

Cp is the nozzle coefficient of discharge

The resulting fan characteristics of the fan were plotted in Figure 8-3.

The backflow characteristics of the fan were not known. Consequently, it was
assumed that at pressures above the stall pressure of the fan, the backflow through the fan
was proportional to the square root of the difference between trunk pressure and stall

pressure. The resulting relationship was:

2g0
Qg = Q- —_ (Pr—PJ-) a,
i)

P, is the stall pressure of the fan for 8000 rpm fan speed

where

Q, 1s the flow at the stall pressure

ar is the effective flow area associated with fan backflow.

The assumed relationship between Q; and Pj at pressures above stall pressures is

shown in Figure 8-10.

8.7 Dynamic Model Test

In order to verify the dynamic analysis developed in Section 7-2, the dynamic test
model was allowed to frze fall and impact against the platform. Prior to drop test, the model

was suspended above the platform by a nylon belt which incorporated a quick release
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mechanism. The height above the platform and the fan rpm were measured prior to drop by

a scale and a strobe light, respectively. During the drop and subsequent impact, the

following parameters were measured and recorded.

(1)

(2)

(3)

P and pj were measured by Consolidated Electrodynamic Type 4-312
pressure transducers located in the cushion and trunk areas, These
instruments had a pressure range of + 12.5 psi with a linearity of + 1.0%
of the full scale reading. The natural frequency of the instruments was
8,000 cps. The error caused by a 15 g peak sinusocidal vibration from 5

to 2,000 cps was less than + 0.160% full range/g.

Vertical acceleration was measured by a model 333 g Stradham
Laboratories accelerometer with at 25 g range, and a linearity of %

1.0% of full scale reading.

The wvertical displacement was measured by a linear displacement
transducer, Model 4040 manufactured by Research, Incorporated. The
displacement transducer had a 3.0 ft range, with a linearity of * 1.0% of

full scale reading.

The data was recorded on a direct reading oscillograph, Data Graph Model 5-26

manufactured by Consolidated Electrodynamics Corporation. The paper speed was eighteen

inches per second.

The recorded wvalues of trunk pressure, vertical acceleration, and vertical

displacement are shown in Figures 8-11, 8-12, and 8-13, respectively, for a typical drop test.

For the test resuits shown, the drop height was one foot and the cushion pressure was zero.
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8.8 Summary of Dynamic Test Results

The model drop test was conducted in order to compare the experimental results
with the computer prediction of the dynamic response.

The fan speed at drop was 8,000 rpm and the drop height was one foot. The
experimentally determined static characteristics shown in Figures 8-7, 8-8, 8-9, and 8-10
were used as inputs to the computer program.

The variation of trunk pressure with time for the experimental and the computer
results are shown in Figure 8-11. The shapes of the two curves are quite similar. However,
the peak pressure predicted by the computer was higher than that measured.

Figure 812 compares the predicted and measured values of the vertical
acceleration. As in the case of the pressures, the curves are similar in shape. However, the
experimentally measured acceleration was slightly higher than that predicted.

Figure 8-13 compares the predicted and measured values of displacement. The
curves are similar in shape, but the maximum predicted displacement is slightly greater than
the measured displacement.

Figures 8-11 through 8-13 show that it is possible to analytically predict the
general characteristics of the dynamic response on the model tested. The analysis presented
in Section 7.3 represents a valuable design tool for evaluating the effect on dynamic

response of changes in the various design variables.



9. SUMMARY OF RESULTS

9.1 Design Considerations

In this report, the static and dynamic performance characteristics of the air
cushion landing system were considered. The performance characteristics which are

associated with static equilibrium include the following:

load capacity
stiffness

obstacle clearance

Additional performance characteristics associated with the dynamic performance
of the system include: vertical {landing) energy absorption characteristics, horizontal energy
absorption characteristics (braking and frictional drag), and system stability. The horizontal
energy absorption and system stability were not considered in this study.

The load capacity is generally a specified design requirement which is determined
by the aircraft design.

The system stiffness is dependent upon the trunk shape, trunk pressure, and the
configuration of the cushion. It is desired to design the trunk so that pitch, roll, and heave
stiffness are adequate. However, it should be noted that trunk stiffness is also an important
parameter in designing the air cushion system for landing energy absorption. This
consideration may become the overriding factor in specifying the trunk stiffness.

The obstacle clearance is related to the daylight clearance {d), the trunk height
(Y}, and the design of the jets and the trunk. It is generally desired to have large values of d

for maximum ground performance but small values of d for minimum power. It is possible,

248
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through using a flexible trunk with distributed jets, to provide adequate ground
performance for low values of d. The value of d necessary for adequate ground performance
for a given trunk and jet configuration must, at present, be determined experimentally. The
resulting value of d is an important variable in determining power requirements for adequate
ground performance.

The design variables may be subdivided into the following four areas: aircraft, jet
system, trunk, and power system.

The aircraft variables include the weight to be supported (W), the length (D),
width (D1), area (AC), and the perimeter (S) of the air cushion, and the daylight clearance
{(d) between the trunk and the ground. Additional variables which enter into the dynamic
performance include take-off and landing speeds, loads and attitudes, vertical velocity at
touchdown, braking coefficient and braking distance.

The jet system variables include the type of jets (slots, holes, nozzles, etc.), the jet
spacing, the number of jet rows (M), the location of the jet rows on the trunk (), the
effective jet thickness (1}, and the effective jet angle (6 ).

The trunk variables include the location of attachment points, {0, o) and (a, b},
the trunk length {€ ) and the elastic characteristics of the trunk material (E).

The power system variables include the horsepower input {hp} and the pressure
(Pj) versus flow (Q;) characteristics of the fan.

It is desired to select values for the design variables in such a way that
performance requirements are met and the power, weight, and cost of the system are
minimized. The design requirements may be specified in terms of aircraft weight, jet height,
and trunk stiffness, and maximum allowable deceleration during landing impact.

The relationship between groupings of the design variables are expressed
throughout this report in terms of p/ Pj- 1t should be noted that when the aircraft is totally
supported by the cushion, p. is completely determined by the supported weight and

cushion area. The effect of increasing power is to increase Pje which in turn increases jet
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flow. The major effect of increased flow is to increase the jet height, d. it is evident that the
ratio of pc/pj is an important parameter which relates the variables of weight, power and jet
height. The trunk stiffness and trunk shape are also functions of pc/pj. Consequently, the
ratio pc/pi forms an important link between the dependent and independent variables.

in the following sections, the relationships between the various design variables

have been summarized.

9.2 Aircraft Variables

The principal zircraft variables are as follows:

A cushion area

D4-cushion width

Do-cushion length

d-daylight clearance {jet height)
S-cushion perimeter

W 5 -aircraft weight

Very little design flexibility is generally allowed in the aircraft variables. The
cushion area and shape are generally determined by the aircraft design. Similarly, the weight
of the aircraft is specified. The jet height is specified by the obstacle negotiation and ground
performance requirements.

A relationship between the principal aircraft variables and the power requirements
may be developed by combining Equations {2-9) and (3-7). The result is

3/2 1/2
hp = _\‘E. Sd EEE Chd {(9-1)
Ac 550 Fol

This relationship shows that among the aircraft variables it is desirable to

maximize A; and minimize S and d for minimum power. This relationship is further
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illustrated by Figure 3-b which shows that the augmentation ratio is increased by increasing
cushion area for a fixed value of d,

A further consideration in designing the air cushion system is the pitch and roll
stiffness offered by the trunk. it is desired to place the trunk as far from the center of
gravity as possible to increase the restoring moment developed by the trunk.

Consequently, it is desired to make the aircraft fuselage as wide as is permitted by
aerodynamic and structural considerations. An optimum cushion shape for an air cushion
landing system would probably involve a fuselage with a higher width to length ratio than

exists in normal aircraft designs.

9.3 Jet System Variables

The jet systemn variables include:

d - jet height

pc/pj — pressure ratio

N — number of jet rows’

t — total jet thickness

t, — iet thickness for individual rows

A , — location of individual rows on the trunk

0 , — effective jet angle for individual rows

In addition, the use of slots versus holes for the jet nozzle must be considered.
The diameter and spacing between the holes must be determined if holes are selected.

The selection of pc/pj is determined largely by the cushion system stiffness and
vertical energy absorption desired. Low values of pc/pj give a stiff cushion while high values
of pc/pj give a soft cushion. The influence of pC/pj on power is shown in Figure 3-4(a). The

power-height parameter Chq is directly proportional to power for constant vehicle weight,
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area, perimeter, and jet height. The curves show that power requirements are refatively
insensitive to pg/ R for the range of 0.5 to 0.9. Figures 3-4(b} and 3-4{c) also show the effect
of jet angie on power requirements. An increase in jet angle from 0° to 30° results in a
considerable decrease in power. Further increases have minor influence on power. Negative
jet angles and jet orifices to the outside of the trunk low point (X, Y} were shown in
Chapters b and 6 to contribute practically nothing to jet height.

The jet thickness t is selected to provide the desired level of pc/pj for the design
weight, jet height, and power setting.

Front and rear trunk sections generally require more jets than side trunk sections.
The reason for this may be seen by comparing Figure 4-21 and Figure 4-22. These figures
show that for a given deflection, the end trunk has a longer length flattened against the
ground { 523) than the side trunk. In addition, the rear trunk undergoes extensive flattening
during take-off rotation and landing touch-down. Inadequate air lubrication would
contribute to plow-in of the front trunk and excessive wear of the aft trunk.

Because of the complexity of the flow beneath the trunk, an optimum spacing
and nozzle design cannot at present be predicted analytically. However, the analysis
presented' in this report is useful in determining trends and extrapolating experimental
results. In particular, the power-jet-height parameter (Cy,4) is a valuable parameter for this
purpose.

The Cp 4 parameter was defined by Equation (3-7) in Section 3.6.

3/2
t |P;

Chd = _ _..i'._
d \p.

Cq Cy (3-7)

The values of t/d and Cq @s a function of pc/pi may be determined by the simple
test described in Chapter 6 on a model section of trunk. The test rig for conducting such a

test was shown in Figure 8-1. The test for determining Cy was described in Appendix V1. As
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a result of these simple tests, it is possible to plot Cpg versus pc/pj for particular jet
configuration. A comparison of these plots for various jet configurations allows the
evaluation of the designs in efficiency of maximizing jet height and minimizing horsepower.

It was shown in Equation (9-1) tha horsepower is directly proportional to Cy .

3/2 1/2
Wa sd |29

hp = | — 22 2] Cng (©@-1)
Ac 550 | p

As a consequence it is desirable to select the design which minimizes Chd-
provided weight, cost, or other factors do not dictate the selection. Other factors include
the necessity to provide ‘‘air lubrication’” beneath the trunk during landing impact, and to
stabilize dynamic oscillations of the trunk under all operating conditions.

A comparison of C,4 for two trunk designs is shown in Figure 8-1. In the figure,
eight rows of orifices, the design described in Appendix |V, is compared with a design which
has four tranverse slots. Both designs had the same total nozzle area. The curve shows tha
the slot design is better for low pC/pl- while the orifice design is better for high pclpj. tis
evident from Figure 9-1 that the Ct,g 9ives a simple vehicle for comparing competing designs

without the need for a complicated analysis.
94 Trunk Variables
The trunk variables include:
{0,0} and {a,b) — the trunk attachment points
£ — the trunk length
E — the trunk material efasticity

Pi — the trunk pressure

The trunk stiffness may be influenced considerably by choosing appropriate trunk

lengths and attachment points. The load supported by the trunk is proportional to Pj {the
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trunk pressure) and to f3 (the length flattened against the ground). The relationships
between 5 and trunk deflection are shown in Figures 4-21 and 4-22; the two trunks having
different attachment points. The stiffness variation, scaled up to a C-119 aircraft size trunk,
is shown in Figure 9-2. The curves shown in Figure 4-21 and Figure 4-22 are scaled up to
produce curves “A"” and “B" respectively in Figure 9-2. The following assumptions were
made:

All dimensions are scaled up by a factor of 3.00.

The design pc/pj is 0.5.

The trunk is inelastic.

The design trunk pressure is 333 Ib/ft2.

The trunk section is 500" in length.

The stiffness of the two trunk sections was found to be 2000 Ib/in. for trunk “A"”
and 6000 Ib/in. for trunk ““B”. The stiffness of the air spring on the conventional C-119
shock strut is around 4500 {b/in. It is evident from this simple illustration that considerable
flexibility exists in designing trunk stiffness by appropriate selection of the trunk variabies.
In a manner similar to the iliustration above, the stiffness for any trunk design may be
calculated from the computer program results.

The selection of the trunk material elasticity is based on the difference between
the retracted length and the desired inflated length. It is desirable to have a compound
elastic curve with two different slopes. A typical curve is shown in Figure 4-14. The material
shown has the slope characteristic of the rubber up to the inftated design point and the
slope of the fabric reinforcing material above the design point. Such an elastic characteristic
allows the material to stretch easily up to the design point but resists further elongation
above the design point.

The analysis of the air cushion trunk shape developed in Chapter 4 and the
computer programs developed in Appendices i, 1I, and 1I} provide the capability of

predicting the influence of all the trunk variables on the trunk and cushion stiffness. In
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addition, the dynamic analysis developed in Chapters 7 and 8 provides the capability of
evaluating the influence of all trunk design variables except trunk elasticity, on the dynamic

response of the vehicle.

9.5 Power System Variables

The power system variables include:

hp — power input
Qi — air flow rate

Pi — trunk pressure

The flow rate is determined from Equation (3-3), which may be written:

q .
Q = ts Fg b CxCa (34)
b

The coefficient Cy is a function of pC/pj and is shown in Figure 3-2.

The power system must be designed so that the desired flow rate is produced at
the design Pj- Further, the fan characteristics should be chosen such that the necessary flow
will be produced to maintain pc/ Pj in an acceptable range over the expected variations of Pe
caused by changes in the aircraft operating weight. Under landing impact, it is possible for Pj
to increase to the point where the fan stalls and reverse flow occurs. The fan should be
designed to permit and withstand this condition.

Considering only static conditions, the desired Pj versus Q; fan characteristics may
be obtained from Equation (3-3}. This equation gives the required flow for various levels of
Pj and pc/pj. The value of Cqy as a function of pc/pj is given in Figures 3-2, 5-7, and 6-12 for
various cushion designs.

in addition, the fan characteristics play an important role in the dynamic response

of the system. The fan flow characteristics near and above stall pressure have a profound



257

influence on the maximum trunk pressure and maximum deceleration during impact. The
effect of fan characteristics on dynamic response may be evaluated using the dynamic

analysis developed in Chapter 7.

9.6 Power Requirements for the ACLS

The power requirements for the ACLS may be scaled up using Equations (9-1)
and (3-7).

WA 3/2 Sd 290 1/2
hp = _ _ Chd (9-1)
A 550 |
3/2
L B CnC
hd — Q “x (3-7)
d Pc

The C;4 parameter is dimensionless and independent of scale. This parameter
may be easily measured for a given trunk design by model testing. The values of pand g,
are also independent of vehicle size. The remaining variables are dependent on aircraft size
and performance requirements. In particular, the value of d is related to the ground
performance requirements, and A; and S are related to aircraft weight. A 2500 pound
aircraft equipped with an air cushion landing system has been tested and its take-off, ianding
and obstacle negotiation performance was excellent as reported in References (3) and (50}.
If it is assumed that the jet height and Cp 4 of the test aircraft design are satisfactory for
larger aircraft, the power requirements for larger aircraft may be estimated from Equation
{(9-1).

To determine the relationship between the power and aircraft weight, some
dependence between weight and fuselage area, and weight and fuselage perimeter, is

necessary.
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Figure 9-3 shows a plot of fuselage area versus weight for various cargo and utility
aircraft. A similar plot of fuselage perimeter versus aircraft weight is shown in Figure 9-4.

Using the relationships of Figures 9-3 and 94 in Equation (9-1), it is possible to
estimate ACLS horsepower as a function of aircraft weight. The resulting power
requirements are shown in Figure 9-5.

It should be noted that the results in Figure 9-5 assume a constant jet height and
neglect the effect of compressibility and ducting losses. Figure 9-5 shows that ACLS power
requirements are proportional to (Wc)5/ 6 At aircraft weights in the 60,000 pound class,
approximately 20% of the propulsive power would be required. At weights in the 600,000
pound class, only 15% would be required. It is evident that the power required by the ACLS
is only a small fraction of the normal propulsive power and an even smaller fraction of the
power required for vertical takeoff. The ACLS offers the aircraft remarkable improvements

in ground performance for a modest increase in power.
9.7 Conclusions
As a result of the work reported herein the following conclusions are made:

(1 The corss-sectional area and shape of an air cushion trunk of the general
configuration tested (Chapter 6} can be analytically predicted using the
analysis in Chapter 4. The agreement between theory and experiment

was good for both the free and ground loaded cases.

{2) The classical peripheral jet momentum theories (Chapter 2) do not
adequately predict the jet height and flow for a distributed jet of the
type used on the aircraft in the air cushion landing system flight test

program.(3)'(50)



(3)

(4)

(5)

(6)

{7)

{8}
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The flow restrictor theory developed in Chapter 5 gives excellent
agreement with experimental results reported in Chapter 6 for jet
height, flow and pressure distribution around the trunk for the trunk

configuration tested.

The presently used orifice system is inefficient from the standpoint of
jet height. As far as the jet height is concerned, the momentum from
the jet exhaust and the flow from the jets on the atmospheric side of

the trunk low point are aimost totally wasted.

The dimensionless parameter Cq provides an accurate compensation for

the effect of pc/p}- on the total flow from the trunk.

The parameter pc/pj was found to be a valuable dimensionless quantity
for relating the various dependent and independent variables. Test
results reported in Chapter 6 showed that both jet height d and Cqa
were dependent on pc/pj and relatively independent on the magnitude

of Pj alone,

The trunk shape analysis developed in Chapter 4 for a trunk with free
edges gave good agreement with experimental results when applied to

the complicated dynamic test model reported in Chapter 8.

The dynamic analysis developed in Chapter 7 gave good agreement with

the dynamic test reported in Chapter 8 for a drop test with pc=0.



(9)

(10)

(11)

(12)

(13)
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The trunk shape analysis developed in Chapter 4 provides the capability
of analytically evaluating the effect of trunk length, attachment points,
material elasticity, cushion pressure and trunk pressure on trunk shape,

volume and stiffness.

The flow analysis developed in Chapter 5 provides the capability of
analytically evaluating the effect of jet size, spacing, angle, position on
the trunk, cushion pressure, trunk pressure, and trunk shape on the

resulting jet height and flow.

The dynamic analysis developed in Chapter 7 provides the capability of
analytically evaluating the influence of aircraft weight, sink velocity,
fan characteristics, trunk shape, trunk length, and trunk orifice area and

spacing on the dynamic response of the vehicle under landing impact.

The dimensionless parameter Cp 4 is a valuable vehicle for comparing
the relative effectiveness of competing designs for minimizing
horsepower and maximizing jet height. The value of Cj,4 for a design
may be determined easily by test, thereby eliminating a complicated
analysis, The parameter Cpq is also valuable for scaling model test

results to full size vehicles.

The air cushion landing system offers a promising area for further

development.



Appendix |
FREE TRUNK SHAPE (INELASTIC)

The computer program described in this appendix computes the cross-sectional
shape for a free inelastic trunk. The logic is similar to that presented in Section 4.4, but with
the restriction that the trunk is inelastic.

The input variables are

a = x coordinate of upper trunk attachment point
b = y coordinate of upper trunk attachment point
pc/pj = ratio of cushion pressure to trunk pressure

2 = trunk length

The program uses a and b to make an initial estimate Ry and computes g =
2 {R4). Improved estimates on Ry are made until | 2 ~7  >{TOL)MR). TOL is the
relative tolerance on ¥ . This tolerance is set at 3 x 102, This can be changed by inserting a
new card.

The main program may call three subroutines: function F{R-') evaluates £ { R1} -
£ = F(Ry); function DF(R4} evaluates the derivative of F(R}; subroutine RTMI uses
Muetler’s Iteration Method to converge on the solution of F(R4) = 0, once the solution is
bounded.

Initially, the program converges on the solution of F(R{) =0 from the right side
using Newton'’s iteration method.

If the solution is bounded during the Newton iteration process, the Mueller
subroutine is caifled to speed convergence, and a notation is made in the data output to

indicate that this subroutine was used.

262
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The program has been found to converge for the range of variables which are of
practical interest. For extremely small values of 2(say & =~V a2 + b2), an improved initial
guess on Ry is necessary. This may be done by inserting a card in the location noted in the
program. The variable pc/pj is restricted to values less than 1.0.

The output gives the values of all input variables, the notation Mueller if the

RTMI subroutine was called, and the final values of the following variables: Aj, R1, Ry, Xq

Yor Y1 Y2, B, and 6.
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DIGGES 12/01/769
EQYRSH - EFN SOURCE STATEMENT = [IFNIS) -

COMMON /CC/ AsB,PCPJ,L

COMMON /DER/ C1,C2,Y04X0y¥Y1ls¥2,THL,THZ,SGN
REAL L1st2yLsLOyLNyJLNM1,1L3

DATA PI 7 3.141%927 /

EXTERNAL F

taaad A LRSI TR T T T Y LY NN Y Ty T YR VY ¥ 7 ¥ PP
TOL IS A RELATIVE TOLERANCE ON LBAR ., CAN BE CHANGED BY
INSERTING CARD,

QII.“&O‘...I'.III.G"'.“‘....'.IQ"l'.ll‘.‘....QQIIIQG'.“'.O

TOL = 3,.,E-5

READ {5,10) A,B,PCPJ,L

FORMAT (| &E20.4)

WRITE(6+11) AeB,PCPJ,L

FORMAT{LHO///4H A sElbaéy10X,4HE = ,EL6e4,10X,8HPC/P4 = ,Elbek,
10Xea4HL = 4ELlS44}

AL LR LR LS a Al SIS IRI IR I YT ZYY EYTYY YTV T P gy

FIX SIGN ON SCUARE ROOT,

AAAL LI S LIRSS ST TN NY FY T TTYTY Y T Ty g gy

SGN = 1,0
IF{ PISSQRT(A#824B882)/2,0 oLTe L) SGN = =1,0

LA AALRTIE 2R A2l IR I T TIT Y ETTYYEYYY YYYTY YYYY FHN Y yargrgrgrpepgegagargragey

RO EQUALS INITIAL GUESS FOR Rl, CAN BE CHANGED 8Y INSERTING CARD,

li.l'!.llll'II"'.."ID"..‘I.II"O.‘Q'!II’..I'II.I..‘QQ’.'II'Q

RO = SQRT(A##2 + Bes2)e({1,0 ¢ 10.ex(=-8))/2,
RN = RO

IIIQIIOC..I'Q..l...l.'.G‘I.III'Iil‘lII.““..Q'.'I!I!.I‘.lI"..

CALCULATE K~TH VALUE OF R AND OBTAIN LBAR (R)
LR R AL L L L Ly Yy T Y Y T L Ll T Ly T g

CC 48 K=1,1000

AR A AR AR R LRl Y Y Y Yy Y Y Y Y Yy Y Y Y Y I TS Ty

SUBRCUT INE F COMPUTES LBAR =L

IQIQIIIOIQCUOQ!QI...'.'.l.llﬁ".......Illlil..l...’..."'l.IG‘G

PLN= F{RN}
LN = PLN + ¢

bt LT L T T Y Y Ty Y T Y Y T Y L T rr vy
15 R NEGATIVE OR IS LBAR (R) COMPLEX. IF SO R(K+1}s{R{K¢L)+R{K}]/2
(THIS OCCURS WHEN R(K) IS TOO SNALL)

ICIQII.!.li.....1'll.llll."“...il.lll'l‘l..lﬁ..""li.ill...'

IFIPLN oNEs 104%415 4ANDs RN oGT, 0u) GO TO &
IF{ X .EQ. 1) GO TO 7O

RN = {RN+RNM11}/2.,0

60 Ta 2



[aRaNaNalal »

w

[2Ea¥ gl

(s aNal

63
70
71

100

105
104

106
110
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CIGGES
EQTRSH ~ EFN SOURCE STATEMENT - IFN(SY -

IF{K .EQ. 1)} GO TD 5

I T
CETERMINE IF SOLUTION HAS BEEN BOUNDED. IF SO SET BOUNDS

AND CALL MUFLLER ROUTINEs [IF NOT COMPUTE R{K+1l) USING

MEWTCN'S FORMULA.

L L L T Ty Y T Y R T Y Ty T R P YT P Y T T Y P T ¥ I

FFL SIGN{LlesL=LN) oNE. SIGN{lasL=LNM1})GO TO 100
LNML = LN

BRI RIS AR RS AT EE R R PR ARA RS ER R RSB AARRADER RN RD VD ERRERN AN O S
SUBRCUT INE DF COMPUTES LBAR?'(R)

[ EEEZITET RS ESESSR S SR RS R RS AR SR RSS2 S R 2R 222}

CLN = DF(RN]}
Rl = RN

SRBVLAGREBRTIVARFERFRFER AR A S FAER BV RA SRR EBHNBAHAEERCERETRERRERS

TOLERANCE TESY

LEEEEIL ST XSRS ISR S AR RS 22 AR 2222 22 222X X2 2R dXd )

IFL ABS(LN-L) LT, TOL#ABS(L)) GO TO 110

RNM]L = RN

RN = RN={LN-L}/DLN

CONYINUE

WRITE(SH,71)

FORMAT(17H]1 RO COMPLEX esss )

STOP

IF{ RN .GT, RNML)} GO TO 105

DUM = RN

RN = RNML

RNM1 = DUM

WRITE(64104)

FORMAT{1H0, THMUELLER)

CALL RTMI ( RL1,LN,F;RNM1,RN,TOL y2000,IER)
IF1 IER +EQ. O) GO TO 110

WRITE(6:106) JER4RL+LN

FORMATUL1HL,10HIER EQUAL 41245X,4HSTOP,2E25.6)
sTOP

RZ = Rl/11, - PCPJ)

X07 = XO0/A

L1 = RleTH]

L2 = R2sTH2

L3 = 0.0

WRITE{6455) RL14R2,X0,Y0,Y1,Y¥2,THL,THZ
FORMAT{LHO,5HRL = yElb4%,)10X;5HRZ = ,EL16a% y10X,5HX0 = ,EL1E.,44+10X,
1 SHYQ = JElGeby/1Xy5HYL = JEl6ué%el0X,5HYZ » 3ELG.410X,
2 GHTHL = JE1S.4910X,6HTHZ = ELSeé F//7/7F117)
G0 TO }

END

12701769

29

3

40
41

45

47



[xEaNalyl

266

DIGGES 12/01/76%9
FTN - EFN SOURCE STATEMENT - [IFN(S) -

FUNCTION F {R1l)

COMMCN /CO/ A+84PCPJ,LL

COMMON /DER/ CLleC2+Y0eX0yY1ls¥2,THL,TH2,S5GN
DATA Pl / 3,1415927 /

T T OO
IF RIK} IS SUCH THAT L-BAR WILL BE CPMPLEX, THE VALUE
CF F = LBAR ~L IS SET TO 10##15

SRS BN RE S EF R B A SRR R BN RSB R B ERORERRFBRBIARARRRRARERRRIRP PR ERE RS

REAL L

R2 = Rl / {1l.0-PCPJ}

Cl = (R1-B=R2} / A

C2 = A/2.0 + (B#s2}/(2.0%A) = (R1«BI/A

ASQ = (2.00R242,04C14C2)ua2 - (4,0#C2402) ¢ (Clue2 + 1,0)
IF{ ASQ +LT. 0.0) GO TO 25

SQ = SQRT{AS5Q)

YO = (=2,00[R24C1#C2)+5GN #5Q) / (2,0#(C1l=e2 + 1,0))

X0 = Cle¥0+(2

Y1l = YO+R]

Y2 = YO4R2

THZ = ATAN{XO/Y2}

IFt Y2 +EQe 04} TH2 = P1/2.0
IF(TH2 +LT. 0.,0) TH2 = TH2 + P1
PSI = ATANC(B~-Y1)/(A=XO})
IF{ A-X0) 20,23,21

PST = PSI+P!

THL = PSI+PI/2.0

F = Rl1#TH]l + R2#TH2 -~ L

L Ty Y Yy Y Yy Y Yy Y T Py Y Yy T YT T T Y T T Y 2
IF VALUE OF VARIABLES ON EACH IYERATION IS DESIRED, REMOVE
C ON THE TWO WRITE STATEMENTS,

HH GGG SRR EFRESR R ERERBERRABER AR R R R A FRRER B A ERRERR R RASE

WRITE(6922) RLsR2yTHLsTHZ2, Y0, ASQeCLyC2+PCPUX0sY1,Y2,44,8,F
RETURN

PSL = PI/2.0

G0 YO 21

F = 10,0es15

WREITE(6,22) RL+R2,THL,TH2,Y0,A5Q,C14C24PCPJX0,YL Y2 ,A,48,F
FORMATI1HO/(TEL8.5))

RETURN

END

11

18
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OERF - EFN SOURCE STATEMENT - IFNLS)

FUNCTION DF(R1}

COMMON /DER/ CleC2oYOyXO9¥1yY2,THL,TH2,SGN
COMMON /(07 A,0,PCPJI,L

REAL X

K = 1,0 - PCPJ

CCl = (K-1,0) / (KeA)

0C2 = -B/A

X = RL /J K+ Cle(2

Y = Cles2 + 1.0

DX = 1l.0/K + C1l=DC2 + (2«DCL
Cy = 2,0=C1 = CC1

Z = =S5GN #SQRT( X#e2 - Ye{2882)

267

12/01/69

0L = (le0 / {2,002)) ® { 2,08X#80X - {2,0¢Y*C24DC2Z + C2#22 2 DY)}

DYC = (l.0/Y=a2} » {-Y & {(DX+DZ) + (X+21DY)
DXO = Cl=0Y0 + YOeDCLl + DC2

oYL = DYO + 1.0

DY2 = DYD + 1,0/K

S = Bg-Y1

T = A~X0

DST = {1.0/T#e2) & (=TaDYL + S5#DX0}
DX0Y2 = (1.0/Y2%%2) » (Y2aDX0Q - XQuDY2)
CPST = DST/ (1.0 ¢ (S/T)ee2}

DTHZ = DXOY2 /7 (1a0 + (X0/Y2)ue2)

DTH1 = DOPSI

DF = Rl # {DTHI + DTH2/K)} + TH1l + TH2/K
RETURN

END
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RTMI - EFN  SOURCE STATEMENT - IFNiS) -
RTFICOL0
IlIlII.I.....‘..‘I‘III‘.I.I..lllllll..'.I...ll......‘..........O..Rtplcoza
RTFICO30
SLERCUTINE RTMI RTFI0040
RTFICOS0
FLRFOSE RTFICO60
TO SCLVE GENERAL NONLINEAR EQUATICNS OF THE FCR¥ FCT(X)=G  ARTFICO70
EY MEANS OF MUELLER-S ITERATICN METHCD. RTFICO80
RTFIC090
LSAGE RTFI0100
CALL RTM1 (XoFyFCToXLI,XRI,EPS,IENCyIER) RTFIGLLO0
PARAMETER FCT REQUIRES AN EXTERNAL STATEMENT. RTFIC120
RTFIC130
CESCRIPTICN OF PARAMETERS ATVI0L40
x - RESULTANT ROCT OF ECUATION FCT(X}=C, RTFI0L50
£ - RESULTANT FUNCTION VALLE AT RCOT X, RIFIC160
ECT - NAME OF THE EXTERNAL FUNCTIUN SUBPRCGRAM USED, RTFICITO
XLT - INPUT VALUE hHICH SPECIFIES THE INITIAL LEFT BCUNC RTFIOLSO
CF THE RCOT X, RTFIC190
XRI = INPUT VALUE WHICH SPECIFIES THE INITIAL RIGHT BCLNORT¥#10230
OF THE RODT X, RT#10210
EPS - INPUT VALLE WHICH SPECIFIES THE UPFER BCUND CF THE RINIQ220
ERRCR OF RESULT X. RT¥ 10230
1ENC - MAXIMUM NUMBER OF ITERATION STEPS SPECIFIED. RT¥I0240
1ER - RESULTANT ERRCR PARAMETER CGOED AS FCLLOWS RTP 10250
IER=0 - NO ERROR, _ RT¥10260
IER=1 - NO CCNVERGENCE AFTER IEAC ITERATION STEPS RTNI0270
FOLLCWED BY 1END SUCCESSIVE STEPS CF RT¥ 10280
BISECTION, RTFIC290

IER=2 - BASIC ASSUMPTICN FCTIXLIMSFCT{XRI) LESS RT¥1C300
- THAK OR EQLAL TO ZERC IS NCT SATISFIEC. RTFIC310

RIFIC320
REFARKS RT¥IC330
THE PRCCECURE ASSUMES THAT FUNCTION VALUES AT INITIAL RTFIC340

BOUNCS XLI AND XRI HAVE NOT THE SAME SIGN. IF THIS BASIC  RTVIO350
ASSUMPTION 1S NOT SATISFIED BY INPLT VALLES XLI AND XRI, THERTFIO360
PROCECURE IS BYPASSED AN GIVES THE ERRCR MESSAGE IER=2.  RTVIC3TO

RT¥10380

SUBRCUTINES ANC FUNCTION SUBPROGRAME REQUIRED RT¥10390
THE EXTERNAL FUNCTION SUBPROGRAM FCT(X) MUST BE FURNISHEL RT#10400

BY THE USER. RTNIC410
RTFID420

FETHCD RTIFIC&30

SOLUTICN OF EQUATICN FCT(X)=Q IS DONE BY MEANS OF FUELLER-S RTFIC440
ITERATION METHCL OF SUCCESSIVE BISECTIONS ANC INVERSE RTNFIG450
FARABCLIC INTERPOLATICN, WHICH STARTS AT THE INITIAL BCUACS RTMIC460
XLT ANC XRI. CCNVERGENCE IS CUADRATIC IF THE DERIVATIVE CF RT¥I1C470
FCT{X} AT RGCT X IS NOT EQUAL TO ZERC. ONE ITERATICM STEFP RIN¥I0480
RECUIRES TwO EVALUATIOMS CF FCT(X). FOR TEST Ch SATISFACTCRYRTFIC490
ACCURACY SEE FCRMULAE (3,4) OF MATHEMATICAL DESCRIFTICN, RTFIC500

FCR REFERENCE, SEE G. K. KRISTIAANSEN, ZERD CF ARBITRARY RTPIOS1O
FUNCTICN, BIT, VOL. 3 (19613), PP.20C5-2C0. RTFICS20
RTFICS30

-n---..o.....c....-.-.un.‘.u......n.--l-nl-lc--oo..o--.--n-cul.lccRT'I°54°

RTFPICS550
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ATMI - EFN SOLRCE STATEMENT = IFM(S) -

SLUERCLTINE RTMI(XoFoFCToXLI,XRILEPS, IENC,ER)

FREPARE IYERATICN
l1ER=C

XL=XL1

XR=XR]

X=XL

TCLaXx

F=FCT(TOL)
IF{F}ly16,1

FL=F

Xx=XR

TCL=X

F=FCT(TCL)
IF{F12416,2

FR=f

IFISIGN (1., FLI4SIGN(]1.,FR}125,3,25

EASIL ASSUFPTICN FL#FR LESS THAN 0 IS SAVISFIEC.
GENERATE TCLERANCE FOR FUNCTION VALUES.

I=0

TCLF=100.9EPS

START ITERATION LCOP
1=1+]

START BISECTION LOOP

CC 12 K=, 1ENC

Xz S54(XL+XR)

TCL=X

F=FCT(TOL)

IFIF)S,16,5

IFISIGN L FI4SIGN{L. FR)IT,€,7

INTERCHANGE XL AND XR IN ORCER TC GET THE SAME SIGN EN F AND FR
TCL=xL

XL=XR

XR=TCL

TCL=FL

FL=FR

FR=TCL

ICL=F-FL

AzFaTCL

A=ped
IF{A-FRe#{FR=FL))8,9,9
IF(I-TIEND)LT,+17,9
AR=X

FR=F

TEST Ch SATISFACTORY ACCURACY IN BISECTICN LCOP
TCL=EFS

AzABS(XR)

IF{A-1.311,11,10

TCL=TCL =4

269

06/09/69

RTrPIC560
RTVMIC5TO
RT¥IGCS580
RTVFICS590
RTVMIC6D0
RTFIGH10
RTVMICH20
RTFMICH3O0
RTVMICH40
RTFIC650
RTFICSHS0
RT¥106T0
RTVMIC6BO
RIFICH90
RTFICTOO
RTFIOT10
RTFICT20
RTMICT30
RTMIOT40
RTFICTSO
RTFICT60
RI¥ICT7T70
RT®IQTE0
RTFICT90
RT¥1GCB00
RTF¥10B10
RTFICB20
RTFICE3O
RTPICB4O
RTINICBS50
RTFICBSOD
RTKFICBTO
RTFIOBEO
RTF1C890
RTFICI00
RTFICI10
RTFMICI20
RTFPIC930
RTFMI0940
RTFIC950
RTFIC960
RT¥I0970
RT¥ Q980
RTVIC990
RTVILO000
RTFILO10
RT¥I1020
RT¥I1030
RTFI1040
RTFIL050
RTFIL060
RT¥11070
RTMIL10BO
RTFI1090
RTPFILLO0
RTFILLLO

i
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RTMI - EFN SOLRCE STATEMENT

IF(ABS(XR=-XL}-TCL}L2412,13
TF(AESLFR-FLI-TCLF)l4s14,13
CCATINUE

ENC CF BISECTICN LCOP

AC CCAVERGENCE AFTER I1END ITERATION STEPS FOLLCWEC BY IEAND
SUCCESSIVE STEPS OF BISECTION OR STEADILY INCREASING FUNCTICN

VALLES AT RICFT BOUNCS. ERROR RETURN.
1ER=1

IF(ABS(FR)-ABS(FL) 16416415

xext

FaflL

RETLRA

IFNLS)

270

06/G9/69

RTF11120
RTFI1130
RTFI1140
RT¥I1150
RTMIL160
RTNI1LT0
RTMI1180
RTF11190
RTFI11200
RTFI1210
RTM[1220
RTNI1230
RTMI1240
RTFI1250

CCVPUTATICN CF ITERATEC X-VALUE BY INVERSE PARABCLIC INTERFCLATICARTIFIL260

&=FR-F

CxX=(x-XL}aFLe{l . +F=(A-TOL)/{A8(FR-FL)}))/TOL

X¥=X

Fy=F

xzxX{~LX

TCL=X
F=F(TITCL)
IF(FI18,:16,18

TEST CN SATISFACTORY ACCURACY IN ITERATICN LOOP

TCL=EFS

Az8BSLX)
IF1A-1.120,20419
TCL=TLL=A
IFLABSICXNY-TCL]IZ21421422
IF{ABS{F}-TCLF116,16,22

FREPARATICN CF NEXT BISECTIOM LOOP
IF(SIGN (Lo FI+SIGNILooFL))24423,24
XR=X

FR=F

EC TC 4

XL=Xx

FL=F

XR=X¥

FR=FWV

¢C 7C 4

ENC CF ITERATICN LOOP

ERRCR RETURN IM CASE CF WRONC INPUT DATA
{ER=2

RETLRA

ENC

RT¥11270
RTFIL280
RTF11290
RTMIL300
RTFIL1310
RT¥I1320
RT¥13330
RT¥11340
RTFIL3I50
RTFIL3E0
RTE11370
RTPIL380
RTFI1390
RTPI1400
RTFI1410
RYMI1420
RT#I1430
RTNI1440
RTFI1450
RTFI1460
RT¥I14T0
RTF1I1480
RTPI1490
RTFILS00
RTFILS510
RTFI1520
RTF1I1530
RTMI1540
RTFI1550
RTMIL560
RTFILST0
RTK11580
RTFI1590
RTFILG00

41



Appendix 11
INELASTIC LOADED TRUNK SHAPE

The computer program described in this appendix computes the cross-sectional
loaded shape for an inelastic trunk. The logic is similar to that presented in Section 4.5, but
with the restriction E = 0.

The input variables are:

a = x coordinate of the upper trunk attachment point
b = y cocrdinate of the upper trunk attachment point
pc/pj = ratio of cushion pressure to trunk pressure

g = trunk length

Yo = y coordinate of lower-most segment of the trunk.

{Note: y, is always negative.)

The program solves Equation (4-37) (E(R1) — 2 = 0) to the desired tolerance
using Mueller's Iteration Method. The main program brackets the solution and then calls the
Mueller subroutine. The Muetler subroutine may call Function F(R{) or Function G(R¢).

The subroutines are as follows:

Subroutine RTMI uses Mueller’s Iteration Method to converge on the solution of

F(R4) = 'Q'(R-') —2 =0

Note: This is the same subroutine as described in Appendix | and it is not

repeated here,

Function F(R1} evaluates 'Q'(R-l) —-Q = F(R1).

271
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Note: This is not the same F(R1) subroutine as described in Appendix | because

£ (R4} is defined differently in the two cases.
Function G{R ) evaluates x1{Rq) — x5(Rq) = G(R4).

The input variables b and y, are used to compute (R1IM(N- the minimum value
of Rq which is possible. This value of Ry gives the condition xq =a. The ¢ associated with
the minimum R is then computed. This value of 2 is called £ 4 and is used in determining

the sign on the square root in Equation (4-36). Three possibilities exist:

Case 1 — 1T ¢ > 2, then x4 > a and the sign is plus
Case 2 — If £ = &, then xq = a and the radical is zero
Case 3 — If £ < {4 then x4 <a and the sign is minus

For cases 1 and 2, (R1)MIN is a suitable lower bound for the solution of F{R) =
0. The upper bound is found from Equation (4-40}). Once the upper and lower bounds are
established the Mueller subroutine is called to converge on the solution.

For case 3, it is necessary to find a lower bound on the equation F{R) = £ (R4)
— 2 = 0. The minimum ¢ {Rq) occurs when ¢4 =0 and x4 = xo. The equation G(R4) =
x1(Rq} — x5(Rp) = O is solved by Mueifer's method to determine the value of R4 for the
condition x4 = xp. The upper bracket for G(R4) = 0 is taken at x4(R4) = a. The lower
bracket for G(R1) =0 is taken as x1(R1) = 0. Function G(R4) is called by the Mueller
subroutine in this case. The R obtained from G(R 1) = 0 equation is then taken as the lower
bracket for the F(R¢) = O equation. The upper bracket for F{R) = 0 is taken as x1(R1) =a.
Having bracketed the solution for F(R4} = O, Mueller's lteration Method is employed to

converge on the solution.
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The program has been found to converge for the range of variables of practical

interest. Restrictions are as follows:

pc/pj < 1.0
Yo< 0

Yo Mmust be such that Q3 > 0. The maximum value of vy, is given by the

equilibrium trunk shape program {Appendix I).
The output gives the initial values of all input variables and the final values of the

following variables:

H1, Rz, 31, 92, Y1: Y2 Q1, 22, X, Aj' 23, X1, and X9

The final value of F(R ) is also printed under the lable LN.
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12705769
NIENRN - fFN SOURCE STATEMENT = IFMIS) -

COMFON/CON /PCOL, YO, L 38 4R, TH] 3 TH24 X2y X2, YL, ¥Y2,PSI,SIGN, TyL4
TEAL LelNsLasL3LT,0L2

EXTERNAL F,6

Pl = 3,1415627

BEKERRA IR S IR SR R AF KRR E AR TR RF AR SR LR EE R AR RE IR TSR RRE
TOL IS & RELATIVE TCLERANCE ON LRAR , CAN BE CHANGED B8Y

INSERTING CARN,
LA R AR R R R e L e Tt T LI TRy PR S I P T P

TOL = 2,E-¢
REATIS41) A,4A,P004,1,Y0
FORMATISELI® 4 4)

EAEREEEREEVEREREREEREER AR SRR RARNER LRI R RRRA R R KRR R A K KRRk kkkk K

RO EQUALS TNITIAL GUESS FOR R1. CAN RE CHANGED BY INSERTING CARD.
ERERARRA DRI LR AR R EF XN SRR R IR AR A R R RR R R AR R ER RN RR S

RO = (R = YOY%(1.0 4 1C,0%%(~86)1/2,0

WRITE(6,2}

FCRMAT( 1+1)

ANMY = AMAX1 {=Y0%*(1s — PCPJU}/24,(8=-Y0)/2.)

L R AR AL LR EL LSS SR LSRR AR I PR s SRR 2 P LY P A

FIX SIGN CN SQIIARE RONT,
IR III NIRRT RRRERRR SR AR R AR AR TR B R BRI R EREERRERE

SIGN = 1,

RASALELELL R LA E LI LR PR R RIS LR EL 2 00 3 e ey

SUBROUTINE F [S CALLED TO OBTAIN L4
EREARRE AR R R AR LR AT TRA AR AER RN ERRE RSN ERE AR ERBARRRR SR SRR RAKERE

T = FIRAN])

AXRIARRIRF AR SRR ARF R AR ER SIS ESER SRR D RS RAR A SRR AR R A B ERERR R &
DETERMINE WHETHER X1 IS GREATER OR LESS THAN A.

IF GREATER SIGN IS POSITIVE

IF LESS SIGN IS NEGATIVE

bad bl b A S R S E Pl e L i i LR IR EEE RS DR T T2 T T T s

TFC L JLTe t4) GO TO 10C

AL ELEER R ERE L L L Sl e T P PP PSS .

CONNDITICN X1 GT A, CCMPUTE LPPER BOUNE CN R,
BAAAFAAA AR R AR RAER SR AR AR TSR F B RN RS RIS ARk R AR AR AR S

SOR = SCRT(A%*2 4+ @#x2)

RN = L/{2,0%PI} # SQR/4,0

IFISOR 4LE, Z+®*L/P1} GO TO 3

RN = L/P1

nnNs I = 1,30

RN = 104 #RK

[F{RN®SIN (L/2.*RN} .GF, SQR/2.} GO TO 2

16
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12/05/769

NIGNRA - EFN SNURCE STATEMENT =~ [FA(SY -~
CONTINLUE
WRITE({A,T) c2
FCRMAT(IHMO,12H UPPER ROLND)
1 = 0,0
G0 TN 4
e T Lt L L P e R R R PR AR R R S PR LR L L el bt L L
USE MUELLER*S METHQD TO COMPUTE R SUCH THAT TOLERANCE
AN L2AR IS SATISFIEC. (MUELLER ROUTINE CALLS SUBRCUTINE F TD
CCMPTE LP4R = F(R) = L)
P Y I I T I T LR E 32222 b s 2R RS R L sttt bt ot bl
CALL RTWTIRL,LN:F,FNMY 4, RN ,10,0E-5, &C,1ER) 25
TF{IER LF€. 2) GO TOD 4
WRITE{A,71) IFR 29
FORMAT{YK) s L4HMIELLER FAILED »IS5)
Rl = %
R2 = Rl /7 {(1.-PCPD)
L3 = X1=%2

XPAR = (X1 + X2 }/zZ.0

LYl = R1*+THI

L? = R2¥TH2

AJ = {TH2 # Q2% %2)/2,~ (X2 % Y2)/2, = L3*Y0 + {(THL * RI*%2}/2.0 *
A (X = AY#¥YL + ((¥1 = 2¥%{B -~ Y1) )/2.0

WRITEL L, ECC) AR PCFI,YCul 31
FORMATIYHC (4HA = (FR,3,14%44FR = (FR,3,14%,THPCPY = ,F8.5,11X%,

1 SHYD = ,FP.3,13X,4HL = ,FB842 //7)

WRITE[E,501) RL,RZLLA,TH],THZ 32
FORMAT( :FCvsHRI = .F“-3¢13¥'5HQ2 = !F803r13X|5HLN = |F8-5'

1 13¥, EHTEY = ,FBasy 12X, 5HTHRZ = FR.,4 ///)

WRITFI&,5C2) YY,¥Z2,0L1,1L2 a3
FARMAT{ YTHQ,6HY] = ,FR,4,13X,5HY2 = yFA,2,13X,5HLYL = ,F8,4,

1 12%,8HLZ = (FB.4 //1)

WRITE(L,EC:) YBAR,AJ,LZ 34
FORMAT( 1FO, THYRAR = ,FE,4,Y1X,5HA) = 4F3,2,13X,5HL3 = ,FBa4}

6N TH Y05

e P PP TR TR T IR ERE L s E R AR AR I S L SRt R i
CONDITICN X1 LESS THAN A, CCMPUTE THE VALUE OF R SUCH THAT
¥1 = A o THIS VAtUE NF R GIVES THE MAXIMUM VALUE OF L

PASSTRLE UNCER THE RESTRICTICNS x2 LT X1, X1 LT A
e e T T T Tt Rt R T PR R L L P R R R 2 S SR S LR SR R L L Ll bl

SIGN = =la

PN ={A%KZ + PEED 4 YORRZ ~ Z,6Y0B)/(2,%(B-Y0) )

IF{X?2 JLEs &) B0 TN 1Y

SIGh = 1

WRITE{£430%) 40
ENRMAT{THC,12GHCONDTTECN X2 GT X1 AND X1 LT A ACY SOLVED BY THIS

1 PRNGRAM, FITHER THERE IS AL SOLUTICN OR A AETTER GUESS FOR RO

1 1S RFQUTIREL )

EARNRE KRN DR R R R GRS kR A PR R R Rk
(JRE MUFLLERS METHCN T COMPUTE FINAL LPPER BCUND ON R
WHIFH IS TeC CONDITICN THAT L3 = 0, ( MUELLER ROUTINE



2 Eainks]

1

WA o0 o

[

103
50

276

12/95/769

ETN - FFNM SAURCE STATEMENT = IFN{S} -
FIINCT [N F{RY)
ﬂﬂ“”ﬁﬁfCC“IDCDJqVO.LgA'n'THl'THZQ11'12|V10V2|P5l|SIGN|TQL4
REAL 1,04
NATA DU r%, 1418527/
LA EEEERE R ] #t*****li‘*ﬁ‘l##ii*#‘*‘i**‘*“*'**.**‘*t*t“"*****t**
TF Ly IS SULH THEAT L-BAR WILL ARE COMPLEX, THE VALUE
NFE £ = LPAR =L 1S SET TC 10%els5
LEAR RS AR RS 22 22T ¥ Aﬁ*t*t*t*1‘****‘**‘*"*#**t****‘t*tt‘**‘****t*
R2 = 27 /{10 = PCPJ)
AT = =¥(*A7 =0 NER2*V(
TF{AY oLTe =104%%(~4}) €N TO 45 2
IFEAY tTe 0.0 ) A1 = Ce
¥2 = SART(ANY 8
¥Y? = R? 4 ¥
THZ = ATANIX2/Y2) 9

TF{Y? 4Fhe 04) TH? = P1/2.

TFl TH2 4LTe Be } THZ = THZ + PI

L& = (PIR{P=YOIV/ 2,0 + THZHR2 +ABS( A - X2 )

A2 = —{YO4R)-AIEED +R1#%2

TF(AZ (LT, ~10.%%{=4})} G TD 50 15
TF{AZ LT, Cu ) AZ = 0,

IF{ 42 .tT. C.) GO 1O 5Q

X1 = A+STCA ® SORT{AZ) 24
¥Yi= B1 4+ vg

T = (8=¥1) / (A=X1}

P8I = ATAM(T} 25
TF( A~¥1 CE. 0.} GO TO 10O

PSI = PST + PI

TF(A - X1 LEQ. 04) PST = P[/2.

THL = PI/2, + PS]

F = THISRY + TH2&R2 +ABS( X1=X2}- L

hhbhiahbbihib it AL LS EEL AT ET EE T2 LT R O g e e A AP,
TF VALUE OF VARIARLES OM EACH ITERATION IS DESIRED, REMOVE

C CM FCLLOWING WRITE STATEMEMNT,
bt b A R R R L L L L L PP,

WRITF{59511 RLyTHI, X1,A,X2,L4,F 32
FORMAT(1%H FUNCTION F Rl;FS.#vS!-3HTH1.F8.6.5X.2HX1,FB.#.SX.

1 IHA'FB.Q.SK,ZHXH.FE.ﬁ.5!.2HL4-FE.4,5!;1HF'F8.4I

RETURN

F = 10,04415 34
WRITE(6,1C2) as
FORMATUIHC,12HCOMPLEX IN F )

RETURN

F = 10,C#¢]15 37
WRITE{&,102) 38
RETURN

END
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NTGARN

- EFN

CALES SUBRRCUTINE € )

(AAS I R RS R 2l st il 2 sl s it R sttt s Rl 3

SOURCE STATEMENT

CALL RTMI{ RYL,LNyGyRNMI14RN,1C,CE-56,20C0,TER)

[F{ TER LEQ.

0} 6r TO 20t

WRITE(&,11} IER

530 TN 4
RN =

50 1O 3
END

Rl

IFNES)
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12705769
GTN - EFN SOURCE STATEMENT - IFN(S) =

FUNCTICN GI(RY)
COMMON/CON/PCPI s YO Ly AgR y THL 3 THZ2, X1 o X241 4¥2,4PS1,SIGN, ToLé&
REAL L+L4

DATA P /2,1415627/

bbb AR EREE LA R S L E SR R 2R b i R T R T e T TT P T T e T
TF RIK} IS SUCH THAT L-BAR WILL BE COMPLEX, THE VALUE

IS SET TN 10*%15
baaddad AR LR Lt Bt 2t SR S S Il ettt e T e e e

R2 = R1 /(1.0 =~ PCPIY

Al = =YC#42 «2,0%R2%Y(

IFLAL LT, =1Ce%*%{-4)) GO TO 45
IF{AY L1T, 0s ) Al = 0.

X2 = SQRT(AL)

¥2 = R? + YQ

TH2 = ATANIX2/Y2)

lF(VZ oEQa Cu) THZ = PI/2.

IF0 TH2 .1Te 0, ) TH2 = TH2 + PI
Lé = (PIS{B=YOL}/ 2,0 + TH2XR?2 #ABS[ A = X2 |}
A? =2 a{YO+R1=P)I**? +R]1%%2

IFLA2 LtTs =10e*x{-4)}) GO TO 50
TFLA2 4LTs Q0 ) A2 = Qe

X1 = A+4SICN * SQRT(A2)

¥l= R1 4 YO

T = (P=¥1) / (A=-X1}

PSI = ATANIT)

TFl A-X]1 oCEe O4) SO TO 10

PSI = PSI + PT

TF(A - X1 oEQ. 04) PST = P1/2,
THL = P1/%, + PS1

G = X1 = X2 = 10,%%(=2)

hhahae bbb St L il AL SR LIRS LT PR TR DT TE T T P e o
1F VALUF CF VARIABLES CN EACH ITERATICN IS DESIRED, REMOVE

C ON FCLLCWING WRITE STATEMENT,.

FEERERI SRS RBRRETE IR ERRIN AR Rk SRR AR RRSE AR RS RN F B RS AR R R RA R SR E

WRITE(6,511 RLoTHI ¢ X1, 84X2,04,5
FORMATIISH FUNCTION 6 RY,FBe4s5X93HTHL yFBak 5Ny 2HXL (FBeky5X ¢
1 IHAFBa4 Xy 2HN2 4 FRa by EXy2HL4 s FBa 4 SX 4 1HG,FBo &)
QETURN

F o= 1n,0%%15%

WRITE(E,104})

FORMATIIFC,12HCOMPLEX IN G}

RETURN

F = 10,04215

WATTE(6,104)

RETURN

END

15
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Appendix [
ELASTIC FREE TRUNK SHAPE

The computer program described in this appendix computes the cross-sectional
shape for a free elastic trunk. The elasticity may be non-linear. The logic is similar to that
presented in Section 4.4.

The initial input variables are:

a = x coordinate of upper trunk attachment point, ft.
b = y coordinate of upper trunk attachment point, ft.
pclpi = ratio of cushion pressure to trunk pressure

P] = trunk pressure Ib/ft2 absolute

Q = trunk length of € = 0, ft.

The elasticity of the trunk is defined by 15 points or less from the tension versus
strain curve and the derivatives of the end points.

The input variables for the elastic curve are:

NN = number of points selected from the elastic curve (15 points maximum)
ARG = value of tension {R * P]) at each point, Ib/ft.
TAB = value of strain {(epsilon) at each

point ft/ft or in./in.

DV (1) = the reciprocal of the derivative of elastic curve at left end point,
ft/lb
DV (2) = the reciprocal of the derivative of elastic curve at right end point,

ft/lb

This program is similar to the program described in Appendix |, except the

equation to be satisfied in this case is as follows:

279
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F(Ry) = 2—~2(1+e) = 0

where € = f1(Rq) and # = fp{R4)

The program uses the following subroutines:

Function F(R) evaluates T —2 {1 +¢) = F(R4)
Function DFf(R-l) evaluates the derivative of F(R1).

Subroutine RTM1 uses Mueller’s iteration Method to converge on the solution of
F{R4) = 0, once the solution is bounded. This subroutine is listed in Appendix | and is not

repeated here.

Subroutine SPLN1 develops the coefficients for a third degree interpolating
polynomial between each pair of points which specify the elastic curve. These coefficients

are stored in the C matrix whose dimension is 4 (NN — 1).

Subroutine SPLN2 uses the coefficients developed by SPLN1 to interpolate for
the value of ¢ at Ry X Pj. The output of SPLN2 is a five dimensional vector V with the

following values:

V(1) = tensionor (R4 X Py

V(2) = ¢

V (3} =g’

v (4) = ¢

Vi(5) = key; 1=valueof V(1) below the table

2 = value of V{1) in the table
3 = value of V{1) above the table
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These values may be printed out by removing the comment notation from the
write statement above statement 409.

The output gives the values of all input variables, the initial guess for R4, the
notation Mueller if the RTM1 subroutine was called, and the final values of the following
variables:

R; Tt' €, R“'; R2" XOI VOl V1; y2; ¢1. ¢2, and Ai.
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CIGGES
EQTRSK - EFN SOURCE STATEMENT - IFNI(S) -

COMMON / MAINF / KN, ARGy TAB, €, PJ, ¥

COMMON FCC/ A,3,PCPJ4L

COMMAN /DER/ ClyC2, Y04 XCeY 1o Y24 THL 4 TH2,5GN
TIMENSION TAA(15), ARGI15),K(99), C(85),0vI2), VIS)
PEAL LY4L2sL4sL3,LN,LNM]

NATA PL / 2,1415927 /

EXTERNAL F

AR AR e A LR L Ll R LR L LR R AL I I IR TR T 2R Ty prpanpapr ey
TOL IS A RELATIVE TCLERANCF CM LBAR , (AN BE CHANGED BY
INSERTING CaARn,

LR R AR AL R L e L e Al R L e L LTy Y L P r e

TOL = 2,.E-5

LAl bl LA L R o Y N T L e T
REAR DATA FCR TABLY DEFINING FPSILON AS A FUNCTION OF R*PJ AND
PASS TO SPLINE INTERPCLATICN SLBROUTINE, [V(1) AND DV{?) ARE
THE DERIVAYIVES AT THE LEFT AND RIGHT ENDPCINTS RESPECTIVELY.
e R R R L L S a i i om

TFACIS.£21 NN
FORWAT{T1D}
REACIR,21) v
HEAB{S,31) (A2GI1),I1=1,KN)
READTIS3L)(TAB{I) +1=1,NN)
FORMAT{REL1Q,2)
CALL SPENY NM, AHG s TAB, Ly DVCy W )
REATTS5,17) A+48B,4PCPIsL+PJ
FORMAT{SF1®.4,15)
WRITFE { 64400 )
FORMAT ( 1H1, 40X, 3BH®&%%2 ELASTIC EQ. TR, SHAPE *¥%kxk
NRITE € 64401 )
FORMAT ( 1HO, 131¢ 1M* } )
WRITE ( Ay4C2 ) DV
FORMAT { 1HO, 5X. Z7Hxex=x DERIVATIVES AT THE END POINTS v
19+0F THE TABLE #%%ex
// laX,y ERCARGY = , E20.5, 10X, EHCARGN = , E20.5 /477 )
WRITE § 5,403 ) Nhy { TAB{I), ARG{I}, T=1,NK )
FORMAT [ 1HC, S5Xy l14HTABLE FATRIES , 12,
/7 L 5Xy 2F20.%5 )}
WRITE ( 6,4C4 ) 4y By PCPJy L, PJI
FORMAT { 1HC, 5Xs 4HA = 4 E2C.%, 20Xy 4FB = , E20.5, 20X,
THPCPJ = 5 E20.5, £/ 6%y 4HL = , E20.5¢ 20%, SHPJ = 4, E19.5

LR L R L e R e e R Rt i L R IR IR P TP TP L S 3

FIX SIGN CM SQUARE RNNDT.
L g R L e P PPy T Y T

SGN = 1.C
EF[ PISORTIA#S2+4B*22) /2,0 LT, L) SGN = -1.0

XA VEEKER IR RTRFE LG R E PRI AR SO R AR kNN DGk Rk kR kR Rk

02/0%/710
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34



406

Ono

24

(e EaNal

[Nl Nl

*

YO [aEaNale Xel

[aNeNel

DIGGTES
EQTRSH - EFN SOURCE STATEMENT - IFN{S) -

RO EQUALS INITIAL GUESS FOR R1. CAN BE CHANGED BY INSERTING CARD.

LELE R 2 S R ARt R L Rt R R R R ARSI RSS2 ST 2L

RO = SQRT[A*%2 + 8x%2)%(1,0 + 10.%%{=£¢)}/2.

WRITE [ 6,406 } RC

FORMAY { 1HQ, 5Xy 12H**x%x R) = 4 Fl6.4y 2Xy SH*k*x% fr )
RN = RO

kb rhak bbb s bbbk bbb bk kb kk ph b ek bk kdokk kR

CALCULATFE ¥K=TH VALUE OF R ANC ORTAIN LERR {R)
S T T Ry e e T Ty

N e8 K = 1,1000
FRFAREERE IR RRR AR ARG R LR R PR AAE R R RS R R AR R AR RS KRRk E

SUBROUTINE F CCMPUTES LHAR ~L{1 + EPS)
EEEAEERRE R AR bkt h kb bk dkkokk kb bk bk ko h ke hk ke k Rk

PLN= FIRN)
LN = PLN + L

LR PR 22 R SRR LA R SRR R R R LR RIS ES TR IR RS S SRS I 2T S

[S R NEGATIVE OR IS LBAR (R) COMPLEX. IF SO RIK+L1={R{K+1i+R{K}}/2

[THIS CCCURS WHEN R{K) IS TOC SYALL}
LRSS I 2R R RS2 st R LR R R R R E SRR LR R R EE L 2 2]

TE{PLN LNE. 1N,**¥]18 _AND. RN .G6T. 0.} GQ TC 4
IFt K .89, 1Y 6O T2 76

RN = (RN#RAM11/2.0

GO T3 2

IF{K .FQ. 1} GO TG 5

EEE PR A ER RS LIRS IR ALK A RAE SRR RN AR R R R R S A EF R R kR SRR ERKE KK
NETERMINE IF SOLUTICN HAS BEEN BOUNDED. IF SC SET BOUNDS

AND CALL MLELLER POUTINE. [IF NOT COMPLTE PIK+1l) USING

NERTON'S FCRMULA, )

R R R e e R e R R R I S P P LR s s P L]

IFl SIGNI1..L-LMNY oNE. SIGN(1..L-LNM1)IGO TO 100
LNM1 = IN

R i e R ey T P I s T RS 2 T

SUBRDUTINE CF CCMPUTES (LEBAR(R})!
FERBXEE AR AR RN R AR ARETRR TR AR RS A SR DAL RR IR AR AT Rk R DhEE S

ILN = .DF{RN)
R1 = RN

S EE2 SRS R LR P LRSS R R S IR R R RS s R R R RS R SRS LY TS

TOLERANCE TEST
EREIFIE AR ABERRERRE AR RIS F R R RS AR R4 b KA RRR AR T GR R ER TR ER TRk

TF{ ABS(LN-L} .LT. TOL*ABS{L)) GO TC 1loO
RNM1 = RN
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63

™

Tt

100

105
104

1046

117

12T

55

0IGGFES

EQTR SH - EFN SOURCE STATEMENT ~ {IFNIS) -
RN = QN-{LA-L)/DLN

CONTINUE

WRITE(6,71)
FNAMAT{1TH] R0 COMPLEX
sToe

IF{ RN LGT. RNM1Y GO TO 105

UM = RN

RN = NM

ANMY = DUM

WRITE(6,104)

FOAMAT( 11O, THNMUELLER)

CALL RTMI ( R1,LNyFRNM1,RN,TOL
IF{ [EP .EC. €) GO 7O 110
ARITELG,1CE) TER,R1ILLN
FORMAT( IH1, 1IHIER EQUAL
$TIP

+2CC0, [ER)

+1245X+,4HSTOP 4 2E25.6)

22 = A1/(1, -
X07 = XOFA

= THL # 21 + THZ * R?
A = (TH2#R2%¥21/2, ~ (XO%Y2)/2.+ [TH1#R1%%2)/2,
1 & (X0=A)®YL + ({XO-A)*{B-¥1))/2.
WRITE [ 6,727 ) BAR, VWI{l)l, VIZ2),AQ
FORMAT [ 1k0, THLBAR = , F16.5, LOX, 6HTEN = , El6.5,
I 6HFPS = , El€45 ¢ 10X 4 SHAJ = 4 El6.5}
WRITE(E455) RLyR2 X4 Y0, Y1 4¥2,THL 4 TH2
FORMAT(LHOSHRL = 4 F16,4410K45HRZ = ,E16.4410X,5HX0 =
1 SHYD = 3 E15449/1XKs5HYL = 2EL6.4110Xs5HY? = 4E16.4,10X,
2 6HTHL = ,E15.4410%X,6HTHZ = ,E15.4 // }
60 TN 1
FND

PCPJ}

10%,

1EL6.44 10X,

02/709/70
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DIGGES Q27097170
FTN - EFN SCURCE STATEMENT = IFN{S) -

FUNCTIIN F (R1)

CCMMDN /7 MAINF 7 NNy, ARG, VAR, C, PJ, V¥

COMMCN JCC/ AWBsPCPU,L

CCMMIN fDER/ CLeC2, Y04 XCoY1y¥24THL,TH2 456N, PJDEPS
DIMENSICN TIS9),ARGILIS)yTABILS5).V(5)

DATA Pl / 3,141592T /

REAL L

FEERLEERREEARRER R AR RERAS A IR RE RER RIS AR SR RER RN LRI E R IR F R kR AR
1F R{K) [5 SUCH THAT L-BAR WILL BE CCMPLEX, THE VALUE

NFE F = LRAR -1 1S5 SET T0 10*+15

AEIERERRR R SRR NREFERRKAERE P SRR AR AR ER PR ERRFRAA AR AR ERRRERRREKE S

AL REES TR AP RERTERNEHR SR EE S ERE AR AR SRR RR AR AR DR R R R AR R RNk
SPLNZ INTERFOLATES FCR EPS AT RL*PJ.
EAEEERRAEE RN R RARRARARR R DA RS F IR SRR A AR RSP R RN A R BRI E AR RN

vil) = R1 #* P)
CALL SPLNZ ( NNy ARG, TAR, Cy Vv )

FERARERETT IR RRE R R AR EE SRR ERREBRAS RN A RS R ER LR AR ARG R AR R
1F VALUF GF VARIABLES CN EACH ITERATICXN IS DESIRED, REMOVE

C ON THE TWC WRITE STATEMENTS.

FRENERRATA IR R AR R RS R RRAEREE AR AR ER AR AR AR EXR B SRS ER RN

WRITE | 54409 } ¥y Rly PJ 2
FCRMAT { 1HCy, SXy 2THawese SPLINE OUTPUT Leuae
/1 LSR25.T) )
ZPS = ¥I(2)
DEPS = v{3)
PJDEPS = PJ * DEPS

22 = R1 / (1.0-PCPJ)
Cl = (R1-B-R2) / A
C2 = A/2.0 + {E**2)/(2.0%A) — (R1*B)/A

ASQ = (2,0%R2+2,0%C1%(2)%%2 ~ {4,0%C2%%2) % (C1l*%7 + 1,0}
TFl ASO JLT. 9.0} GO TO 25
58 = SQRT(ASQ) T

YO = (~2.,0%(RZ+CI¥C2)4SGN *SC) / (2.0%(C1e%2 + 1.0))

XN = CL*YC+C2

¥l = ¥YN+R1

Y2 = YO#R?2

TH2 = ATAN(XC/Y2) B

IF{ ¥2 .EC. 0.} THZ = P[/2.0

TF{THZ LF. 0.0} TH2 = TH2 + P!

PST = ATANC(R-Y]1}/{A=-X0O)) 13
IF{ A-XC) 2Cy27421

BST = PSI+P1

THI = PSI+P172.0

F = RI*THL + R2*TH2 - L* (1.0 + EPS}

HRITEI&.ZZ! Rl|R?|TH1QTHZ'VC'ASQ;C‘ICZ‘PCPJ"O!YI!'Z!AlBUF



22

25

27

BIGGFS
FTN - EFN SCURCE STATEMENT -~ IFNIS) -~

RETURN

PSI = PI/2.0

Go 1 21

F = 17.0%%]%5

WRITE(S422) R14RZ3THLyTH24Y04ASQ+C14C24PCPULXCyY1))Y24A4B,F
FORMATUIHO/(TELR.S))

RFTURN

END

02/09/70
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DIGGES 22709770
FRF - FEFN SOURCE STATEMERT - IFN{S) -

FUNCTION DF(R1}

COMMON /NER/ ClaC24+¥CeXCw¥Y1eY2yTHL1 4 TH24SGN,y PUDEPS
COMMGN JCC/ A4B,PCPJ,L

REAL K4+L

K = 1.0 - FCPJ

DCL = (K-1.0) / (K=A)

ne2 = =R/ 4

X = RL / K ¢+ Cl#%C2

¥ = Cl*%2 ¢+ 1.0

OX = 1.0/K + C1*DEC2 + C2%NC1

Y = 2.,0%C1 # DBC1

I = =SGN *SQAT( X*®2 — Y¥(C2%%2) 2
N7 = (1D / LZ.0%I)) % [ 2.0%¥X30X — (2,0%Y%C2%DC2 + C2%%2 * DY))

oYo (1.0/7Y%%2) % (=Y % {DX407) ¢ (X+Z)*DY)

nXJ CI*CYC + Y0#0{1 + DC2

Nyl nyYya2 ¢ 1.0

nyz DY) + 1.0/

S = B=¥1

T = A-X0

O5T = {1.0/T*%2) * (-T#LY¥]l + S5¥DX0)
NXCY2Z = (L.C/Y¥2%22) * [Y2%DXC - XO*DY2)
OPSI CST/ (1.0 + [S/T)%x2)

NTH2 CXCY¥2 /7 (1.0 + {XO0/YZ)1&%2)

DTH1 trPey

DF = R1 * [DTH1 + OTH2/K) + THL + TH2/K - L*PJDEPS
RETURN

END

Woown

Honow
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DO 0

CIGGFS 02/09/73

SPEL - EFN SCURCE STATEMENT = IFN{S) -
SUREDUTINE SPLNI {NsXyYaJaDeCoW) SPLNL
DIMENSION X(1),Y(13,002),C011,W(1) SPLNL
————————————————————————————————— - —_—— -SPLNL
OVER THE INTERVAL X{[) TO X{I+1), THE INTERPOLATING SPLNL
PCLYNCMIAL SPLN1
Y=Y{T)+AUT ) *Z4B{ 11 $26R24E( )7 %%3 SPLNL
WHERE Z=(X-X{I})/Z(X{I+1)-X(1)) SPLNL

IS LSED. THE COEFFICTIENTS A{11.B0T) ANC E€(f} ARE COMPUTED SPLNIL
RY SPLN1l AND STCRED IN LOCATICNS C{3%]-2),C13%I~-1] AND SPLNL

£171%1) RESPECTIVELY, SPLNT
WHILFE WORKING IN THE [TH INTERVAL,TFE VARIABLE @ WILL SPLN1
AEPRESENT O=X{f+1) — X{1), AND ¥Y(T) WILL REPRESENT SPLNL
Y(141)=-Y(1) SPLN]
e e e e e = - S PN
SPLNL

R=X{2} - X1} SPLNL
YI s¥(2) = Y(l) SPLN1
T€ (J.EQ.2) GO TN 100 SPLNL
e -= --~SPLNL
IF THE FIRST DERIVATIVE AT THE END POINTS IS GIVEN, SPLNL

AT1) IS KNOwWN, AND THE SECOND EQUATIDN BECOMES SPLN1

MERELY B(1)+E{1}=¥{ - Q#D(1}. sPLnt
e e e e - e e SPLNI
Cl11=9#p1 11 SPLN1L
£{21=1.0 SPLNL
WI2)=YI-C(1) SPLNL
AN TO 207 SPLN1
--------------- - -— —mmmmm—m e —mm—e oo ————-§PLN1
IF THE SECCND CERIVATIVE AT THE £ND PCINTS 1S GIVEN SPLNL

BE1) 1S KNIWN, THE SECOND EQUATION BECCMES SPLN1
ATLIE(1)=YI~C.5¢Q+Q#D{1) . DURING THF SOLUTION OF SPLNL

THE 3N-6 EGUATICNS; Al wILL BE KEPT I& CELL C{2) SPLN1

IASTEAD OF C(1} T35 RETAIN THE TRIDIAGCAAL FCRM OF THE SPLN1
CCEFFICTENT HMATRIX, SPLNL
B amm—————————e - -—-SPLN1
Ct210.0 SPLN1
WI21=0.5¢G#g%Rn(1) SPLN1
M=N-2 SPLNL
IF{P.LE.LO) 6O TN 250 SPLN1
—————————————————————————— -— - = —m—wemmm—a===§PLN]
UPPER TRIANGULARIZATION NF THE TRICIAGONAL SYSTEM OF SPLNL
EGLATICNS FOR THE COEFFICCERT MATRIX FOLLOWS-- SPLNL
—————————————————————————————————————————— —— SPLNL
D200 T=1,¥ SPLNL
AT=C SPLNI
=X {142}~ XL1+1) SPLN1L
H4=A1/0 SPLNL
CI*1)==H/(Zz.0-CL 35011 SPLN1
AT )2 (=Y T-W{3%I-131/02.0 - CLI*1-1)) SPLNL
CU38T4#1)=-FoH/(H-C{ 2T} ) SPLNL
WidEE+#1d2 (Y [=W(3ET} I/ {H-CLI%1)) SPLNL
YE=Y{1+42)- Y(I[+]) SPLNL
C3%142)=1.0/01.0-C(3%T+1)) SPLNL
W 2= (Y T-R{3%T+10 ) /(1. 0-CU3%1+1}) SPLN1




800

DIGGES 02/G9/70
SPL1 - EFN SCURCE STATEMENT ~ [FN{S} -
ELR=1) IS ODFETERMINED DIRECTLY FRCM THE LAST EQUATION SPLNL
DBTRINED AAGVE, AND THE FIRST CR SECOND DERIVATIVE $PLNL
VALUF GIVEN AT THE EAND POINT. SPLN1
S ~SPLN1
IF(J.EQ.1) GO TO 400 SPLN1
COASN=-3)=(Q#Q*012 /2. 0-n [ 3%N=-4))/(3.0= C[3*N-41) SPLN1
G 1IN 800 SPLNL
Cl{3aN=-2)=(Q%D(Z2}-YI-WI3¥N-4})/(2.0=-CL32N-4)} SPLN1
M=3N—¢ SPLN1
IFEMLLELD) GO TO 10C SPLN1
——————— -— — SPLN1
RACK SOLUTICN FCR ALL COEFFICENTS EXCEPT SPLN1
A{1} ANC P{l) FCLLOWS—-- SPLNL
- B e T SR, - - -SPLNL
N0 &00 TI=1,M SPLN1
[=M=11+13 SPLN1
C{II=W{T)=CiII*C(I+1) SPLN1
IFIJ.FR.1) GO TO BOC SPLNL
——————————————————— -— - -—— - -~$PLN1
IF THE SECOND DERIVATIVE 1S GIVEN AT THE END PCINTS, SPLN1
ALL) CAN NOW BF CCMPUTED FROM THE KNOWh VALUES OF SPLNL
3(1) AND E{(1}. THEN A(1l) AND B({1) ARE PUT INTO THEIR SPLNL
PROPER PLACES 1N THE C ARRAY, SPLNL
---------------------------------------------------------------- SPLANL
CLLI=Y{2) - YL1)-%w(Z}-CLD) SPLNL
CL21=4(2) SPLNI
RETURN SPLN]
Ci2 =Wl 21-C13) SPLNL
RETURN SPLN1
END SPLN1
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29

N1GGFS 02709770

SPINZ - FFN SOURCE STATEMENT - [IFN{(S) -

SURRGUTINE SPLNZ? (NyXsY,CyV)
DIMENSICN X(1)eY{1)2C011avIED
VIin)=2,0
LIM=N=1
CETERMINE IN WHICH TNTERVAL THE INDEPENDENT
VARTABLE,VIL1).LIES.
N 10 I=2,1 1%
TFEV(L) LTI GO YO 20
I=N
[REVIL) BT LXINGY VIEN=3.0
G0 170 30
[FEVELYLTLxl1)) viS) =1.D

Q IS ThRE SIZE OF THE INTERVAL CGATAINING Vill.
7 IS & LINEAR TRANSFORMATICN CF THE INTERVAL
CNTO (Cel) AND IS THE VARIASLE #CR WHICH
THE COEFFICIENTS hERE CCMPUTED BY SPLNI.
0=x(1)1-X(J1~-1)
7=IN{1) X0 1=-1}}/Q
VA2 =({2*C{ IR T=2) 40 2% [=4) de7+C (3] =-5) ) *I+¥{][=-1)
VI =2 %240 (3] -3 )42, 0%C A% T-4) Y 47+C 1% 1-5) }/Q
VIA)=16.37+C (A% 1-3 )42, 0%C(3*]1=4}) /(C*Q}
RETURN
END
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Appendix IV
TRUNK CONSTRUCTION

The trunk section was made of a nylon-hypalon material. The dimensions of the
piece of material, before fabrication of the trunk, were 53-1/2 inches by 33 inches.
Approximately four inches of the length was used for attaching the trunk to the model
structure; the unpressurized length of the trunk became 55-1/2 inches. One-half inch of the
material was folded over and sewn along each edge of the trunk to increase the stiffness of
the edge {(see Figure IV-1). A strip of trunk material 1-1/2 inches wide was sewn along either
edge of the trunk to act as a sealing flap. When the trunk was inflated, pressure inside the
trunk pressed the flap against the walls, resulting in an effective seal. A nylon string inside
the fold of the flap was used as a drawstring to slightly decrease the length of the free edge
of the flap. The final width of the test specimen was 32 inches.

The trunk was perforated with 192 holes of 5/16 inch diameter. The holes were
arranged in 8 rows of 24 holes each, as shown in Figure {V-1. The centerline of the outside
row of holes was located 31 inches from the outside attachment point. A 1/16 inch
diameter hole was punched at each of the ptessure tap locations indicated in Figure IV-1.

The pressure taps used to measure static pressure on the outside of the trunk are
shown in Figure 1V-2. A 2-inch length of 1/8 inch O.D. copper tubing was flared and
flattened at one end to give a thin flat flange. The tubing was bent, as shown, and cemented
to the trunk over the 1/16 inch hole with a prepunched square piece of trunk material.
Plastic tubing was connected to the copper tubing, and cemented to the trunk for a short
distance. Thus, motion of the copper tubing and a corresponding deflection of the trunk
surface were prevented. The outside surface of the trunk had nothing protruding to disrupt
the flow, and the area in which the pressure was measured was a smooth continuation of the

trunk contour.
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TRUNK PRESSURE TAPS
FIGURE IV-2
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A section of the trunk material was tested for tension-elongation in a tensile test
machine. The results were used to predict the elongation of the trunk at various pressure
levels. Figure 1V-3 shows the resulting pressure-elongation curve for the trunk under test.
Equation (4-1) was used to relate the tension to the trunk pressure. All results presented in

Chapter 6 were corrected for trunk elongation.



Appendix V
DETERMINATION OF FLOW LEAKAGE

The flow leakage in the model was measured as a function of trunk pressure to
enable corractions to be made to subsequent flow calculations.

Before the holes had been punched in the trunk, the trunk was attached to the
model and inflated. In this manner, a measurement of the flow leakage between the trunk
section and the walls of the model was made. A 1.2 inch orifice was used for flow
measurement because the flow rate was quite low, The flow leakage measurements are

presented in Figure V-1.
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Appendix V1
COEFFICIENT OF DISCHARGE OF TRUNK

The coefficient of discharge of the trunk (C,} is the flow coefficient for the entire
orifice area of the trunk (aj), in the absence of cushion pressure.

With the movable floor removed from the model, the air gap between the trunk
and the bottom of the model was sufficiently large that no restriction was presented to
trunk flow. Thus, the pressure on the outside of the trunk was equal to atmospheric
pressure. The system was operated throughout an extended range of trunk pressures, 10-140
psf, and the data required for flow calculations were recorded.

The ideal rate of flow through the holes would be that predicted by a

combination of the laws of conservation of energy and mass.

[2g
Qid(CfS) = —"—0- pj (a]) (V1-1)
Y

The coefficient of discharge of the trunk is herein defined as the ratio of actual jet

flow, when there is no cushion present, to the ideal jet flow.

Cy = (VI1-2)

To make the results applicable to subsequent runs when a cushion exists under
part of the trunk, C, was plotted as a function of Px/Pj- Py is defined as the average of the

absotute cushion pressure and atmospheric pressure.
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