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Abstract

The Air Cushion Landing System is a scheme to replace the wheeled landing gear
on aircraft by a peripheral j=t 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 materia! stretches and forms an elongated doughnut-shaped protrusion on the
underside of the aircraft. The air flow s 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 analytical relationships bulween the variables associated with

tha Air Cushion Landing System. Incluzed 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) Cumputer programs for predicting the cross-sectional area and shape of

the elastic trunk.




1) The development and test of an analytical mode! which predicts '

dynamic response of the system to landing impact.

(f) A discussion of the design corsiderations for the systern,

Preliminary experimental data is presented to jllusirate that agreement between

theory and experiment is good.
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1. INTRODUCTION

11 Statamont of the Prohlom

The purpese ol thin waork is to develop design techniques 'which can predict
analytically the power requircinents and dynamic response of a unigue air suspension
system which can be used to replace the landing gear on aircraft. The particular system
analyzed will be refeired 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, 5, 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

S F =,

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 suppiies the air for the system. In the

following chapters, relationships are developed which relate the pressure and flow to the

o Al

resulting ground clearance and overpressure beneath the aircraft. For the purposes of this
work, the effect of forward velocity is neglected.
| The dynamic response of interest in this work is the response of the air cushion
trunk to landing impact. It is desirad to predict the forces and motions which result from a
residual vertical velocity of the aircraft at touchdown. Of particular interest are the
E maximum acceleradon and the maximum trunk defiection for a given aircraft weight and

sink rate. For the purpose of this work, only vertical forces and motions are considered.
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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
anaiytical 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 cross-sectional 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 foliowing design tools are presented:

{a) The power-jet height parameter, Cpq, developed in Chapter 3 is
valuable dimensionless parameter for comparing the relative vffectiveness of competing
designs for minimizing horsepower and maximizing jet height. The value of C;,q for & design
may be determined easily by test, thereby eliminating a complicatad znalysis. The parameter

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

(b} The trunk shape analysis developed in Chapter 4 :wovides the
capability of analytically evaluating the effect of trunk length, attachment poi. 1s, 1. »fai
elasticity, cushicn pressure and trunk pressure on trunk shape, volume and siitf - .. * e

accuracy cf this analysis in predicting trunk shape is illustrated by Figure 6-b (Pagz 153},




(c) The resitrictor flow theory developed in Chapter 5 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 resultina footorint
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 iHustrated 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 suppcrt. 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
around  An nuarnragcurs ic maintainaed in tha cavity ac a concequence of equilibrium
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 nct new. Machines which utilize this principle are callied
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.(7.8)"

Figure 1-2(a) shows the AVROCAR, a peripheral jet concept which was studied
by AVRO between 1954 and 1962.(9.10,11.12,13) pecearch 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.(14'15'16'17'18) 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'zo) The major difficulties anticipated were stability and excessive

energy losses.

*Numbers in parentheses refer to references.

LA
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ONERA,(21,22) y118123.24.25,26) 4ng pORNIER!27) have studied wings of
various shapes equipped with peripheral nozzles. 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 large power reguircrionts.

The concept developed jointly by Bell and the Air Force Flight Dynamics
Laboratory is unique.“'2'3'4) It utilizes a jet height of less than one inch, thus reducing the
power requirements to an acceptable levei. The use of flexible skirts around the periphery of

the air cushion greatly increases the stiffness and energy absarptive properties of the system.

1.3 The ACLS Concept

The Air Cushion Landing System completely eliminates the conventionai 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 i-3. The elongated
doughnut shown on the bottom of the fuselage is call a trunk. T he 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 repiacing the
landing gear. Brakes are actuated by applying pneumatic pressure to the pillow sections

shown on the bottam 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 approimate footprint pressure of the ACLS under equilibrium
conditions, The aircraft is totally supported by the cushion of air maintained under the
fuselage. Under a large roll anyle, ihe fuutprint 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 & 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 low 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 US. 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(h). 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-130.17:28) 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.(a) Much of this work can, and has been appliéd to predicting the
static performance of the ACLS. However, the design of the trunks and tha peripheral
nozzles on the ACLS are considerably different from the design of the same items un Alr
Cushion Vehicles. A comparison of the three designs is shown in Figure 1 -7. The left fugure
shows the cross section of a typical plenum chamber with a flexnble skirt. The mlddle flgure
shows the cross section of a typical ACV peripheral jet trunk. The continuous perlph?ral

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 j‘ets.

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

2.1 Methad of Approach v Frobiem

it is desired to predict the interrelationshi, among load 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 ot operation,
There are also eight dependent variables of interest. Consequently, it is necessary to develop
eight independent equations which reiate 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 velocity 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 Sections 2.4 through 2,9,

22 Background

The Air Cushion Landing System is generally similar in design to Air Cushion
Vehicies shown in Figure 1-6. 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 jet system wil! be considered in this section. Distributed jet
systems will e presented in Section 5.
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A number of flow theories have been édvanced to predict the plenum pressure
which will result from & peiipheral jet of a given design.(8> These flow theories fall into
three general categories.

The first category invoives the development of an exact solution of the
Navier-Stokes equations of the jet flow. The viscous exact theory developed by Bochler(30)
falls into this category. The resuiting 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,(3”
Strand,(32) Ehrich,(33) Cohen,(34) Bligh,(as) and Roche(36) 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.(8,:37)

The third category involves an approximation of the exact so!ution 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.(aa) 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 simpie nonviscous momenium theory.

The nonviscous momentum theories differ principally in the assumption made for
the velccity profile across the jet. The thin jet theory(?’g) assumes a velocity across the jet
which is constant and independent of cushion viessare. It is applicable only for large jet
heights or low cushion pressures. The exponential theoryMO) assumes an exponential
velacity profile across the jet. The Bairatt Theory(‘”) assumes a velocity in the jet which is
inversely proportional to the jet radius of curvature, garl{1) developed a semi-empirical
reiationship 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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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 Develonment of Common Relationstips
2.3.1 Approach
In this section, the variables associated with peripheral jet perforn.ance are listed,
the laws which have been applied are stated, and the relationships which are common to all
the peripheral jet theories have heen developed.
¥ ——l
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Khanzhonkor(”' and Fujita (43) developed separate analyses for suspension
systems which employ two peripheral iets to provicde a “double seal’” Khanzhanknr ead
the exponential theory and Fujita used the thin jet theory to predict the flow and pressure
ratio acruss each jet.

A number of other authors!®:37) have used the nonviscous momentum theories
to predict flow performan.e of peripheral jet air suspension gsystems. The momantum
theories which have been reported tn give the best agreement with test results are the
Exponential Theory and the Barratt Theory.(4o'37)

In the sections to follow, the most prevalent nonviscous momentum theories will
be summarized. The development of relationships which are common to all 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,

UL ISR DIP SO PR
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The variables involved in the problem ara shown on the idealized madel of an air

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

Independent Envirunmenias

Py ~ Atmospheric pressure, psfa

P — Atmospheric air density lb/ft3

Independent Design Variables

A, — 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 nozzie gap, ft

é — Effective nozzle angle, radians

independent Operating Variables

hp — Energy per unit time contained in air supplied to the jet, horsepower
w A — Weight of aircrafs, Ib

Dependent Variables

d — Jet height, ft

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

PeiPy) Cushion pressure, psfg (psf)
PRy - Trunk (jet) pressure, psfg (psf)

p (P} — Pressure at an arbitrary point inside the jet, psfg (psf)
Qj —~ Flow rate of air from jet, 1t3/sec
R ~ Radius of curvature of the path of an infinitesimal element of gas

in the jet, ft
— 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 variabies and the dependent variables for fixed values of

the independent environmental and design variables. Such relationships wouid aiiow tie

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 principies 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 grovnd and at ground level gives:
WA = f (pg, Ag) (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(d6,1 (2-3)

DAlembert’s principle applied to an element within the jet gives:
P E- f (p,v' R) (2'4)

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

P; = £(P.v, p) (2:5)
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{f) Conservation of mass applied to the jet at its exit plane gives:
Qj = f(v,t) (2-6)
(g Force equilibrium applied to the cushion seal gives:
d = flpg J, 6) (2-7
{h) The definition of momentum appiied to the jet gives:
J'= f(S, pj. 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 develop
these two relationships first, then develop the remaining relationships based upon various
thecries of flow in the jet,

The development of the first two relationships, which are common to all flow
thearies for the peripheral jet, is presented in Sections 2.3.2 ard 2.3.3.

2.3.2 . Force Equilibrium

Force equilibrium may be applied to the air cushion vehicte 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 flow,

stiffness and geometric characteristics.

2.3.2.2 The center-of-gravity of the aircraft is directly above the center of the
air cushion.




23.23

23.25

20

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

the plenum.

All flow intn tha trunk axhausts throuah the peripherat jet.

The net vertical thrust from the peripheral jet is negligibie.

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

the ground and at ground level gives:

2.3.3

Wa=p cAc

(2-9)

Conservation of Energy Invalving 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:

the air.

23.3.1

23.3.2

2333

2334

2335

The air is incompressible.
The air is inviscid.
Energy losses are negligible.

Flow is adiabatic.

The air velocity in the trunk imay be neglected (P = Pj, where P, = total

pressure).

The work done on the air by the fan must produce an increase in the energy of
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Wf = (P’-— Pa)Vf

where: Wf is the work dane by the fan per revolution and

‘v'f is ihe air voiume cisplaced per ravolution,

The above equation may be differentiated with respect to tire.

dwe  dVg

a P
Written in terms of horsepower input to the air, the reiationship becomes:

Q.
hp =PI (2-10)
560

24 General Tachnique for Developing Flow Relationships

241 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 2.6 through 2.8.
Each of the theories also has additional assumptions pecutiar to the particular theory. The

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

2.4.2 Geometric Compatibility

The various theorles ditier 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 foir 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 wili
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be referred to as the jet thickness parameter. This parameter is represented by the symbo!

X and is defined as follows:
X u%n + sin @) : (2-11)

2.4.3 D’Alembert’s Principle Applied to the Jut -

A relationship involving the pressure, the velocity and the radius of curvature of

the jet may be obtgined by applying d'Alembert’s principle.

The following assumptions are applicable__:

2.4.3.1 The viscosity is negligible.

24.3.2 The density of the gas is cunstant,

2.4.3.3 The pressure and velocity along any streamline is cor;stant.

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

alement of gas shown in Figure 2-2, The resulting equation is:-
2 dR P .. dr . 4R,
Lam = (P+aP) (R+S) dn--2(P+ ) tin SLdR - PIR -~ Tyen

The above equation may be simplified by eliminating thi;'d order wifferentials-and

introducing the following substitutions:

dn

dn
L gin—-
2 sin 2

R[2WR dn = dm
99,
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The resulting equation becomes:

pv2

— dRdn = dPdn

Yph

Since dn # 0 it is powible to divide by d7 to give a simple differential eguation

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 = 2 — (2-12)
9 R

244 Congervaticn-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.
2.4.4.2 The air is inviscid.
2.44.3 Energy losses ure negligible.
2.44.4 The flow is adiabatic.

24.4.5 Theairvalocity in the trunk may be neglected.
2.4.4.6 The total pressure is everywhere constant.

2.4.4.7 The air velocity in the trunk is @

(where P, = total pressure),

qual +n zero and the pressure Pi = Py

g S S U VP SIS P VN VPO
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2448 The flow velocity is perpendicular to the exit plane DF.

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

2.4.4.10 The energy along any streamline is constant.

The conservation of energy principle may be applied to an arbitrary sireamline(s)
in the jet shown in Figure 2-2. Tt 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 negligible heat transfer,
work, frictional losses, gas compression, and change in height during the flow process, the
energy balance becomes:

P, V2 P V2

IR SRR

P 29, p 29,

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 12 from the above equation. The resulting equation Is:

2
P+ (2-13)

H.r
p P 23,

Equation (2-13) gives a relationship between the trunk pressure and the pressure

and velocity at any point in the jet.

24.5 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 model 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 curnmed in the radial direction. The resulting equation is:

Re
=5 j v dR (2-14)

R

Q

a
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 n . It is generally canvenient to evaluate the flow at tive exit plane

where n=902+ 4.

24.6 Force Equilibrium Applied to the Jet Sea!

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

added:

2.4.6.1 The surfaces abova and below the air cushion are rigid and impervicus.

24.6.2 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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2.4.6.,5 The total momentum of the jet at the nozzie exit plane {Section DF,
Figure 2-2) is equal in magnitude to the total momentum of the jet at

the cushion exit plane (Section EG. Fiaure 2.2}

Under equilibriur conditions, air neither eniers nor leaves the cushion (plenumj.
The cushion pressure is maintained by the reaction which results from the momentum
change in the peripherai 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:

peSd =90 _L (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 11 1 d(wy
=__ —s + E - E wv
Fy T {3y % i 5 Wy x

out in

If the velocity and flow rate are assumed constant, and the geometry of Figure
2-2 is applied, the resulting equation is

d 1
— By — =) (1+si 21
& () ” J' (1+5sin6) (2-16)

where

Jl

wv
9o
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24.7 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 alaong any streamline is constant (Assumption 2.4.3.3). Consequently, jet pressure is
independent of  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 resuit is:
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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 o*
Assumption 2.4.3.3 the velocitv 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
2.5.8, 2.6.8,and 2.7.8.

248 Momentum

The magnitude of the total reaction of the jet at the nozzle exit plane (Secticn
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 tlow acrass section
DF. The result is

Re
w = pS f vdR

Rq

The integration is performed at Section DF. This section is specified by holding
the angle 7 constant at 90° + 8 . By applying the definitior of momentum, Equation
(2-16), and by using the mass-flow-rate relationship developed above, an expression for the
magnitude of the total jet reaction may be developed.

Re
J'=gis fvz dR (217)
o Ry

The integration is performed with n = constant =90 + 86 ,

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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2410  Jet Flow

The ditterent momentum theories predict ditterent tlows 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
25.10, 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:

290
o = tSJ—p—wn tliee/mp. X

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 Cpy.

2.4.11 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/pi = 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:

Wa)(gj\
Pe/Pj = (1 || a ] 550

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

relating the independent variables WAand hp to the resulting jet height d.
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The pc/pi = §[X) relationships for the three momentura theories have been
developed in Sections 2.56.11, 2.6.11, and 2.7.11. The re.ationships involving aircraft weiaght
) A’ horsepower (hp) and jet height (d) have been developed in Chapter 3.

25 The Thin Jet Theory

256.1 Approach and Assumptions

In Section 2.3.2, Equation (2-9) was developed which relates aircraft weight to
cushion pressure and area

w A= Pc Ag {2-9)

In Section 2.3.3, Equation {2-10) was developed which relates input power to
trunk pressure and flow.,

Pj Qj

hp = (2-10)
550

it is evident that if a relationship between p. and P 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 Qi 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 3 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 impaosed:

i e e e i TR




o R

ARt

N Cei et v

32

THIN JET THEORY
t<<d
P =P,

* —
///fﬁ’/ /// //////Z/f
d
SIN O

R & —

MODEL FOR THIN JET AND EXPONENTIAL THEORIES
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The radius R is constant in magnitude.
The velocity and pressure variations are linear acrcss the jet.

The increments dP and dR in Equations (2-12), (2-14), and (2-17) may

be replaced by the finite quantities:

AP = P ~P, and AR=1
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 = R,

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 lincar and the

average pressure may be expressad by the relation:

P =P, +f(Py—P, (2-18)

where 0 < f < 1. Therefore, P, >P 2 Pa' The value of f may be
determined experimentally. Chaplin (39) suggests the use of f = 0.
‘Stanton-Jones(‘m) and Gates(44)  have developed theories using a
value of f = 1. For the purposes uf this development, f = O will be

considered.
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Geometric Compatibility

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

d
R = e 21
1+sing (2-19)
D’Alembert’s Principle

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

G o

In the above equation, bothp, and v are unknown quentities. The calculation of Pg is
dependent upon v. In turn, v is dependent upon P wnich is determined by the choice of f

in Assumption 2.5.1.7.

Conservation of Energy

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

2
P =P+h (ﬂ —) (2-21)
95 . '

Conservation of Mass ;

Conservation-of-mass applied as specified in Section 2.4.5 tagether with

Assumption 2.5.1.3 gives:

Qi =8tV {2-22)

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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PdS = J(1 +sin 8) | (223)

2.5.7 Pressure Variation

!

The pressure variation across ‘the jet is constant and equal to the value assumed in
Assumption 2.5.1.7,

P =P, , , (22

25.8 Velocity in the Jet

l

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:
o 2q.
v = _..E.o_ (p) (2‘25)
p .

25,9  Momentum .

The reaction of the jet- may be determined by combining Equations (2-16),

i

(2-22), and (2-25), The resultis:

=2 Spjt ; ' ' (2-26)

©25.10  Jet Flow

The ﬂow_ may be determined by corr'wbinlng: the enerdv and mass-conservation
equatibns, Equations (2-21) and (2-22), and applying the pressure equation, Ec:uation
(2-24). The result is: :

_ 2, |
Qi = St (—p') (p]) . ) (2-27)

b i h s i ] el W
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2.5.11 Pressure Katio

The pressure ratio tor the system may be obtained by combining the equiiibrium
and mcmentum 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 pC/pj 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 p, and p; 0 that input horsepower,
Equation (2-9), and aircraft weight, Equation {2-10), can be directly related.

The exponential theory was advanced by Stanton-Jones.(4°) 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 R,
2.6.1.2  The radius R, is tangent to the ground at Section EG of Figure 2-3.

2.6.2 Geometiic Compatibility

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

seen that the following relationships hold:

d
Re = 1+sinf (2-29)
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Rg = Ry + t (2-30)

263 D’'Alembert's Frinciple

Assumption 2.3.3.1 applied to the D’'Alembert equation (2-12) gives:

dP
7 = 2 [dR (2:31)
v %R,

R

The variables of integration in the above equation may be rhanged to eliminate

the R, and R, variables. The integration is perforred along the z axis (at Section DF in
Figure 2-3) between z=o and z=t. By applying the new dummy variable, 2, and using

Equations (2-29) and (2-11), the R variable may be eliminated from Equation (2-31). The

result is:
P

C t

P X

f £-2X f dz (2-32)
v 9 t

Pa o

264 Conservation of Energy

Conservation of energy applied as specified in Section 2.4.4 gives:

2
v =S0p _p (2:33)
p

2.6.6 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)




38

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) (2-3b)

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 2/t
p = pjll—s 2t (2-36)

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

2.6.8 Velocity in the Jet

The velacity 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 = (B g (e =X (2:37)
p

2.6.9 Momenium

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

V=p— | vidz
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Substituting in Equation {2-37) and integrating gives:

J=2tsp; [j’; § —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

is:
{2 R
a=ts (2o (P —=[(1 —e~X)] (2-39)
p X

26.11 Pressure Ratio

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

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

p/pj = 1—e~2X (2:40)

2.7 The Barratt ‘| heory

2.7.1 Approach and Assumptions

The Barratt theory has beer reported to provide quite accurate predictions of the
performance of a peripheral jet.(40'37) 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.




j STAGMATION —
f PRESSURE

CONTROL VOLUME

—— gueme-  Ammn P s

A

Pe

| , 3

i L@ ‘
l i :
7 A A, =3
7777 |

» R,

MODEL FOR BARRATT THEORY
FIGURE 2-4




Diabinl )

41

Barratt's theory(“) 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, ¢ dnas not

huve to be tangent to the ground.

in addition to the assumptions made in Sections 2.3 and 2.4, the followirg

assumptions are made:

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

{shown 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 jet has been deflected is

e e e R AT TR T e T i e T 2 T T Te——

equal in magnitude to the exit plane jet momentum.

r 2.7.1.4 The pressure along any streamline is constant.

2.7.2 Geometric Compatibility

From the geometry in Figure 2-4 it may be seen that at Section DF

s~ Re = Ry + t (2-41)

i Based upon Assumption 2.7.1.3 it is possible to use geometric compatibility to
E calculate the charge in momentum of the jet. The angle through which the jet turns is 90° +
|

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

: d . , .
| * W= J(1 +sin6) g,

I
¥
)
|
}
J
1
!
y
3
|
P
P
i




g v e

2.7.3

274

42
D'Alembert’s Principle
D’Alembert’s Principle applied as specified in Section 2.4.3 gives:
2
daP . v 2-43
dR Rao ( )

Conservation of Energy

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

(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 {(2-44) with respect to R and applying

Assumption 2.7.1.2,

2,785

dpP p dv
m——— g =V — .

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

Conservation of Mass

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

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 compatibiiity relationship developed in kquation {2-41) gives:

Pe 8d = 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
fﬁ'; = - jiﬂ_ (2-48)

At the inside to jet boundary (streamline s}

By integrating Equation {2-48) and applying the boundary condition to evaluate
the constant the fol;owing equation is obtained:

R, |2
P=P +-E (P—P) (2-49)

At the outside of the jet boundary (streamline s),
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Equation (2-49} evaluated at the outside boundary gives:

R —
2 - / ~P /P, (2-60)

R
e

278 Velocity Variation

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

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

dv dR
/T =~ | R (2-61)

R = Pa
v = Va
P =P,

By Integrating Equation (2-61) and applying the boundary conditions, the

following equation results:

vy may be expressed in terms of Pi by applying v=v, where P = P, in the

conservation of energy equation (2-44). The result is:

/2
Vg = i’.Pj
P
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The last equation may be substituted into the general velucity equation to yield:
R -
RY »

279 Momentum

The total reaction of the jet may be determined by substituting the value of v
given by Equation (2-62) in the momentum equation, Equation (2-17), and integrating
between the limits R, and R. The resulting equation is:

AV
dR
J=25(R,)2 p; — (2-53)
a ] Hz
a
Integration gives:
R -
J = zspi a(Rc Ra)
Re

Equations (2-41) and (2-50) applied to the above relationship give:
I'=28pt/T=plpj (2-64)
2,710  Jet Flow

Jet flow may be determined by substituting the velocity eguation (2-62) in the
conservation of mass equation (2-46). The resulting equation is:

R(’.}
/2 dR
Q; = SR, o (o)) e (2-55)
v e R
a

Intagrating and applying Equations (2-41) and (2-60) gives:
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— o
t8f~ (py) —-——-——p"p %
P 1-

\/1—'“9 Iog pc/pi) (2-56)
/P

2.7.41 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:
PP, = 2X (\/ X241 - X ) (2:67)

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 planum 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 ro 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 consarvation-of-mass applied to the air flowing from the
power source. The assumptions made in Sectior 2.3 apply, but those made in Sections 2.4,
2.5, 2.6, and 2.7 do not apply.

The additiona! assumptions required are:

28.1.1 The air is incompressible.

(RO
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i 2.8.1.2 The air is inviscid.
2.8.1.3 Energy losses are negligible.
2.8.1.4 The flow is adiabatic.

2.8.1.56 The air velocity in the cushion may be neglected (py = p., 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. "

28.2 Conservation-of-Energy Applied to Exhaust Exit Plane

The conservation-of-energy equation may be written:

=P, + P 2 (2-58)

i§ p
2go

il c

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:

Qp = v dp Sp Cq (2-69)
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where the subscript p refers to the plenum.
Equation (2-59) expresses the total flow from the plenum chumber in terms of

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

284 Conservation-of-Energy invoiving the Power System

Using a development similar to that given in Section 2.3.1, the horsepower
delivered to the plenum is:

= PO
550

hp {2-60)

2.8.5 Determination of Flow

Flow from the plenum may be obtained by combining Equations {2-568) and
(2-69). The result is:

f29
Qp = _P?_ (Pe) Cd Sp dp (261)

Equation (2-81) 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 dstermined from Equations (2.61) and (2-60). The
result is:

hp

1
- (pe)3/2 Spdp Cy [ 295 % (2 °2)
550 P

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.
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3. COMPARISON OF FIL.LOW 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 paramcters are widely used in the literature of Air Cushion Vehicles. These

parameters include:

(1) A, the jet augmentation ratio is defined as follows:
_ total vehicle lift force (31)
! reference force

A number of different reference forces are used in the Iiterature.(a) In this
chapter, the reference force is the thrust which could be generated if the exhaust weie

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) (3:2)
trunk pressure (gage)

Pe/pj =

The recovery pressure ratio is discussed in Section 3.2,

(3) X, the nozzle thickness parameter which was defined in Section 2.4.2 as
follows:
X =2 (1+sin8) (211
d
49
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g The nozzle thickness parameter is discus :ed in Section 3.3.
:
F Three additional porameters not found in the literature are 2lso defined in thic
b
chapter. These parameters include:
:
(1) Cq. the cushion pressure coefficient is a flow coefficient. This
‘ parameter is developed in Section 3.4.
’ (2) Chy. 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 dimensionless 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

TR e R ey

The ratio of cushion pressure to trunk pressure is known as tha 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.

E
|
t
:
E
-
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3.3 tNozzle Thickness Parameter
The nozzle thickness paramete: was defined in Section 2.4.2 as follows:
X = _}j (1 +5sin 6) (2-11)

This parameter relates nozzle geometry to jet height. For a given design, the
nozzte thickness {t) and the jet angle ( 0) are relatively constant. Equation {2-11) shows that
the jet height {d) and the parameter (X) are inversely related. Cansequently, the nozzle
thickness is valuable in showing the interreiationship between the independent variables and
the jet height., This interrelationship has been shown by graphs of various nondimensional

parameters plotted against the dependent variable F'c/Pj-
Graphs of 1/X versus pclpj for the three flow theories are presonted in Figure 3-1.

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

3.4 Pressure Coefficient '

The picssure coefficient, Cq, is,iﬁ fact, a flow coefficient which is dependent
upon the recovery pressure ratio (pc/pj>. This . efficient 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 thai the pressure on
the atmospheric side of the jet. Consequently, a velocity and a flow gradient may exist
across the thickness of the jet. [t 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 2.5.10, 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

Q; = t5|2% (py [1] (2:27)
P
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Exponential theory

0 = tSJ (pj L—-(] —e ")J (2-39)

Barratt theory

2 1 - po/pi ~Y
Qi = tSJ -2 {Pj) J c ) log e (1 - pc/pj) (2:56)
p 1=/1- Pe/Pj

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

coefficient, Cq.
The prossure coefficient, Cq, is defined from Equations (2-28), (2-39), or (2-56)

as follows:

Cq = (3-3)
tS /=G ®j)
]

Graphs of Cq 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) = St /3;&1“)]) CaCy (3-4)

Cy, = coefficient of discharge for jet nozzle with pn/pj =

where:
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Cq = pressure coefficient which compensates for pressure gradient across the jet.

3.5 Power Thickness Parametar

The powser-thickness parameter, Chy is @ 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:

p; Qi
1) (2-10)

= /20
Q; = St _}g(pj) Cq Cyx (3-4)

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

hp = (p,)3’2 st [%o Ca Cx (3-5)
p 560

A dimensionless relationship may be developed by rearranging Equation (3-5) and

dividing both sides by (pc)sl 2, The resulting relationship forms the basis for defining the

power-thickness parameter, Cjq.
{hp) (650) P: 3/2
n( ]\) CQ CX (3'6)

St /"_’9_2 (pe)3/2
p

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

Che =
Pe

parameter C., is directly proportional to horsepower. A plot of p./p; versus C¢ (see
ht c'VFj ht




57

e

7/
-

= = EXPONENTIAL

1'/

i o ——

— . e -

<

THIN TET

o5
PR

5.0 1

4.5
4.0

nadlih i -,

e bt Dt D TRt s Ll SRS e ey o

V5
&0 4
L5
/0 4

O|54

0 &s.

POWER-HEIGHT vs p, /P,, SIMPLE JET THEORY

FIGURE 3-4a

————




e ey

T T YR e [ e W e e - - 1

LT R e, ——"

LGt

58
50 EXPONENTIAL THEORY
OO
20° - —
.5 °
45° cmmene
60° — = —
4.0 4
n.5
=04l
]
~ I
3
253
2.0
\
154\
\
\\
\\
\
L0 \\\
AY
0.5
_Q.g\f: ) v v A ~ — 4 n L L] T v
0. O] 02 03 04 O5 D6. 07 _0F _89.. 10 ..

IR/B

POWER-HEIGHT PARAMETER vs P./P,, EXPONENTIAL THEORY
FIGURE 3-4b

ST .




Ln
~ND

BARRAT 7. JTHEORY

$.0 4
% ——
. DO e e
459 PP
0% e

4.0 4

75

" 4 * f———
04.. 05, 06. 07 08

POWER-HEIGHT PARAMETEIR vs P, /p‘, BARRETT THEORY
FIGURE 3~-4c¢




i gy ppr—— - g

00

Figure 3-3) shows how, other parameters being constant, increases in trunk pressure cause

increases in horsepower,

38 Power-Height Parameter

The power-thickness parameter, deveioped 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 (3-8) by the ratio (t/d). The result is defined as Cy, the power-height parameter.

hp|[660| 1 1 o 372
Chd=(—)(——) — =l CqC ]
d S [232_ (pc)3/2 a|\5e Q%x (3-7)

P

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 Cq should
be selected as a design point.

Graphs of Cy 4 versus pclpj 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/pi =04 to pc/pj = 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 Iiterature,(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:

£ressUre suppor i T aciual jet thrust in vertical direction
ideal jet thrust

Al

or

Pc Ac * Ficose (3-8)
Fi

Al=

An expression for Fi 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:

Fj = 2Stp (39)

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

A -
Al = cosd + (pe/p;) _i_s,cf (3-10)

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
D
Ac—7r _
4
S = 7D

The recovery pressure (pC/pj) may be written:

= t
PP} = 27 {1+sin @)

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

A =cosf + 1 (1+sin6) (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 simple jet theory were
assumed in developing Equation (3-11).
The influence of d/D on A, for various values ot jet angle 6 is shown in Figure
3-5.

3.8 Summary of Results

The influence of pc/pj 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/pi 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 F‘c/Pj implies an increasing Pjr if pe
is held constant. The figure suggests that jet height increases witn increasing Pj: This result is
intuitively appealing. The three theories shown give similar results for small values of pc/pi
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
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its relative simplicity and its close agreemant with the more complicated Barratt theory. The
simple jet theory {with f=o0, Eq 2-18) is accurate only at low values of pc/pi and X (say pc/pi
<0.4 and X <0.2). It is usaful in developing simple preliminary relationships and trends.

The intluence ot 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/pi is desirable to minimize this coefficient.

The influence of pc/pi on the power-thickness parameter is shown in Figure 3-3.
The parameter, Cy,, 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
(low values of pj) are desired for minimum power.

The influence of pc/pj on the power-height parameter (Cy,4) is shown in Figure
3-4. It is generally desirable to minimize power and maximize jet height. For constant p,
(aircraft weight), and fuselage perimeter (S), a minimum Cp4 would give a maximum jet
height and minimum power input. Figure 3-4(a} shows that both the exponential and the
Barratt theory give Cp 4 curves with minimum values around pc/pj = 0.7. Since the curve is
flat in the region of pc/pj = 0.4 to pc/pj = 0.9 a considerable latitude exists in selecting an
optimuin Pc/Pj'

The influence of 8 on the power-jet height parameter is shown in Figure 3-4(b
and c¢). The curves show that a high value of 8 is desirable. However, if 8 becomes too large,
the flow will attach to the underside of the aircraft and momentum seal will be lost. A value
of @ = 60° is generally considered as the maximum practical.

The effect of the jet height to cushion diameter ratio on augmentation ratio for a
circuiar cushion is shown in Figure 3-6. The figure shows that it is desirable 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 generally 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.

fri summary, Figare 3-3 shiows that power decreases with increasing pc/pj if fet
hainht is aliowed to decrease, However, for a specified value of jet height it is desirable to
select a value of pc/pi 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 o of at least 30°. Larger angles, up to 809, give slight
additional benefits in minimizing the power-height parameter. Finaily, Figure 3-5 shows that

it is desirable to make the vehicle diameter large and the jet clearance small for maximum

augmensation,
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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 truni
ars necessary in determining the fiow 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.

Tha 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 illustrated 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 dviamic 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 layar of air. The trunk shape associated with this type of |oading

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 1l respectively. Appendix Il contains a

computer program for predicting the Free Trunk Shape including the effects of trunk

matertal 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.

Esgar and Morgan(45) conducted an analysis of the energy absorptive

characteristics of gas bags of various shapes and at various rates of gas bleed. The study
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a(;) x coordinate of (horizontal distance between} trunk attachment points,
3 ft.
4 -
! b(b) y coordinate of (vertical distance between} trunk attachment points, ft.
'
1
5 e distance be*ween lower trunk attachment points, ft (see Figure 4-8).
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included cylindrical 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 straignt

fine ax 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

unider both free and loaded conditions are presented. Digital computer programs which
evaluate the trunk shape foi these conditions are presented in Appendix | and Appendix I1.

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

are presenied in Section 4.3,

4.3 Development of Commaon 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 botn problems

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

grouped as follows:

independent Design Variables

R AR b e e et et s . _
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" cross-sectional length of trunk material, ft.

2, cross-sectional lenath of tha trunk matarial at the desion nnint, #t (eea
Figure 4-14).

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

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

Independent Operating Variables for Free Trunk Shape

Pc(Pc) = cushion pressure, psfg (psf).
pj(Pj) = trunk pressure, psfg (psf).

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

Yo = vertical distance betwsen the aircraft hard structure  and bottom of

the trunk (ft).

Dependent Variables

24 length of trunk segment inscribed by angle ¢ 4, ft.

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

fq length of trunk segment flattened against the ground, ft.
Ry radius of curvature for segment £ ¢, ft.

R, radius of curvature for segment 2 2 ft.
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L tension in trunk material, pounds in tangential direction per foot-length
in tha avial diraction th/#,
X distance from aircraft center of gravity to center of pressure of t™e

trunk footprint, ft.

Xj x coordinate of ith point, ft.
Y| y coordinate of ith point, ft.

| #1 central angle formed by trunk segment £4, radians.
$9 central angle formed by trunk s.gment ¢ 5, 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 hold for both trunk shapes. The difference in the two problems
lies in the geometric compatibility assumptions. Consequently, the first v culationshing

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 £ attached to the structure at paints (a,b)

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

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:

AN N e v iml: hoakh aiina ana o vecvsbhoecme Ph.ia {6 Loacacn o camuancwd of o0 fola
Teondodas | THE LWHIN WJGHOYUS dO O 1HBINIMIANIT. 1 1IWD (L 1V 9 JeYIIgin 1 & ity it
when subjected to internal pressure loading.
1
4.3.2.2 Reactions from the nozzles are negligible.
4.3.2.3 The tension in the trunk is constant in the Sections 24 and 2.
P
If Based upon the assumptions, a free body diagram of the loading on the two
|
|

(Pj—P) 2Rsin® = 2T;sin®
; 2 2

Applying this force balance to the two trunk sections and simplifying gives:

Ty

pj R1 (4-1)

and

T T TR ey T

Ty = {pj—pe) R2 (4-2)

4.3.3 Load-Elongation of the Trunk

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

relationship is:

Q=0+t % (4-3)




(ﬁ) DIAGRAM OF PRESSURE-TENSION EQUILIBRIUM
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(b) DIAGRAM OF TENSION COMFONENT
FREE BODY DIAGRAM OF TRUNK LOADING
FIGURE 4-3
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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
t&ihsiGiteivngation curve tor a trunk material is shown in Figure 4-14,

4.34 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

44.1 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 (x5, ¥o).

4.41.2 The trunk is assumed to be tangent to the ground at point (x,, y,). No
flattening of the trunk around point (x,, yg) is allowed. This

assumption requires that the centers of curvature for radii R4 and R,
have the same x coordinate.

4.4.2 Geometric Compatibility (Free Trunk Shape)

The assumed trunk geometry is shown in Figurs 4-1.

'i
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In order for the trunk segments formed by 91 and 522 to both be tangent to the

ground at (xg, ¥o) the centers of curvature must have the same x coordinate. Thus

Xy = Xg (4-4)
X2 = Xg (4-5)
The distance between (o0, o) and (x9, y9) is Rp

(xg—0)2 + (yp - 0)2 = Ry2 (4-6)
The distance between (x y4) and (a,b) is R4

(xq — a)2 + lyq — b)?2 = R12 {4-7)

The distance between (x,,y,) and (x2.yp) is Rg. Since x, = x, the distance is

simply the y distance:

Y2 - yo = R2 (4-8)

Similarfy, the distance between {Xq, ¥o! and (xq,v9) is Ry.

Y1 — Yo = Ry (4-9)

The arc formed by £ 9 is defined by ¢5. The angle $9 may be written in

trigometric terms as:

-0
¢ = arc tan:";_o ;0% ¢g < 7 radians (410)




(f

3
; The arc formed by X ¢ is defined by ¢4. The angle ¢1 may be written in terms of
% the angle Yy which is defined in Figure 4-1,

$1 = ¥y +__;_’_ 0< ¢ <2n {4-11) !

The angle Yy may be written in trigometric terms as:

b——y1

8—'Xo

;

: Yq = arctan =T <y <3t (4-12)
} 2 2

r

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

: L= R1 ¢1 + R2 ¢2 (4-13)

443 Solution of Equations

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

e TTEe TR T e T

a b, pc/pj, 2o/ Eqs Pj.
The following variables are unknown:
Ttl R1l Rz: 21 xop x]! x2: yol V1, Y2: ¢1r ¢2l \"1-

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 Ro:

Ry = Ry /1~ (ng/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:

x? * lyo + Ry)? = A2

2

X" T “Vc\2 — 2v5 R

Combining Equations 4-6), (4-7), and (4-9) gives:
(xg — a2 + (yo + Ry - b)2 = Ry2
xo2 = 2axy — 82 — yo2 — b2 + 2R4b + 2yb ~ 2Ry,

Equating {4-15) and (4-16) to eliminate "02 yields:

--yo2 —2ygRop = 2ax, — a2 - y°2 —b2+ 2R1b +2y b — 2'1-1;|y°

b2

X°=—y-2-(R1-b—H2) +—a—+'——-R1—b—

a 2 2a a

-b-~R
a

cp=2+5% _p b
2 1

2 a

(4-15)

(4-16)

(4-17)

(4-18)

(4-19)
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Then Equation {4-17) becomes:
Xo = Civo * Co (4-20)
Comiining Equations {4-2VU} and (4-15} yields:

2 = (¢ + )2
~Yo* = 2¥o R = (C1vq 2

or
(C12+ Tlyg2 + 2(Ry + C1Calvg + €22 = 0 (4-21)
Applying the quadratic formula to Equation (4-21)
—2(Ry +GqCo) * +/(2R4+2C4Co)? ~ 4(C42 +1)C,2

o = “2R2¥G1Cy) & 2Ry ¢ 201Cp1” - 410y 4 11C, a2

2(C42 +1)

The choice of positive or negative square root is dependent on the quantities a, b,
and f£. A physical representatior 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, = o. For this case, the trunk takes the shape of the arc of a circle of radius Ry.
In order for the circle to pass through (0,0) and (a,b) the radius Ry must equal at least half

the distance between the two points, The minimum value for R4y would be(%9 a2 + b2, The
value of 2 associated with the minimum value of Ry is(r/2Va + b2 Smaller vaiues of
would require larger values of Rq but smaller values of Y. Consequently, the positive
square root gives the desired solution for this case. Larger values of 2 would require larger

values of Rq and larger values of Y. Consequently, the negative square root would give the
desired solution for this case.
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~ (2) From Equation (4-1)combute Ty

When pc./pj = 0, the criteria far the sign on the square root is as follows,

Talba manlelun wans codeam
1 QR0 PORUVE TGO Wi

2 <M -a? + b2

2

'

Take negative root when

2 >h§ Va2 + b2

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

!

The following information is given: :
a, b: Qo: pc/p’l pla Et
The iterative procedure Is as follows:

' : “

(1) Rq must be assumed for a trial solution. A trial guess'ig

I‘R1='/_2V82+b2 ' : !

'

Tt - pi R" . ’ ; '
(3) From Equati&n {4-3) :compute 2

T, :
RN T S
iEt

81

(41)

(4-3)
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{4) Calculate the other variables as follows:

R2 = R]“ - (pc/pj) (4-14)
-b-R
M Cy =R1_b____2. (4-18) g
Cp=24+0 g b (4-19)
.'?_._ 2 2a ! a
=
N - ~a t p 2 2
=-2(R,+C4C )—-\I(ZH +2C4C9)¢ —4(C14 +1)C
o Yo 2 1v2 2 1-2 1 2 (4-22)
' 2(C42+ 1)
: i Xo = Civo+C2 (4-20) '
. 4 i ¥2 = Yo 1 Ro (4-8)
«
e X9
¢o =arc tan_= ¢ ¢p< 7 radians (4-10)
Y2
f_ b
| ¥4 = arc tan ' g ¢1<31radians (4-12)
i a-x,, 2 2
‘- E ¢1 =Y +a/2 (4-11)
ﬁ _
S where £ is a trial value of £.

-
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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 2
computed from Equation (4-13) and the £ computed from Equation
{4-3).

4.5 Loaded Trunk Shape

45.1 Assumptions

The assumed shape of the trunk under an imposed Per Pi and Y, is shown in

Figure 4-2.

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

are added:

45.1.1

45.1.2

45.1.3

The pressure on both sides of segment ¢ g is equal to Pje and L 3 isa
straight line.

The pressure change from Pj to p, and Pj to p, occurs instantaneously

at points (x9, v, and (x4, y,) respectively.

The trunk is assumed to be tangent to the ground at points (x4, v, and
(x2: yo)-
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4.0.2 Guuineinic Compatibi

Referring to Figure 4-2, the algohraic relationshins for the assumed geometry may

be developed as a consequence of Assumption 4.5.1.3:

N

The distance between {0,0) and (x5,y3) is Ry.
(xg— 012 + (yg~0)2 = Ry2 (4-23)
The distance between (a,b) and (x4,y4) is Ry.

(xg —a)? + (y; —b0)2 = Rq2 (4-24)

The distance between (x9,y9) and (x9,y 4} is Ro.

Y2—Y¥o = Ro (4-25) :
The distance between (x7,yq) and (x4.¥,) is Ry. s
Y1-¥o = Ry (4-26) ‘
The distance between (x,y,) and (xp,y,) is 23.
’ X4 — X = 3 (4-27)
The arc formed by segment 25 is defined by ¢5.
The angle ¢ may be written in trigometric terms as:
! ¢y = arc tan_x,g_ o<¢1< 7 (4-28)
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The arc formed by segment 24 is defined by ¢4. The angle ¢ may be written in

teiing O the angle v
¢ = ¥4 +% 0 <¢q <21 (4-29)

The angle Y1 may be written in trigonometric terms as:

b—Y1
a—x1

¥q = arctan

I« V<327 (4-30)
2

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

a, br pc/pj: Qo: Etl pjl Yo

: R=0q+2y+03 (4-31)
\ where

E 29 = Ry ¢y (4-32)
3

!F 5 = Ra¢p (4-33)
R is a trial value of £.

F

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

i - Yo = Yo {4-34)
‘ 46,3 Solution of Equations

é in Equations (4-1), (4-2), (4-3), and (4-23) through (4-35), the following variables
E are known:




e
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The following variables are unknown:

T R R, & xq, X9, Vg, Y1, Y2, 91, 62, ¥4, 24, R2, 3

In principle, the fifteen equations can be solved simuitaneously to predict the

unique trunk shape for the given known quantities.
Equations (4-23) and (4-25) may be solved simultaneously for xo. The result is:

xg = V-vo2 — 2Rayg (4-35)

It may seem from geometry that x5 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 simultaneously for xq. The

result is:

Xy = a+ (sign) JR12 —{yg+ Ry - b)2 (4-36)

The choice of sign on: the square root in Equation (4-36) will depend upon
whether x4 falis to the right or to the left 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:

ab, L, Et' pc/pi, Yo

The iterative process requires the assurnption of R¢ and a determination of the

sign in Equation (4-36) to provide a trial solution. Criteria for R4 selection and sign will be

given later.

(1) Assume R4 value and determine sign.

(2) From Equation (4-1) compute T,.




riE e e

(3)

(4)

Tt = r)iR1

From Equation (4-3) compute £.

Tt
R =g, *_t 2,
Ey

Calculate the length of 25 as follows:

Yo = —Yo
R2 = R1

xg =/ -¥42 - 2Ry,
Y2 = Ratyg

$p = arc tanﬁl
Y2

f2 = Ry ¢y

Calculate the length of 24 as follows:

xq = a+(slgn) V—(y, + Ry — )2 + R,2

v1 = Ri+ye

b—
Y1 = arctan, Y
3—)(1

- <y, <3l
2 2
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(4-1)

(4-3)

(4-34)

{4-14)

(4-35)

(4-25)

(4-28)

(4-33)

(4-36)

{4-26)

{4-30)

7
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=7
174y (4-29)
Q} = R¢1 {4-32)
(6) Calculate the length of 24 as follows:
23 = | X1 bl X2l (4-27)

{(7) Calculate the difference between the trial solution for £ in Equation

{4-31) and the vaiue of € from Equation (4-3). The results are:
(4-31)

T=0y+ 2+
(4-37)

T—-2=¢
{f € approaches zero in Equation (4-37), the correct values of ali the

variables can be obtained. It should be noted that both & and # are

complicated functions of Ry.

(8) Iterate the procedure until e 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 I} 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 R, which will bracket the

desired root in Equation (4-37). The value of Ry which provides the upper bracket (makes

i
,’
i
|
|
)
i

e e e
s T
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€ positive in Equation (4-37)) will be designated (R4)). The value of R4 which provides
the lower bracket (makes ¢ negative) will be designated ias (Rq) .
The technique for determining the lower bracket (R4} will now be considered.
ror a given Yy and b, the minimum vaiue which R4 can assume {and vet be
tangent to the ground line} is illustrated in Figure 4-5.

From Figure 4-5, it is evident that the minimum R4 is:

2

b
(Rydmin = (4-38)

As a first trial, let R“_ = (R1)M|N'

A check to determine if (Rq)p\qy Provides a suitable lower bound can then be
made. Steps 1 through 4 of the iteration process can be performed to calculate the vaiue of
£ . However, in order to calculate 4 the sign must be determined. The sign value is
determined by comparing the actual trunk length with the trunk length associated with
(RyIMIN:

The value of & associated with (Rq)a is designated £ 4 and is calculated from

geometry.

Q4=Q1+22+Q3=1(b___y_°). + ¢p Ryt (4-39)

a-—x2

In Equation (4-39), {4 is the minimum trunk length associated with the
condition Rq = (Ry)pq N Under the restrictions that xy >> x5 and x5> 0. it should be noted
that £ 4 Is not necessarily the minimum trunk length for all values of Ry.

The value of £, is represented in Figure 4-5(a) (for pc/pj = 0), The fact that 24 is
not the minimum trunk length for all values of Ry is illustrated in Figure 4-5(b). It is

evident from the figure that the trunk length (R 4) associated with (Rq)pq) is greater than
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the trunk length ( QA) associated with (R1)A. Further, whenever x; =a, then 22> ¢, for all
values of Rq > (Rq)piy- This condition is illustrated by the configuration with radius
(Rq)g in Figure 4-5(b).

As illustrated above, the value of (Rq)ain Is a satisfactory lower bracket for the
solution if £ > 4 and x> xo. In this case x4 = a, and the sign in Equation (4-36) is plus.

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

The length of the chord between coardinates (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 result is:

/a2 +b2 = 2Ry sin 21

2

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

o= L
1——.—.
Ry

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

L 2,42
Rysin > = /- b (4-40)
1 4
Equation (4-40) may be solved numerically to give the upper bracket (R4) for

the condition £ > 8.

It is now necessary to consider the upper and lower brackets for the condition £
< 4. Two cases are possible. The first is the condition xq < xp. The second is the
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condition xq > x4. In the first case, the condition shown in Figure 4-7 exists. This case is of

no prartical intersst G5d vl nui be considered.

If, on the other hand, & < €4 and x4 > xp, then from the geometry of Ficure
4-5(b) it is evident that xq < a. Therefore, in this case, the sign in Equation (4-36) is minus.
Further, (Rl’MIN is not a satisfactory lower bracket for the solution of Equation (4-37). In
this case, the correct value of & lies between the configuration represented by (Rq), and
{R4)pn in Figure 4-5(b). Therefore, under these conditions, (Rl y = (Rq)y forms a
satisfactory upver bLound.

It is ngcessary to establish a different criteria for the lower bracket (R4)_for the
condition ¢ < €q and xq > xo. The minimum value possible for £ for given values of a, b,
Pg. Py and Y, is reached when 24 = o in Equation (4-31). This occurs when xq = X2, The

value of Ry for the condition xq = X9 establishes the luower bracket for the solution to

Equation (4-36). This value cccurs between the values of xq = o0and xq =a.

Numerically the upper bracket for Xq = Xg is:

b —
(Ry)y =10
2

(4-41)

The lower bracket may be found by setting Equation (4-36) equal to zero and
solving for Rq. The result is:

al+p2+ yo2 -2y,b

(Ry)y = (4-42)

Using iterative numerica!l techniques (Mueller’s method) it is now possibie to solve for the
Ry associated with xy = xo. This R4 i~ then taken as (R} which is required to provide a

solutior to the system of equations which define the non-equilibrium trunk shape.
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l 4.6 Trunk Cross-Sectionatl Araa

et it

The cross-sectional area of the free and foaded 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 nuinerals, The areas of each
of these regions may be calculated as follows: i
(1) Region | is the area of the sector of the circle with radius Ry and ‘
central angle ¢ o less the area of the triangle with vertices at coordinates ‘
{0,0), {x9, y2) and (x5, o). %
i
{ ¢ X i
] = Y2 2 2Y2
t Ap = £ Rp® - {4-43) :
¥ 2 2 }
;
{ {2) Region Il is the area of the rectangle with corners at coordinates (x»,
3 o), (x4, 0), (x4, yo) and (xg, yo).
% Ay = —t3vg (4-44)
L
f (3) Region Il is the area of the sector of the circle with radius Ry and
F
‘{‘ central angle 9q.
b _ P 2
% Aln = ___ R1 (4-45)
v 2
|
) (4) Region 1V is the area of the rectangie with corners at coordinates (a, o),
3

(x4, 0), (x4, y¢) and (a, y¢).

A'V = (Xi -—-a)V1I

- o v

{4-46)

[ P ok Sauliid
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{5) Region V is the area of the triangle with vertices at coordinates (a, b),
(x4, v9) and (a, yq).
(4-47)

Ay =1 (xq—a) (b—yq)
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:

] Xoy ¢
(Aoaged = —2 Rp?—"2'2 gy + 1 Ry2
2 2 2

+( % —alyq +% {xq —a) (b-y4) (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 Truik Shape

the following simplifications are possible:
23 =0
X1 = X2 = Xg

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
‘Ai)free =..f.g. R22 - .-o_y—z- + -?-1—-1—— + (xo - a)Y1
2 2 2

+-'2— (xo —a) (b~—yq) (4-49)
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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 length to the first power. A large number of nondimensional ratius rusult. Consequently,
the use of nondimensional parameters is of little value in presenting the results 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:

2.2
= ac+bh
L ; the trunk length parameter
b
Mg = the trunk attachment parameter
22 + b2

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

The design chousen 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 maodel shown in Figure 4-8 were

selected for detailed analysis. The dimensions of these two sections are summarized in Table
4|,
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(b) sHaPE AT R /P,=0.8

SIDE TRUNK SHAPE
FIGURE 4-9
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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 diffeence 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.

47.2 Free Trunk Shape Results (Inelastic Trunk)

The cross-sectional shape of the trunk changes as pc/pi 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 = 0.5 and pc/pj = 0.8 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 (x,, yo).

These qualitative effects are shown quantitatively in Figures 4-11, 412, and 4-13.
These curves are developed from the computer program described in Appendix I.

Figure 4-11 shows the influence of pc/pi on trunk height (Yol). The figure shows
that there is a mismatch problem between the end trunk and the side trunk. The trunk was
designed so that nc mismatch would exist at Pc/Pj = 0.45. At pc/pi less than 0.45 the end
trunk height is lower. At pC/pj greater than 0.45 the side trunk height is lower. In practice,
the mismatch shown is reduced by the elasticity of the trunk material.

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

increasing pc/pj. For a two dimensional model of the type shown in Figure 6-1, the trunk

- _ )
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ends are unconstrained and the tangent point is free t) 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 *o 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). Consequertly, considerable movement of X, should be permitted, and the
two dimensicnal predictions should be reasonable.

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

variation above pc/pj = (Q.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 111, 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 (e =0, pc/pj =
Q.5, P = 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/pi and pjon
the shape of the side trunk and the end trunk constructed from the elastic material
described by Figure 4-14 were evaluated. The results are presented in Figures 4-156 through
4-20.

Figure 4-15 shows the effect of pc/pj on the trunk iength. 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 trurks,
respectively. A comparison of the curves shows that the elastic trunk tends to reduce the
mismatch oroblem. A comparison of Y versus nclp‘: for the desian trunk pressure (nj: =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 and4-19 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 resuit,

A cumparison of the trunk height for the elastic and inelastic side trunk is shown
in Figure 4-20.

474 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 line, the pressure on both sides of the membrane is assumed to be equal. The load
support offered by the trunk is proportional to 3, Pj and the trunk depth(s).

The flattened length £ is dependent upon bcth F’c/'r’j and Y. For any value of
pc/pi there exists a value of Y,at which ¢4 = 0. This value is the Yoo 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 23 has a positive value. The shape of the flattened trunk
was evaluated using the computer program described in Appendix 11, Some cf the results are

presented in Fiyures 4-21 through 4-24.
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Figure 4-21 shows the relationship between 93 and Y,/Y, at various pc/pj
values for the side trunk. Figure 4-22 shows the same relationships for the end trunk. The
slope of the £q versus Y /Y, curve is proportional to the stiffness. The curves show that
the stiftness of both trunk shapes is nearly linear for deflections up to 50% of the free trunk
height (Y ).

Figures 4-23 and 4-24 show the relationship between Ai and Y /Y, for the side
and end trunk respectively. The values of Ai 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
iubrication" is necessary 1o prevent excessive wear of ihe irunk during lakeoff 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 tc 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 closely 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.
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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, ft<

total area of the orifices in the nt row, ft2

y coordinate of upper trunk attachment point, ft

cushion exhaust nozzle shape cosfficient

total coefficient of discharge for cushion chamber (C4 = CpCr)
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 nth row of trunk orifices
trunx orifice diameter, ft

jet height or trunk daylight clearanse, ft

jet height for the nt" row of trunk nozzles, ft

gravitational constant, ft/sec?

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
static pressure in the cushion exhaust nozzle at the nth
row of trunk orific2s, pst
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, #3/sec
total flow from all trunk orifices from the mP row up to and
including the nth row, ft3/sec
radius of curvature for the trunk segment ¢4, ft
radius of curvature for the trurk segment £, ft
total length of the trunk, ft
effective flow length of the trunk, ft
total effective jet thickness, ft
effective jet thickness for the nth row of orifices, ft
average velocity of the gas from the nth row of orifices, ft/sec
average velocity of the gas in the cushion exhaust nozzle at the
nth row of trunk orific-~ #t/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 (x4,y,), ft
x coordinate of minimum jet height point
vertical distance from lower trunk attachment point (0,0) to
trunk low point (xq,Y,), ft
y coordinate of minimum jet height point
value of Y, at which trunk flattening begins (23 = 0), ft

momentum parameter defined by Equation (5-7)
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Greek symbols
Bn anqular position of nth raw of oritiees ralative 1o the var iicyi, radians
n angle of nth orifice row relative to the trunk, radians
bp, height of nt!" orifice row above minimum grond clearance of the trunk, ft
0n effective jet angle, radians
Ap distance along the trunk from attachment point (a,b) to the
nt" row of orifices, ft
P density of the gas, Ib/ft3
Subscripts
g 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

Y




TABLE 5-1

Values of Trunk Design Variables
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i

VARIABLE SYMBOL VALUE
Trunk Length 1 4, 803 ft,
Trunk Width ] 2,667 ft,
Equivalent jet thickness t . 03832 1t,
Upper trunk attachment a 1. 44 ft.
Lower trunk attachment b 1.00 ft,
Number of rows of orifices M 8
Diameter of orifices D .026 ft,
Total number of orifices - 192
Porosity £ . 049
ORIFICE DETAILS
ROW JET JET
ROW DISTANCE THICKNESS ANGLE
NUMBER An t Yn
n ft. £t 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 ]
6 3,120 . 00479 0
7 3,224 . 00479 0
8 3.328 . 00479 0
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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 rroblem was to assume a trunk ciearance {d; ior
given values of trunk prassure (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, 1f 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 thcory 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.

§2.1.2 The flow from any given jet is related only to the static pressure
difference across the nozzie, The effect of flow from other jets is

neglected.
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DISTRIBUTED JET GEOMETRY
FIGURE 3-1
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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 tha 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:

Jl
dy(Py—Pg) =1 (1+sin6y) (5-1a)
S

where 91 =7 + ¢1

Similarly, force equilibrim applied to the second jet is:

JI
do(Py — P} = 22 (1+5in05) (5-1b)
S

Across the nth jet, force equilibrim gives:

. J/ .
APy~ Pa_q) =1 (1 +sind,) {5-1¢c)
)

where 8y, = v, + 9,

In general, the pressure at any point P, may be found by rearranging Equation

(&-1¢).

; .
Pnh=_" (1+4sin0p,) +P,_4 (5-2)
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The value of J is dependent upon the flow theory selected. The simple jet theory
and the exponential theory are considered most appropriate for the distributed jet case.
Dath of theca thenrias are annlicable to thin jets, and the distributed jet configurzation
involves a series of thin jets.

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

Sections 2.5 and 2.6 respectively. When applied to the nth jet in the series, the momentum

expressions become:
Thin jet theory

Jn = 28t 1P - Py (6-3a)
Exponential theory
5y =25ty (P =Py | 1 01 — e~ 2%n) (5-3b)
2X,
(5-4)

t .
where X, =_"_ (1 +sin 0p)
dn
N

The momentum expressions, Equations {5-3a) for {5-3b), may now be combined

with Equations (5-2) and (5-4) to provide an expression for the pressure across the nth jet.

The results are:

Thin jet theory

Ph = 2(Pj —Pa_t) Xpt Pr—1 (6-6a)
Exponential theory

-2Xq.
Py = (Pj—Pa_g) (1—¢ N+ Py_q {5-5b)

mi“ﬂ;:
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A general expression for the pressure across the jet may be written as follows:
Fn = 2 (Pj - Pn__1) Zn + Pn_~| (5-6)
where:
for thin jet theory
Z, = X, {5-7a)
for exponential theory
—-2X
z,=1 (1-e "M (5-7b)
2

523  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 1, 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,, Vo) 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 6f &, as shown in Figure 5-2,

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

dy = d + &, (5-8)
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It is now possible to calculate 6, 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:

2y — A, >0 (5-9a)

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

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

g, ="M (5-10a)
Ry

8, = Ry (1 —cosf,) (b-11a)

6n = —Bn * 7 (5-12a)




Biaie,

Case 2 may be recognized by the following condition:

B =0
5, =0
On = T

Case 3 may be recognized by the following condition:

5.2.4

follows.

2y + 83 ~ A, <O

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

Ay~ R4 — R
By=_n"_"1"7
R2

5n = Roll —cos )

n=bBtm

Solution of Equations

p—
(¥}
[y

{5-8b)

(5-10b)

{6-11b)

(6-12b)

{5-9¢)

(5-10¢)

(6-11¢)

{(5-12¢)

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

(9 case m

THREE CASES FOR JET LOCATIONS
FIGURE 5-3




(1)

(2)

(3)
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Given a, b, € and pC/pi the trunk shape may be found using the
procedure of Sections 4.4 or 4.5. This procedure gives Ry, Ry, 24, 24,

and 0~
and Vo

Assume a maximum value of d. This vaiue may be deterimined from the

simple jet pressure relationship given in Section 2.5.11.

p/p; = 2X = 2! (1 +sin )
d

Rearranging:
d = 2t{1+sin8)
and

4t
dpax =
Amax pc /Pj

The other known variables are:

M2 om M2 m 23w

(2-28)

(56-13)

Pa, Pi' S andp.

With the assumed vafue of d, it is possible to calculate X, from
Equation {5-4). Equations (5-8}, (b-11), and (5-12) provide the values

of d, and 6, which are required in the calculation of X,.




T T

)
:

R

nzm T

T e,

135

(4) 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 je: (Figure 5-2) and proceeding inward.

D - 24D __D 7
O L] -

.+ P
1 o1 Ca

P2 = 2(Pi—P1)22+P1

Pm = 2 (P] “Pm-—-11Zm * Pt

(5) The assumed value of d is correct when
P.—-P
m~Fa
- = pc/pj (5-14)
P ~ P,

I pe/pj is greater than (P, ~P,)/(P; — P,), decrease d and repeat the
procedure until agreement is reached.

{6) 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:

QFi St, \/2_22 (P ~Pn_1) (CQ)p (5-15)
n=
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i whera: ;
L (Cqly, = 1 for thin jet theory !
E' ‘f
. 1 X j
_ {Calp = Yn— (1—e~%n) for exponeritial theory j
1
'5\ 5.3 Flow Restrictor Theory |

|

1

3 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 1‘
l

i

by continuous slots. As a result of the spacing between the holes, passages for air flow from

the :ushion 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 (x,, v,). The distance

between (x,, y,) and the ground is d, the minimum jet height (trunk
clearance).

5.3.1.2 The jets on the cushion side of (x,, yo) supply all the flow into the

cushion which maintains the height d. The momentum seal effect of t

these jets is neglected.

6.3.1.3 The jets on the outside of (x4, y,) act to reduce the flow area. A flow

coefficient (CT) is used to account for this area reduction. :
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5.3.1.4 The flow from the cushion is dependent on the shape of the cushion
exhaust nozzie (which is formed between the trunk and the ground}. A

flow coefficient (Cp) is used to account for this effect.

The jet height (trunk clearance) may be estimaied by assuming that the pressure
on the cushion side of (x, yo) is uniform and eq''al to the cushion pressure. Thu trunk
pressure is known. Since the total orifice area on the cushion side of (x, y,) is ciso 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 equalc 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 develaped in Section 6.3.2, 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:

2g
Qp = /_;E (P —Py) SdCy (2-61)

The coefficient of discharge Cq 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)
wiere:

Cp = nozzle shape coefficient

Cr = flow area reduction coefficient

From Figure 5-4 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 Cy is dependent on the flow area reduction caused by the jets
outside of point (xo, Yo! (see Assumption 5.3.1.3). Figure 5-5 shows a typical orifice
pattern. Adjacent rows of otifices 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:

§' =8~ (N) (Dq) (n') (5-17)

where:

«
]

effective flow width

[ 7]
L]

> actual flow width

effective number of rows of orifices which contribute to flow area reduction

Dq = diameter of orifices
N = number of orifices per row

The coefficient (C) may now be estimated as follows:
Cr~— (5-18)

The actual value of CT requires experimental determination.
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53.3 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 (x, v,). The first jet on the cushion side is
represented by the 2t row in Figure 5-4. The last jet is represented by the mth row. The

flow may be written:

M,
an‘/ o (p,~p,) (c,()n (5-19)

where:

Qp = flow to plenum chamber

a, = area of oritices in nth row

P, = exhaust pressure for holes in nth row

(C,), = discharge coefficient for holes in nth row

The total jet flow is:

o-/_ran\/%w ~Pp) (G (5-20)

The flow may be appioximated by letting P, =P, forn >& and P, =P, forn <
€.

5.3.4 Determination of Jet Height

The jet height may he determined by equating the flow into the plenum,
Equation (5-19), to the flow from the plenum, Equation (5-20), and rearranging. The result

m
nz=:;z an {Pj =P (Cx)n

d= (5-21)

$iPc - P,) (CT) (Cp)

is:
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As an approximation, I, can be taken squal to P.. The result then becomes:

m

. Z a (C,)
p; =g it X
d R _L - 1 —_

Pc S (CT) (CD)

(5-22)

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 fguantity for relating the independent and dependent variables

associated with the system performance.

5.3.5 Determination of Pressure Distribution

A more exact prediction of flow and jet height is dependent upon a more exact
prediction of the pressure distribution acrass the jets. Such a prediction has been developed
in this section by a sequential analysis of the flow from cach 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,
5.3.6.2 Flow from the jets impinges on the ground and - divectad in all

directions. The total pressure of the plenum exhaus. -: &> - 10 the

static cushion pressure.

5.3.56.3 The net flow from the cushion cavity is zero.




M
(%)

5.3.5.4 The total pressure of gas in the trunk and cushion are equal to Pi and

P.. respectively.

The aeneral annroach to tha oroblan ywas tu assume a trunk clearance (d) for

given values of trunk pressure (pi) and recovery pressure ratio (pc/pi). The jet height for
wach 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)th

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)  row of jets was known, the velocity and static pressure in the cushion
exhaust nozzie at the (m—l)th row could be calculated. The resuiting 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 2t 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 mt" row of jets {see Figure 5-4) may be calculated from
Bernoulli's equation,

-2
Vdm =. [P —Pq /nge_ (5-23)

Equation (5-23) gives the jet velocity for the mth 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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The total flow from the mth row of orifices may be determined by applying the

continuity equation,

ts) (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)th row of jets (see Figure
5-4) may be computed from the continuity equation. The resulting relationship is:

(Qy)m

WVm_1 = (5-25)
™ a5, ) (81 (Co

Equation (5-25) predicts the velocity of the gas in the plenum exhaust nozzle at a
section just to the left of the (m=1)" row of trunk orifices. The values of S and Cy are
known and constant for a particular trunk design. The value of (Q;),, was predicted by
Equation (5-24). The value of &, 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)t" 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 P;. The resulting static pressure at the (m—1)th jet
row is

(vgn—1)?

29, (5-26)

(P)m—1 = Pc -




[

=2

Rintaaaacies - 2

145

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--1 )th

row of jets may be calculated. In a similar manner to the pracedure developed by Equations

(b-23) through {928}, the pressure distribution fur aii L remaining jets may be calculatsd
in sequence.
The general equations for the pressure distribution calculation are:
. /28
¥tdm—n \/—— P —Pm_n) (5-27)
P
m=4
n=o
(Qn_n
' (d+6_p) () (Cy)
[ I—
(P m_n-1 = Pc— _m_n_(_’_’_)__ {5-31)
2g°

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 5.3.5.1, 53.5.2, and 5.3.56.4). The resulting

maximum exhaust velocity is:

Mmax = f?-?- \/Pc—Pa (Cp) (5-32)

o
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In Equation (5-32), the coefficient Cy was introduced to compensate for the
nnnnnnnnnn o Adiiinmmrmt alamosa ~L sk
E N ) s\-ll\ ul'b's\-llt -‘IIIG-I’JL AR Y

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 general 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 given row is 2-1/2", The location cf 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:

‘= Z an (5-33)
s

n=1
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where:

an is the total area per row of jets. S is the length of the jet row

(trunk section length).

YT w—

Using the above definition of t, the ratio d/t for the distribuied jei case becoimes
equivalent to d/t for the concentrated jet case. It may be noted that:

d
WX =

t (1 +sin0)

Consequently, 1/x and d/t are equal when 6= Q°,
Figure 5-6 gives a comparison of the predicted d/t versus pc/pj 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 pC/pj is shown in Figure 5-7. The definition of

| Cq was given by Equation (3-4).

Q:
CQ = J CX (3‘4)

: 2
, tS ._gg_pj
] P

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

in computing CO_, 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 Cq are slightly higher for the distributed

jet theories 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

psfy and 160 psfg. 1he resuiting values of Cgy and d/t were withi
in Figures 5-6 and 5-7 are

predicted at 120 psfy. 1t was concluded that the curves presentad

dependent only on pc/pi and independent of the magnitude of Py

e e s e

1
n
Prrpy
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" the. differential head across an orifice plate n'%eeti'ng ASME specifications

6. EXPERIMENTAL PROGRAM —~ STATIC MODEL

6.1 Experimental Apparatus ~ Static Tests

“igute 6-1 shows the test apparatds used for verification of the trunk shape, flow,

ie e\uﬂnnnd in

mstribution, and jet height which were prediciuu‘ Ly the an

4 and KA The plexiglas side in the test rig allowed the inspection of the

0
¥~

Ck ro e
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 vaive [ocated in the blower

housing ahead of the ducting. A flow straightener was pbsitioned in the ducting in

accordarice with standards set forth in Reference {47). Flc;w was determined by measuring
48)

 using a
rnicromanometep with a 2Q-ir\'ch_;’alngé. Air temperature upstream was measured by a 0-120
F mercury thermometﬂr
The test section consisted of a box approximately 32’ wide by 42" fong by 652"
' higH. The box was constructed from plywood’ and plexiglas. The front of the box was ppen
- to allow air to exhaust and tha ﬂoor was movable to enable the model to simulate varying
vehn:le heights. Sixteen static pressure taps, spaced two inches apart, were mstalled along
the centarllne of the test section floor, . ' ‘ ;
The'trunk specimen under test was made of a nylon hypalon’ matenal 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
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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 IV. 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 (p,-) were measured by pressure taps installed
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 fluid.

A grid was marked on the plexiglas side o. the test section to facilitate
obsgrvation 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 VI.

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

coefficient (C(), tests were conducted on a trunk specimen of the configuration specified in
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Table 5-1. This configuration was identical to the side trunk shape analyzed in Chapter 4 and
Chantar &

The independent variables in the tests were trunk pressure (p‘-) and vehicle height
(H). The vehicle height was set at 10 positions in 1-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
floor. 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 ste€l rule.

(2) The jet height was measured by means of calibrated steel rods; the rod
was placed on the floor of the madel 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 larger, or smaller, rod was tested for

equality of rod diametzr 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 Introduction

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 i1 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 5-1. The verifications of the trunk flow characteristics are presented in

Section 6.3.3.

6°.2 Trunk Shape

The predicted and experimental values of £4, x, and Yo for the free trunk shape

are shown in Figures 6-2, 6-3, and 6-4 respectively.
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The truni segment length (24) is defined as the length of the trunk segment
veiween the attachment point {a, b} and the low point {Xg+ Yo!- This segment is illustrated
in Figure 5-4, The' length of ¢4 is important in determining the location of the orifices
relative to the low point (x,, y,). The distance from the attachment point (a, b} to the nth
row of orifices is defined by . For an inelastic trunk, the value of A , is independent of
pc/pj while the value of € is not. The values of the A \’sand ¢4 are plotted versus pc/pi in
Figure 6-2. A value of X greater than £ indicates that the nth row of orifices is on the
cushion side of the low point (x4, Vo)- Figure 6-2 shows that the number of rows of orifices
on the cushion side of the low point varies from 3 at pc/pi =10to6at pc/pi =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 pc/pj. it is evident from the curve that the agreement decreases as pc/pj increases. The
slight difference between 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 mare detail in Section
6.3.2,

Figure 6-5 shows a comparison of the predicted and measured trunk shape for
Pc/Pj = (0.5, It is evident that the agreement between theory and expetiment 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 24

was measured with a scale. The resulting values of R 3 versus YO/Yoo are compared with the

e e e e et it Moamie A
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analytlcally predicted values in Flgure 6:6. The figure shows that the agreement between
theory and experiment is good for P /pl

A second run was made with pc/pj = 0.41. During this run, the cushion pressure -
was maintained by introducing flow into the cushio-n area troi a separate air source and
v'ent.inq the resulting cushion flow through the floar of the test section. The resulting valnes
of L4 vefsus Y /Yoo are compared with the analytically predicted values in Figure 6-7. The
figure shows good agreement between theéry and experiment.

The trunk shape experiments have damonstrated the accuracy of the analytical

. models developed in Chapter 4 for predicting the trunk low paint, the location of the -

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

6.3.2  Flow Characte: istics

The results of the tasts for leakage flow are shown in Appendix V. The

experimentally determined Hlow coefficient for the trunk orifices (Cy) is given in Appendix

VI.

. Thel influence of vehicle _(fioor) height (H) on nc/pj: is shown in Table 6-1. This

table shows that the pressure ratio (pc/pj) is largely independent of the trunk pressure (pi).

The influence of vehicle height (H) on the jet height-thickness ratio (d/t) is shown

in.TabIe 6-Hl. The results show that the jct height—th-icknes§ ratio (d/t} is .not zsironglly
dependent on trunk pressure (pl) . 4 ' 7

The |nfluence of vehicle height (H) on the prassure coeffmuent (Cq) is shown in

" Table 6-ili. The results show that Cq is largely |ndependent of truuk pressure (pl) The

method by. Wthh Cq was calculated is given in Appendlx Vil Smce the jet helght (d) and
pressure coefficient. (CQ) are largely independent of Pjr the presentation of expernmental
results can be greatly simplified. Table 6:1V shows the average values of the data collected at

the various floor heights. These values are assumeﬂ to be independent of pl




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

TABLE 6-1

and Trunk Pressure (pj)

[ —
ffazy\ﬁ'(pS‘g’ 40 60 80 100 | 120 | 140 | Ave
4.44 91 ] w91 | ot b otor | o1 | L91] .91
5.44 .88 | .88 | .87 | .87 | .87 | .87 .87
6.44 .82 | .82 | .82 | .82 | .82 | .82/ .82
7.44 76 | .76 | w76 | e | LT | L6 ] .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 S N RS T 'S R IS S NS R S B S|
12,44 28 | .28 | .28 | .28 | .29 | .29 .28
13.44 a3 1 w1 | s1a | s1a ] L1 | 15| L14
13.94 .08 | .o8 | .09 | .o9 | .09 | .09 (.09

[ERT NUTOt SN



IFlow Theory Coefficient (CQ) Vs

TABLE 6-11

Vehicle Height (H) and Trunk Pressure (pj)
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D {nsfu\l I
H {in) S (s1¥) 80 100 120 140 Ave
4, 44 . 570 | .581 | .589 | ., 54! .580 | .580 | .58
5. 44 L6700 665 | LH75 | L 6T2 | L 667 | L0673 |, 67
6, 44 ST27 | L0730 | L7735 ) .740 | L 736 | .735 | .735
7,44 784 | 791 | B804 | .792 | .797 | .795 | .794
8. 44 . 824 | ,830 | ,830 | .825 | .828 | .825 | .82¢4
9. 44 .975 | .875 | .870 | ,B73 | . 870 | .870 [ .872
10, 44 .920 | .924 | . 915 | .920 | .918 | .923 [ .920
11,44 942 | .950 | . 950 | .948 | . 953 | .953 | .950
i2,44 .974 | .990 | .978 | ., 974 | .974 | .975 | .977
13.44 .940 | .980 | .980 | .973 | .980 | .975 | .97!
13.94 975 | . 985 .982 | .983 | .98l | .978 |..982

PR R
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TABLE 6-111
Jet Height - Thickness Ratio (dft) vs
Viehicle tieight (11) and Lrunk Mressure (pj)
pj {pstp) ‘

Im 40 50 80 100 120 140 Ave
4. 44 37 . 37 .37 .37 . 39 . 39 . 37
5. 44 4151 .415| .435| .435 .435 | .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 .71 .71 L2 .72 T2 .72 .72
11. 44 . 85 . 85 . 85 . 85 . 86 . 87 . 85
12. 44 1.02 .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 12,10 | 2,12
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TABLE 6-1IV
Calculated Data vs Vehicle Height (H)
N . d . .

H (in) P, /pj CQ d (in) - Xo (in) Yo (in)
4,44 .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 i7.2 -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 -12.72
13.94 0. 09 0.98 0.98 2.12 13.9 -12.97
NOTE:

The above data exhibited slight variations with pj.

The values shown are meah values over the range of pj's.

ma A AR imeateabme e s
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Experimentally measured static pressure distributions along the cushion exhaust
nozzle at the trunk surface for the 120 psfg trunk pressure rur are shown in Figures 6-8,
I

0-9, and 0-10. These figures shiow ifte pressuie distiibuiicing Toi piessure ratios (pc.pj

0.28, 0.5, and 0.72 respectively.

HE14

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

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

The filow 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 Cy, Cp,
and C.

The coefficient Cy is the trunk orifice coefficient. The measurement of this
coefficient is discussed in Appendix V1. The values of Cyx 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/Pj varies around the trunk. However, since this variation is not large, a constant
vatue 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. It 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 nozzle
exhaust caused the exhaust velocity to be approximately 10% higher than would have
occured 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 (Cy) 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 iihe jets, T he net recult is to reduce the effective plenum
exhaust nozzle area.

The value of Ct 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 agresment with experimental data.

The computed pressure distributions for the flow restricior theory using the selected
discharge coefficients are shown in Figures 6-8 through 6-10. |t 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 Cp 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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7.1 Introduction

The tanding geac of anaitcralt must have the capacity to absorh the vertical
landing enaray of tha abernfe cithoor auorlonding the aiveenft choetine . T oririnn!
parameters in designing the gear are the maximum 'y’ Ioud :\;ld maximum stroke which
results from landing at a given weight and sink speed. Consequaently, it is desired to predict
the load stroke characteristics uf‘me Nir Cushion Ln‘n(linu System as functions of airciaft
weight and vertical velocity,

The aircralt attitude and forward velocity at touchdown also exert an appreciable
influence on the load stroke chivacteniztics of conventional Innr,l.i‘ng geat. For the purposes
of the analysis presented in this chapter, thesc two infliences are neglected. The pitch and

: ,
roll angles at touchriown e assumed to be zero, aved the forward velocity is assumed to be

negligible. :

, The system of esguations which describe the dyn:v\mic response of the ACLS s
developed in the foliowing sections. S.ection 7.7 prasents a simplified morel of the trunk
portion of the system. Section 7.3 presents a more complete maodal of the trunk, but
neglects the effect of pressure huild-up in the bleuum beneath the airgraft. Section 7.4
presents & model of the combingd frunk plenurm system. ‘

The variables involved in the analysis are as Tollows:

A mston area, ft?-
Ag cushion area under the triink, ft2
Ay cushiun areq under the aireraft hard structure, ﬂ?
/\3 track fous it area, ft2
. ; 175




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

3 total area of orifices in the trunk, ft?'
an area of orifices in the ¢nth segment of the trunk, £2
a3’ effective flow area for the ¥4 segment of the trunk, 1<
Cp flow coefficient for the cushion exhaust nozzle
Cp specific heat at consrant pressure for air, Btu/Ib Of
Ca flow coefficient for pressure distribution
Cy specific heat at constant volume for air, Btu/Ib OF
Cx flow coefficient for orifices in the trunk
| Cy flow coefficient for jet height
| c, flow coefficient for jet height
i d jet height, ft
| e distance between lower trunk attachment points, ft
Fj total vertical thrust from jet exhaust, Ib
\ F3 total force developed by the trunk footprint, Ib
g acceleration due to gravity, ft/sec?
t 9% gravitational constant, ibm/Ibfft/sec?)
| specific enthalpy, Btu/lb
i Kn effective tength for calculating volume of the nth trunk segment {rom the
| cross-sectional area Aj, ft
k ratio of specific heats
Ln effective length for calculating the footprint area of the nth trunk segment
: from the footprint length £g, ft
g Lg length of trunk side segment, ft
| Mp number of rows ot holes in the nth trunk segment
m mags flow rate, slug/sec
P pressure in the control volume, Ib/ft2 absolute
Pc cushion pressure, psfa




cushion pressure, psfg

trunk pressure, psfa

trunk pressure, psfg

total flow from cushion, ft3/sec

total flow from fan, ft3/sec

total flow from orifices in the 2 nth trunk segment, ft3/sec

total fan flow at stall pressure, ft3/sec

gas constant, Btu/Ib OF

radius of curvature for trunk segment €4, ft

radius from center of rotation to centroid of area A, for nt" 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 nozzle 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, 1b/ft

total internal energy of the gas in the control volume, Btu
specific internal energy of the gas in the control volume, Btu/lb
volume of gas control volume, ft3

total cushion volume, 3

volume of ducting between fan and trunk, 3

total volun:e of the nt™ trunk segment, ft3
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Vg portion of cushion volume under the trunk, ft

Vi portion of cushion volume under the hard structure, ft

Vi total trunk volume, ft3

v velocity of the gas, ft/sec

w mass  Of gas in control volume, h

Wa mass  of aircraft, Ib

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

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

Wy mass flow from the control volume, th/sec

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

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

Y oo vertical distance at which no footprint exists (¢ 5 = 0}, ft

y vertival coordinate, ft

y vertical velocity, ft

Y vertical acceleration, ft

Greek letters:

an angle of revolution for trunk cross-section to form trunk volume

segment n, radians

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

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

i retars to flow into the cantrol volume
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1 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 stall condition of the fan

s refers to the side trunk segment

1 refers to the segraent £

refors to the segment Q2

3 refers to the segment ¢4

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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7.2.1.5  The gas obeys the perfect gas iaw.

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

incnmnraceihla
incnamunraccinio,

7.2.1.7 The velacity of the gas in the control volume is negligible. The static

and total pressure are equal.
7.21.8 The fiow in, Q; is constant.

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

Independent environmental variahles

g acceleration due to gravity, ft/sec?
Pa atmospheric pressure, lb/f‘c2

P atmospheric density, ib/ft3

k ratio of specific heats for gas

Independent design variables

A piston area, 12

3 orifice area, ft2

Cy caoefficient of discharge of orifice

Yoo distance of origin of coordinate system above ground, ft

Independent operating variables
Q; flow from the fan into cylinder, £t3/sec

Wa piston weight, Ib
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e dependest variabloy

P{t) condrut voluine prossure, Il)/H?
T() conti ol volumie gas temperature, R
V() contiol volume, f13
I
‘i Wi(t) control volume ¢os weight, 1b
EL yit) piston position, ft
‘ y(t) piston velacity, ft/sec
In order to delermine the variation of the depsandent variables with the time
parameter, six independent equations are necessary. These equations may be developed by
anplying the following laws and principles:
(1 Newton's second law applied to the fige piston body in the vertical
| direction gives:
] y(t) = fIP(L)
7
(2) Geometric compatibility applied 1o the control volume gives:
- ylt) = flv(t)]
(3} An energy balance applied to the control volume gives:
, Tl = fAw(e), Vb, P
: (4) The perfect gas law gives:

T{t) = fW{t), V{t), P(t)]

(5) The continuity and energy principles apnlicd 1o Tlow through the

orifice and fan gives:
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wit) = flP(n) ]

it may be noted that the equation resulting from p-inciptes (3) and (4) may be

combined to eliminate Tiij. An additionsl aauation defining yit) = f{y(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

W, d2y 9
A Wy —+A PPy (7-1)
g, dt? 9

Equation (7-1) equates the vertical external forces acting on the pistor to tha

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, +y
7.24 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 coiirol velume shown in Figure 7-1 as follows:




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 .
'g{"(hi wj—hgwp) + Phd_t- =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

botween in flow and out flow. The resuits are:

dw
— T W= W, (7-4)

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 (7-6)
du = C, dT (7-7)
PV
h = Up— -
) W (7-8)
\Y \'

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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T _ PV _aw P (7.9)

T CWT W  CWwT

The narfect aas law and the soecific heat definition aives the followina

relationships:
LA (7-10)

WT

R
—=k-1 -11
c, (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=1) W = (k-1) N (7-13)

7.25 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:

NP+EnV = nW+EnR+8&nT (7-14)

e et i o Al T AN ——_ o
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Differentiation of iZquation (7 14) gives:

dP dv dw AT
' (7-15)

—— ——— § —

+ -
p Y w T

ihe combination of Eyuations {7-13) and (7 18) allows the elimination of the

temperature variable. The rosult is:

dP
@° w8V (7-16)
P W v

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

dP k dw k dV
Poplk Wk dv (7-17)
dt W dt vV dt

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

control volume as a function of th2 weight aind volume change.

7.26 Continuity and Erergy Principles Involving

Gas Fiow from the Contro! Voluine

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
relaticnship was de:ived in Section 7.2.4. The resulting equation was:

dw
—= W — W, (7-4)

i
dt

Do
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The exhaust flow through the orifice may be found by appiving the continuity

principle to the exhaust plane of the nozzle. The result is:

w

o = Po Vo 9 C, (7-18)

The velocity v, and density Po of the exhaust gas at the nozzle throat may be

0
determined from isentropic flow relationships. The results are:

o= B % E‘("ap# | ()

1/k
P = A (FylP)

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 nozzie, the
compressibility of the gas may be neglected. In the present investigation, pressure
differences of less than two pounds per square 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 incornpressibie flow, the velocity at the exhaust exit plane is:

0 (7-19)
Combining Equations (7-18) and (7-19) gives:
= W op_ ,
Wo ‘[290 Z_{P=Py 3 Cy (7-20)
v
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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 into the control volume was assumed to be constant. The

resulting relationship is:

1.2.7

Wi = in (7-21)

Combining Equations (7-4), (7 -20) and {7-21) gives:

dw w
— =Qp— ./29, — (P—P,) a; C {7-22)
™ i \/ °y al 3j bx

Summary of Equations

The system of equations which describes the simple dynamic model may be

summarized as follows:

Definition of velocity

w |
ey (7-23)

dt

Newton's second law:

dy A
g+ gy (PP (7-1)
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
RS R AR 722
Geometric compatibility:
V=AY, ty) (7-2)

The abave 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 appiied 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 gasis included.

7.3.1.4  Elasticity of the trunk material is neglected.
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The flow in, Qi' is a known function of Pi‘

Thc distance ahnova the grr_n_|nd at which the trunk bGQinS to inﬂuence
the dynamic response of the aircraft is designated Y . Mare precisely,

Yo 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

relationship holds: Y, = —y forally< 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 ana 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

y.

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, but is a

function of y.

The flow from the fan (Qi) is not a constant, but rather a function of

trunk pressure (pi).
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Corrections have been incorporated in the simple model analysis to compensate
tor the differences listed above. These corrections are summarized in the discussion to

folluw,

7372 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:

WA d2y g
—— = —Wp —+Aj (Pi —Pg) + Fj (7-24)
90 dt 90

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:

Fj = lriw!y = P QvC, = P vZ e GGG (7-26)
9% 9%
where:
Cyx = coeffic’ .t of discharge for the trunk orifices
Cy = coefficient to compensate for the dependence of the discharge
coefficient on y, and
C, = goefficient 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, 8.4, and 8.3,
respectively. The expression for velocity, Equation {7-19), may be substituted into Equation

{7-25) to give:
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Fi =2 (Pj ~Py) 3 Cy Cy C, {(7-26)

Equation (7-26) may be substituted into Equation (7-24) to give:

—'———'—2' = -WA —t A3 (Pl—Pa)+2(Pl -~ Pa) aj Cx CV CZ (7-27)
g dt %

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. It was
noted in Section 4.5 that Q4 is dependent on the trunk length ¢, the attachment points
{a,b) and on pc/pi 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:

Az = Z (23), Ly (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 £ 3 is a known function ot

Yo at- .-_1,/pj. For the case rionsidered in this section, pc/pi = 0, The variation of 24 with
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Y, for pc/pi = 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 t _ 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, L, is dependent on pC/pi and Y, This dependence may be calculated from the
computer program given in Appendix |, Using the above procedure, it is possible to

determine Ag asa function of Y0 for the trunk on a given modet.

7.3.4 Correction for Trunk Volume Change

The trunk volume (Vj) may be determined analytically from the values of
cross-section area (Aj) predicted by the computer program developed in Sections 4.5 and
4.5 The trunk may be divided into a number of segments in a manner similar to that
describad in Section 7.3.3. If the effective length of the nth segment is I, and there are a

total of m segments, the total trunk volume is;

v = Z (A Kq (7-20)

The trunk segrent cross-sectional area (Ai) is a known function of Y 4 and Pc/Pj-
The variation of Ai with Y for pc/p3 = 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 length may be defined as follows:

Ky = Tha (7-30)
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where
?n = radius from the center of revolution to the centroid of the area
A for the nth 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

mode! and trunk segment.
Using the above procedure it is possible to determine Ai as a function of Y, for

the trunk on & given model.

7.3.6 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:

e 290 .
Q] = - (P]) ai CX Cy (731)
V 0

where Cy is a function of Y.

The value of Cy is determined by computing the flow from the various trunk
segments %, ©,, and 25 shown in Figure 4-2. The resulting flows are designated Qq, Qy,

and Qg, and may be computed as follows:

(7-32)
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P
Qn = I_EO (D’;) an C,

© 0

3 —
03 = JEE (pl) 33' CX (7'34)
fel

(7-36)

(7-33)

Qj= Q1+02+03

The values of a4 and ap are determined by the total trunk orifice area in segments

€ 1 and 2, respectively. The value of ag’ is determined by the area which controls the flow

from trunk segment 2.
If the area between the trunk and the ground is less than the trunk orifice area ag,

then flow is controlled by the ground clearance rather than by the trunk area.

Consequently, the effective flow area for segment f3 may be written:

a
! = 3 whichever is smaller (7-36)

33 =
C
25548
CX

The value of ag may be approximated by the product of the footprint area (Ag)
and the porosity of the trunk £ in the footprint area. The result is:

a3 = Agt (7-37)

The porosity of the trunk £ is defined as the ratio of orifice area to total area in

the section of the trunk containing the orifices.

-4
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The total jet area of the trunk is the sum of the area in the three segments.

(7-38)

a: = A« +an+an
' < [

)

An expression for Cv is obtained by combining Equations (7-31}, {7-32), {7-33),

{7-34), and (7-35). The result is:
a4 tantaq
123 7-39)

CV -
1

It is evident from Equation (7-39) that Cy = 1.0 whenever a3’ = a3.
The equation for Cy may be further simplified by substituting Equations {7-37)

and (7-38) into (7-38). The result is:

aj- - A3$ + 83'
Cy =

3

(7-40)

In Equation (7-40), 3j and £ are constants. Ag is a known function of Y as

developed in Section 7.3.3. The value of a:_{was defined as follows:

Agt
whichever is less (7-36)
255d Cp/Cy

The values of Sg, C,, 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 gstimate of the jet heiaht d variation with Y 4 has been made based upon an

anaiysis. conducted by Han' 49 !, of ideatized Sowin 2 channel with injiection from a
narous wall, In his analysis, Han cetermined the pressure distribution in a channel of the
configuration showr. il Figure 7-3. The independent variables for this analysis were d, %3,
P], and & The latter quartity is the effective wall porosity and may be expressed by the
ratio a3/A3. The total vertical force per unit tength which is developed in the footprint area
can be determined by integrating the pressure over the footprint length. Using a trunk
pressure of 80 psf and the porosity vaiue for the model side trunk given in Table 5-1, the

{ootprint force was determined as a function of jet height and foc tprint 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 iet 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:

P Rq —~ F3—2Tysin yp = 0 {7-41)
The value of T, was given by Equation (4-1).
T, = Ry pj (4-1)
Combining Equations (7-41) and {(4-1) gives:

{7-42)

F3 = pi (Q3-—2 R] sin \}/t)
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For the analysis of the trunk shape presented in Section 4.5, ¢ 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 Y, = 4°
constant gives reasonable agreement with observed results on the dynamic model. Using the
assumed value of Yy, the values of F3 computed from Equation (7-42) are shown as the
load line on Figure 7-4.

The jet heights at which a3 = 253d are also shown on the curve. From the results
presented in Figure 7-4, it is assumed that d = constant for values of £ 5 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 .
gt Y (7-23)
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Newton's second law

dy Y Y ‘-[
—_— - WA — +A3 (Pi‘—,PA) "2(P’_Pa) a‘i Cy C\'I CZ (7‘27)

dt WA L 9 —J I
First law of thermodynamics

dP; k de k de
— Pj —_—— (7-43)
dt Wj dt Vj dt

Conservation of mass

TR

dWi Wi

—=pQ; - (29, — (P, ~P,) &aC,C (7-44)
e [ o7y a’ Flxly

Geometric compatibility

!
Vi = Z (A,‘)n Kn {7-29}

In the system of equations, there are five dependent variables: v, y, P‘-, Vj, and WJ-.

R

The following variables are known and constant: Wy, g, Pa'ai' CyxiCy k.0, Ky, g

T TR BT IR

The following variables are known functions of the dependent variables:

Az = f(Y,) as developed in Section 7.3.3,

GF 1o T R

Ai = f(Y,) as developed in Section 7.3.4.

Cy = f(Yo) as developed in Section 7.3.5.

R R R T TR

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 cigital computer using the Runge and Kutta algorithm.(47)

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 |.

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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P

(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. |
(8) 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 ian;Jence of cushion pressure on trunk valume.
{9) Prediction of the influence of cushion pressure on vertical thrust. }

e T

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:

| 9
{ —— _._5- = — WA . A3 (PI —_ Pa) + AC (PC - Pa) + Fj (7'45)
, dt 90




AN

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.

743 Cushion Support Area

The cushion support area (Ag) 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 A, 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 truni attachment and the inner ground
tangent. This area is dependent on the width X, aid the effective length Sg. The total

cushion area may be written as the sum of the pai (s as follows:

Ac = An + S5 %o (7-46)

The value of Ay, is constant, and Sg may be considered constant for small changes
in Xqo. The value of X, is dependent on Y, and pc/p‘-. The relationship between these
variables has been determined for a straight section of trunk with unconstrained edges using
the computer program described in Appendix 111, The results for the side trunk section are
shown in Figure 7-7. The carpet plot in Figure 7-7 shows constant lines of pc/pi and £,

It is evident from Figure 7-7 that for a given £ 3, the trunk low point X moves
outward with increasing (pc/pi) thereby increasing the cushion support area, On the other
hand, it is evident that decreasing Y 4 at constant pc/pl- causes an incregse in the footprint
length (323). 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 £3=0and pC/pj = 0. For the case when p, = 0, the process proceeds along the Pc/pi =0
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lines. On the other hand, for the case when the change in Y, is slow and the weight is
supported only by the cushion prassure, the process follows the .Q3 = 0 Iine.l 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
Figurc 7 8. !n order for X, to increase with increasing pc/pi, the trunk must stretch along
circumferential length Sg. The degree of constraint which results depenas upon the elasticity
of the material and the shape of the model. As a consecjuence, 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 &3.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:

— = Pyl e ] o (7-47)

!

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.
b ' !

746 Cushion Volume Prediction

The cushion volume is a function of Yy, £ 4, and pc,’pi. However, as in the csse of

the cushion support area, the influence of Pc/Pj and %3 tend to offset each other.
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The cushion volume on the air cushion model shown in Figure 7-6 is considered
to be composed of two parts — the portion directly under the hard structure (V) and the
portion directly under the flexible trunk (Vg).

The volurne under the hard structure (V,) is a linear function of Y, and is

independenmi of pc_/pj, The equation for this portion of the volume Is:

Vi = A Yo (7-48)

The volume under the trunk is more difficult to calculate. For the r urposes of
simplification, a triangular cross section of V9 is assumed. Figure 7-6 shows that the altitude
and base of the triangle have lengths of Y, and X, respectively. |f the triangular area is
assumed to be constant around the trunk, the portion of the cushion volume under the
trunk is computed as follows:

1
Vg ==X Yo Sg’ (7-49)
2

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 2Lg. 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:

Xo

e
S =2l +21| o+ 0 (7-50)
¢ s 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), (7-48), and (7-50) gives the following equation for
the cushion volume:

v, - { X Lgim (7-51)
o ‘2 Jf

{ A,
In Equation {7-561) the variabies Ap, L., and e are assumed constant. A

c L ’

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 oe writtan for the cushion:

dW,

= ()i - (wg)g (7-52)
dt

All flow into the cushion cavity comes from the orifices in segment £9 of the
trunk. This segment is shown in Figure 4-2, The total area of orifices in segment £qisag.
The flow into the cushion from the trunk may be written:

(Wl = (sign) \/ 2000 |(Pj=Pol| a3Cy = wy (7:53)

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 P, to

exceed Pi' The direction of viow is, of course, from the higher pressure to the lower
pressure,

OO -S Y PV
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The value of apy may be determined by summing the area of all the orifices in
segment 5. The total number of rows of orifices in segment £ 5 is designated as M5, Each

row has an etfective thickness t, and a length s,. The total area a, is written:
ap = ; tn Sh (7-64)

In Equation (7-64) the values of s, and t are known constants. The value of M,
is dependent on Pc/Pj and Y. This dependence has been determined using the computer
pragram listed in Appendix |l1. 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:

(Welo = {2800 (Pg—P,) S3dCp (7-55)

In Equation (7-55), g,, p, S3and Cpy 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
(7-62), (7-563), and {7-55). The result is:

dW,
—_— =Wy — \’ 29, p (P, - P,) S3d Cp (7-56)
dt
7.4.7 Influence of Cushion Pressure on Trunk Flow

The flow into the trunk is dependent only on trun- pressure and fan speed. No
modification to the fan flow relationship is necessary to corr + 7+ i affect of cushion

pressure.
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The flow from the trunk is influenced by the cushion pressure. The nozsle in
trunk segment ¥, exhausts to cushion pressure rather than atmospheric. The exhaust from

the trunk segment ¢3 expands to Pc on the inside and Pa on the outside.

-1 r1) I Y T il maas. lam dawidbbnem A
The fow hom e trunk may 5 writton oo the sum of tho flow from the throo

segments.

(Wl)o = W1 + W2 + W3 (7-57)
The flow from segment 24 exhausts to atmospheric pressure.
Wy =\(;§;p (P; ~ Pg) aq Cy (7-58)

The flow from segment {5 exhausts to cushion pressure.

wy = JZgop |(Pj = Pa)| a3 Cy (7-59)
The sign for wo is positive when Pj > Pe and negative when pg < Pj:
The flow from segment £ is assumed to exhaust to atmospheric pressure.

w3 = ‘\J 290 p (Pl -- Pa) 83' CX (7-60)

The value of a3' is determined by the area which controls the flow from the trunk

segment {5. The area a3’ may be expressed:

ag' = whichever is less (7-61)




in Equations (7-58) through (7-60) the independent variables are Pj and P.. The
variables aq, a5, and a3 are dependent on Y ; and pc/pi. The value a; may be determined by

rearranging Equation {7-38).

o+

;= & —ay—ag (7-38)

where 3 is constant,
The values of a5 and a3 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 length for a side trunk section with free
edges is shown in Figure 4-21. For the P = O case, the relationship between 23 and Y is
given by the pc/pj = 0 curve. Higher values of pc/pi tend to decrease £ for a given Y .

The total footprint area of the model shown in Figure 7-6 may be com'puted as
the sum of the area of the side sections and the area of the end sections. The resulting
equation is:

2 2

Ag = Lefg+m | |= + Xg+83] —|— +X, (7-62)
2 2

In Equation (7-62), Lg and e are constants. As a first approximation, X, is

assumed constant. The variation of £ 3 with Y 5 and pc/pi is given in Figure 4-21,
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749 Influence of Cushion Pressure on Trunk Volume

The influence of pc/pi on trunk cioss-sectional area for a side trunk section with
free edges Is shown in Figure 4-23. For the p, = O case, the relationship between Aj and Y,
is given by the pc/pi = 0 curve. Higher values of pc/pi tend to decrease € for a given Y.

The total trunk volume is the product of the trunk cross-sectional area (Ai) and
the effective trunk length (Si).

The effective length for the two sides is 2Lg. 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 = (2Lg+ 2 rg) A (7-63)

In Equation (7-63), Ly is constant. The centroidal distance _r_e and the
cross-sectional area Ai 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 presstire reduces the exhaust velocity from the rows of
orifices in the R 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:

Fl = [(P‘ - PC) 82 + (Pl -~ Pa) (al -~ 82) CY] CX CZ (7-64)
7411 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
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: equations may be summarized as follows:
t
[ Definition of velocity i
|
: dy .
: ¥y (7-23) }
dt :
f Newton’s second law
| | i
dy g, 9
_—— |=Wa L - . 7-4
at - Wy [ A g0+A3 (Pj Pa) + A (Pg Pa’+F1 (7-45)
) First law of thermodynamics ]
de k de k de
—=Pj ——— ——— (7-43)
dt Wj dt Vj dt
[
dP. k dw, kK dV,
—== —_ T - 7-47
d  Ciw, dt Vo dt (7:47)
Conservation of mass law
de
_;!—t_ = pQj—[wy+ Woy + W3] (7-44)
dw, W,
—= Wy~ 2g,—— (P, —P,) S3d Cp {7-56)
dt Ve

Geometric compatibility

Vj =(2Lg+ 21, A (7-63)
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X
Ve = {(AntXg [Lgra(E 4 _32)]:, v (7.51)

In the system of equations there are eight dependent variables: v, v, Pi' Pe Wj,

W, Vi’ and V.. The following variables are known and constant: Wa. 9. P, k. S3, Cp. L,
Ap Xor & Cy, and C,.

The following variables are known functions of the dependent variables:
F; = [(Pj — P ag+ (P =Py (a az):l Cy Cy C; (7-64)

Yo = —y fory<0 Assumption 7.3.1.7

AC = Ah + Sg xc (7'46)
e 2 e 2
Az =2Lf3+| |— + X+ 8] ~[— + X, " (7-62)
2 2
wy = \[290 WV (P —Py) aq Cy (7-58)
W;
wo = (sign) 29, — (Pj-— Po)  apCy {7-59)
V.
j

where the sign takes the same sense as the quantity (Pj - Pc).

W3 = 290 — (Pi—-Pa) 33' CX (7'60)
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0, = f(P‘:) as developed in Section 7.4.7.

Cy = f(Y ) as deveioped in Sectiun 7.3.5.

aq = f(Yo,pc/pj) as developed in Section 7.4.7.
ap = f(Y,, pc/pj) as developed in Section 7.4.7.
ag’ = H(Y,, Pc/Pj7 as developed in Section 7.4.7.
d = f(Y,) as developed in Section 7.4.7.

r_e = (Y, pc/pj) as developed in Section 7.4.9,

A sufficient amount of information has been developed in this section to aliow
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 model. These relationships can be developed from analytical predictions by a

procedure similar to that described in Chapter 8.
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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 dynamlc model, and a test platform,

Hydraulic power was supplied by a Sun Electric MK-3 Anrcraft Hydraulic Syctem

Test Stand capable of delivering 0 to 30 gpm at variable pressutes up to 5,000 psig. The
hydraulic power delivered to the dyhamic model waé regulated by controlling the flow rate
pressure of the fwdl;aullc 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
summarlzed in Table 8-1. The air sourcb'for t'he model was a centrifugal fan powered by a
hydraulic motor. The fan and:motér were connected by v-balts. The fan speed was 3.17
tim_,es the motor speed. The motor character!gtins .-a.re -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 Iocatéd in the vicinty, of the ground plane,
The model structura was fibergiass and the trunk was a nylon- hypalon material, The trunk
material was “inelastic”! in that it did not posess the 200% to 300% elongation which would

. be required for complete retraction of the trunk. The elastic curve shown in Figure IV 3

Appendlx v, is typical for the trunk material. .
‘The test platform was constructed of wougd and was 10 feet inlength by 8 feet in

) wndth One section of the plywood surface was replacer with plexlglas in order to allow

inspection of the undersldo of the test mode The center of the platform contained bya2

by 3’ hole which could be _,coverad with plywood and sealed. The hole in the center allowed__

the cushion pressure to escape and, consaguently, the per'forman’ce of the trunk could be

!
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Dynamic Model Trunk Design Variables

VARIABLE SYMBOL VALUE
cps .2
Total orifice area .'9.j 104. 16 in
Number of orifices M 1093
Porosity 3 0.049
Cushion nozzle length (S3) ® 14,7 ft.
Trunk Section Properties
SIDE CORNER END
VARIABLE SYMBOL/| SECTION| SECTION| SEC TION
Cross-sectional area, in (.Aj)co 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 'yn 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 sealad.

Two iypes ot tests were conducted. The first was a serias of static tests to
determine the static performance of the mode! 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,, Fj, C,, Az, C,, d, Aj, and Qi' 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 resuits 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 detarmine the discharge coefficient for the orifices in the
trunk of the dynamic model. This test was conducted with the modet suspended two feet
abave the test platform. At this distance, no cushion pressure existed and the influence of
the ground plane an flow from the trunk was negligible.

By varying the hydraulic flow rate to 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 (pi) was determined
by a water filled manometer. The total air flow from the trunk was determined by entering

P and N in Figure 8-3 and reading Q;. The coefficient of discharge was determined from
Equation {V1-2), Appendix VL.

Q
C,= (see Appendix V1) (VI-2)
29,

p; a;
o 17
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The resulting graph of Pa/Pi versus Cx is shown in Figure 8-4. From Figure 8-4 it is evident

that C, = 0.66 for the pressure range investigated.

RA Natarminatinn nf let Thriist and CL

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 sa that the influence of the ground plane
was negligible. The trunk pressure was varied from 0 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 pj was plotted in Figure 8-5,

The thrust coefficient (C,) was calculated from Equation (7-26).

Fi

c, = (8-1)
2(P] — Pa) aJ- CX Cy

For the test conducted:
Cy = 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 Agand Cy

The variation of A3 and Cy with model height was determined from a test series

which statically loaded the model against the test plattorm. 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 loads, 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 measured by a water tube manometer. |

The recorded values of jet height (d) and trunk pressure ('pi) at a constant fan
speed of 8000 rpm are shown in Figure 8-6.

The effective footprint areas of the trunk were calcullated from the weight
supported and the trunk pressure.

= Wa

Az = ' (8-2)
Pj ' :

The resulting experimentally determined values of Aj versus Yo-afe shown in Figure 8-7.
The values of A3 calculated by the computer program developed in Section 4.5
were also plotted in Figure 8-7. Values of Ag were computed from the values o'f‘ 23 shown
in Figures 4-21 and 4-22 using techniques described in Sections 7.3.3 and 7.4.8. In
computing Az, the trunk was divided into three parts — the ends, the sides, and the clo;nerﬂs.
These three parts are designated by L, L and L, respectively (see' Figure 4-8). The

respective footprint areas were computed as follows,

(Aglg = (3l L . ' (8-3)
(a)g e 2 e 2
(A3)e = '—; '; + (Xo)e + (Qs)e - '5 + (Xo)e - (8-4) :
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i (a)y e 2 e . 2
{Ag), =—— — + (X ), T {l3), | | -- + (X,)
3’k 4 [:2 “o'e 39] [2 oeJ
e ' '
— +(‘( lg + 923) [ } . (8-5)

‘As shown in Equation (7-28), the total footprint area is equal to the sum of the

 various parts. For the modiel in Figure 4-8

!

Ag = 4(Agl * 2Aglg + AN - " (84)

Figure 8-8 shows the experimentally determined values ol the coefficient Cy. The
- value of CV ata giyen 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 thlsl
calculation, the trunk model was divided into three segments: € 1, 25, and 2 as shown in
» Figure 4-2. The flow from the' three segments was computed following the procedure

outlines in Section 7 3.5, The resulting equations were:

C, :=.a_—53_£_+:i o ) ' . (7-40)
Y aj . : :
and -
l , Az ' . , ’
ag s : whichever Is less ' , (7-36)
S3d Cp/Cyx ' C o :

The values of Aj, £, and S are given in Table 8 1. The values of Cy and CD were

expenmentally determmed in Appendix VI and Section 8,3,2 respectively. The values for d
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and A4 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 Detarmination of Trunk Volume

A test was conducted to determine the variation in trunk volume with model
height.

The trunk volume in the free (unloaded) 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 ft3. The volume of the ducting between the fan and trunk was 1.8
3,

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 wzre removed 10 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
midpoint of one side and one end for each data point.

The ground tangent points, (xq, Vo) and (xp, yq) in Figure 4-2, were determined
by measuring the vertical and horizontal distance relative to the attachment points {0, 0)
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 (£ and £4 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

pianimeter.
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The volume of the trunk was calculated from the side and end cross-sectional
areas In a manner simiiar Lo thai vutiined in Sscticn 7.2.4. 'n grder to perform thic
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. 1 is evident

from the figure that the total volume of the trunk is
Vi =4 Vo, +2Vg+aV, +V (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:
Ve = Cp fe (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 ’_e' On the other side the cross-sectional area is (Aj)S and the

centroidal radius is F; It is evident that the volume of a single corner section lies in the range

0e o (Ajlg < Vi < agrg (A (8-13)
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In order to approximate the corner volume, the following assumptions were

made.

(1) The effective centroidal radius for the corner section is the average of

the end and side radii.

- et rg
'k =ore— (8-14)
2
(2) The values of F;and r_S do not change with Y ,.
(3) The effective cross-sectional area of the corner section lies somewhere

hetween (Aj)eand (Ai)-'
(Ajle =§(Aj)s+ (1-¢) (Ai)e (8-15)
where ¢ is a fraction between 0.0 and 1.0.

The resulting corner volume is:

(re +15) g

Vi = g i E(Aj)s+(1 -8 (Aj)e_J (8-16)

2

The total trunk vciume may now be written:

Vi =4 {:ae?’e (Ai)tJ"LQ [:Ls ‘Aj)s]

(Fe—?s)
+4 ak——2-————- [(1 - (Ai)e+ 'Y (Aj)s] + Vf
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Factoring the above equation gives:

- (Fg +7g)
Vj = [?ae re+4ak 5 (1 —f)] (Ai)e

(Fy +Ty)
"2 e ——— ) | (A (817)

The free volume of the trunk may be written

- (Fg * )
(Vj)oo = 2a, T, + 4y ; (1-%) (Aj)eoo
(rg +7g)
+ 1 2(Lg) +4ay — (£) (Ai)soo + Vi {8-18)
2

With the exception of { , the values of all variables in the above equation are
known and are listed in Table B-l. Consequently, the equation may be solved for ¢ . For the

mode! 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:
_
Ke = 2ae et 4a.k ; (1-—-¢) (8-19)
(r'e + Fs)
Kg = 2L+ 4ak ¢ (8-20)
2

For the model described in Table 8-1, the values of these parameters are Ke =

126.6 in. and K; = 65.5 in.
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The general equation for the total volume of the trunk and ducting may be

written

Vi = Ko (Ajlg + K (A)g + Vg {8-21)

The volume ratio is

V. K, (A + Ko (AN +V
V, :_e i'e s \7i's f (8-22)
( i)°° (Vj)oo

Figure 89 shows the values of Vj/(Vj)oo computed from the experimentally
determined velues of (Aj)e and (Aj)s. In addition, the values of VJ-/V; wocomputed from the
values of A]— predicted by the computer program developed in Chapter 4 are shown. The

computed values of (Ai)s and (Aj)e versus Y o/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 installed above a plywood
plenum chamber of approximately the same volume as the free volume of the trunk. Two
convergent conical nozzles 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 formula given in Appendix VI.
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f 29
Qi = 1 _.._o (PI) ap CD
p

V

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:

29,

Q =Q — — (Pr——Pl) ar
p

where
P is the stall pressure of the fan for 8000 rpm fan speed

Q, 15 the flow at the stall pressure

a is the affective 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 free fall and impact against the platform. Prior to dron 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.

(n

(2)

(3)

pe and p; were measured by Consolidated Electrodynamic Type 4-312
pressure transducers located in the cushion and trunk areas. These
instruments had a pressure range of 3 12.5 psi with a linearity of £ 1.0%
of the full scale reading. The natural frequency cf the instruments was
8,000 cps. The error caused by a 15 g peak sinusoidal vibration from &

to 2,000 cps was less than % 0.160% full range/g.

Vertical acceleration was measured by a model 333 ¢ Stradham
Laboratories accelerometer with ax 25 g range, and a linearity of +

1.0% of full scale reading.

The vertical 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 readiné oscillograph, Data Graph Model 5-26

manufactured by Consolidated Electrodynamics Corporation. The paper speed was eighteen

inches per secqnd,

The recorded values 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 ot 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 87, 8-8, 89, 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 8-12 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 mode! 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.
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9. SUMMARY OF RESULTS

9.1 Design Considerations

In this report, the static and dynamic performance characteristics of the air

. » . . _ D R | o ol Y S amma alavmnbawiablioan caslelall o~
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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 fricticnal drag), and system stability. The horizontal
energy absorption and system stability were not considered in this study.

The load capacity is gerarally a specified design requirement which is determined
by the aircraft design.

The systam 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 irmportant
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
(Yo, 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 powaer. it is possible,

248

ARisenditel MM T




through using a flexible trunk with distributed jets, to provide adequate ground
performance for low values of ¢!. The value of d necessary for adequate ground performance
for 2 given trunk and jet configuration ntust, at present, be determined experimentally. The
resulting value nf d is an impartant variable in determinina nower renuirements for aderauate
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 (Wp), the length (D5),
width (D1), area (Ac), and the perimeter (3) of the air cushion, and the daylight clearance
(d) between the trunk and the ground. Additional variables which enter intc 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 (Xp), the
effective jet thickness {ty), and the effective jet angle {0 ).

The trunk viriables include the location of attachment points, (0, o) and (a, b),
the trunk length (2 ) and the elastic characteristics of the trunk material (E).

The power system variables include the horsepower input (hp) and the pressure
(Pi) 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 pc/pj. It 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 Pj. 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/pi 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/pi. Consequently, the
ratio p./p; 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 aircraft variables are as follows:

A cushion area

Dq-cushion width

Dy-cushion lergth

d-daylight clearance (jet height)
S-cushici 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 aircratt design, Similarly, the weight
of the aircraft is specified. The jet height is specified by the abstacle negotiatior and ground

performance requirements.
A relationship between the principal aircraft variables and the power requirements

rmay be developed by combining Equations (2-9) and (3-7). The result is

3/2 1/2
w 2
hp = [ A 5d _&. Chd (9-1)
A 550 |\ p

C

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 3-5 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 svstem is the pitch and roll
stiffness offcred by the trunk. It is desired to place the trunk as far-from the center of
gravity as possibie 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 éir 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 system variables include:

d - jet height

pc/pj — pressure ratio

N — number of jet rows"

t — total jet thickness

t,, — jet thickness for individual rows

A i - location of individual rows on the trunk

6 ,, — 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/pi 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 C, 4 is directly proportional to power for constant vehicle weight,




ep

T AN T TR D L TN R TR R AT

252

area, perimeter, and jet height. The curves show that power requirements are relatively
insensitive to pc/pi for the range of 0.5 to 0.9. Figures 3-4{b) and 3-4(c) also show the effect
of jet angle 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 arigles and et orifices to the outside of the trunk low point (Xo, Yo) were shown in
Chapters 5 and 6 to contribute practically nothing to jet height.

The jet thickness t is selected to provide the desired level of pc/p‘- for the design
weight, jet height, and power setting.

Front and rear trunk sections gene:ally 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 ( %3) than the side trunk. In addition, the rear trunk undergoes extensive flattening
during take-off rotation and landing touch-down. {nadequate 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 analyticaliy. 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,q parameter was defined by Equation (3-7) in Section 3.6.

3/2
t [p;

Chd =~ (-1
d e,

Ca Cx (3.7)

The values of t/d and Cq as a function of Pc/Pj 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 B-1. The test for determining Cy was described in Appendix VI. As
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a result of these simple tests, it is possible to plut C, 4 versus pc/pi for particular jet
configuration. A comparison of these plots for various jet configurations allows the

cvalustion of the decians in efficiency of maximizing jet height and minimizing horsepower.

It was shown in Equation (9-1} tha horsepower is dgirectly proportional to Cy,.

3/2 1/2
Wa / Sd [ 2%
hp = | — —— | —— Chg (9-1)
A 650 P

¢

As a consequence it is desirable to select the design which minimizes Chg:
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 Cp4 for two trunk designs is snown 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/pj while the orifice design is better for high pc/pj. Itis
evident from Figure 9-1 that the Cpq gives a simple vehicle for comparing competing designs

without the need for a complicated analysis.
9.4 Trunk Varlables
The trunk variables include:

(0,0} and (a,b) — the trunk attachment points
£ — the trunik length
E — the trunk meterial elasticity

Pj ~ the trunk pressure

The trunk stiffness may be influenced considerably by chaosing appropriate trunk

lengths and attachment points. The load supported by the trunk is proportional to Pj (the
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trunk pressure) and te f5 (the length flattened aqainst the ground). The reationships
between 24 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 G119 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 assumptiorns 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 1b/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 Ib/in. It is evident from this simple illustration that considerable
flexibility exists in designing trunk stiffness by appropriate selection of the trunk variables,
In a manner similar to the illustration 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 lenygth. 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 inflated design point and the
slope of the fabric reinforcing material above the design point. Such an elastic characteristic
allows the material to stretch easily 1ip 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, Il, and (Il provide the capability of

predicting the influence of all the trunk variables on the trunk and cushion stiffress. In




addition, the dynamic analysis developed in Chap‘ers 7 and 8 provides the capability of
eviluating the influence of all trunk design variables except trunk elasticity, on the dynamic

response of the vehicle.

95h Power System Variables

The power system variables include:
hp - power input

Q; - air flow rate

P]- -~ trunk pressure

The flow rate is determined from Equation (3-3), which may be written:

[29 ) .
Q; = tS o pi CxCa {3-4)
fo)

The coefficient Cq 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 p,
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 C(y as a function of pC/pj is given in Figures 3-2, 5-7, and 6-12 for
various cusnion designs.

In addition, the fan characteristics piay an impeortant role in the dynamic response

of the system, The fan flow characteristics near and above stall pressure have a profound
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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 Po_wer Requirements for the ACLS

The power requirements for the ACLS may be scaled up using Equaticns {S-1)
and (3-7).

W, 3/2 Sd 2¢, 1/2
Ac 550 P
3/2
Cy= o M CoC
hd™~ — |— Q “x (3-7)
d Pe

The Cy,q 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 25600 pound
aircraft equipped with an air cushion landing system has been tested and its take-off, landing
and obstacle negotiation performance was excellent as reported in References (3) and (50).
If it is assumed that the jet height and Cj,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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4  NOTES
10" 1) FUSELAGE LENGTH = 500"
2 P. /P, 0.5

3) ‘&SUIAE INELASTIC TRUNK
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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 Fimirec 8.2 and O 4 iy Equaiion (¥-1), 1t is possible to

estimate ACLS horsepower as a function of aircraft weight. The resuiting power
requirements are shown in Figure 9-5.

It should be noted that the results in Figure 9-b 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)S/ 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 propuisive 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.m'(so)

L AiLa o m
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(3)

(4)

(7

(8)
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The flow restrictor theory developed in Chapter 5 gives axcelient
ameemant 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 inafficient 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/pj an the total flow from the trunk.

The parameter pc/pi was found to be a valuable dimensionless quantity
for relating the various dependent and independent variables. Test
resufts reported in Chapter 6 showed that both jet height d and Ca
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 Pe = 0.
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(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,

matcrial closticity, cushion pressure and trink 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 py’essure, 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 Cpq4 is a valuable vehicle for comparing
the relative effectiveness of competing designs for minimizing
horsepower and maximizing jet height. The value of C 4 for a design
may be determined easily by test, thereby eliminating 2 complicated
analysis. The parameter C, 4 is also valuable for scaling model test

results to full size vehicles.

The air cushion landing system offers a promising area for further

development.

Wi e
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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
p,:/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 7=
% (Rq). Improved estimates on Ry are made until |2 —Z|  >(TOL)®). TOL s the
relative tolerance on . This tolerance is set at 3 x 105, This can be changed by inserting a
new card.

The main program may call three subroutines: function F(R{) evaluates 2 (R¢) —
£ = F(R4); function DF(Rq) evaluates the derivative of F(R4); subroutine RTMI uses
Mueller’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 called 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
auess on Ra is necessary This may he dona hy insarting a eard in the lncation nated in the
program. The variable pc/pi is restricted to values less than 1.0,

The output gives the values of all input variable- the notation Mueller if the
RTMI subroutine was called, and the final values of the following variabies: Aj, Ry, R, X,
Yor Y1: Y2, 84, and 6.
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UIGGES 127017689

EQTRSH = EFN SOURCE STATEMENT - [IFN(S) -

COMKON /CO/ Ay8,PCPJsL
COMMON /DER/ C1,C24Y0:X0yY1,Y2y THL,TH2, SGN
RESL L3,12,0,48,1M tMNY 0D

OATA PI 7 3.141%027 7
EXTERNAL F

LT T T P YR Y TYTY YYY VYT TY T RY T Y 2 YT LT Y Y TTTTTTTL YL PP TP PP IY |
TOL IS A RELATIVE TOLERANCFE ON LBAR o CAN BE CHANGED BY

INSERTING CAROD,
L Y Y Y Y Yy Y Y Yy Yy Y Yy Yy YYYYYYY LYY YYYY Y

TOL = 3.E-5

READ (5,10) AyB,PCPI4L

FORMAT ( 4E20,4)

WRITE(&,11) AgB,PCPJ,L

FORMAT(LHO///4H Am 2 ELGod) 10X 4HB v ELOe4 10X 8HPC/PJ =  (ELbed,
LOX,4HL = (Elbe4)

SRESAVSGANBTRVOGBTBIBOBATNRATRNIVBRNEORTNVORCOANGVIRRNNVQANNSANERANES

FIX SIGN ON SQUARE ROOT.

S0 443000 NRTAGATRNVTINDIRRNRINNNNVERRVOVBENAAGNRGORENBRGIBRNGEY

SGN = 1,0
IF{ PleSQRT(A0e248002)/2,0 oLTe L) SGN & =140

GRE0QEITRERNNOIGRVNERNIDAORRVVIVTVITRENRCERABNNRRUNGQAQGNISRTEIDNEES

RO EQUALS INITIAL GUESS FOR Rl, CAN BE CHANGED 8Y INSERTING CARD.

CANSANNARBENUEBINRBERIDONVERNBOUTITDRRNORINRNTLNABNENNABNODRENGEGS

RO = SQRT(Awe2 ¢+ fea2)0(1,0 + 10,0e(=6))/2,
RN = RO

B00C AR NNBUBAICVNAECRVGUGINERBVERIDRNBRANBERRVBONEBRABANGINSGOOS

CALCULATE K=TH VALUE OF R ANO OBTAIN LBAR (%)

UG GRS ENENSBARNERIBIDORIB00UNTRNNINNAGARESREBBIGGENARDRARVONES

DO 68 K=1,1000

ROGAURNOONVGOEPERINOOOGVIORIRIBREDINNNELANOVRDUNEIRIDBENENQANTE

SUBROUTINE £ COMPUTES LBAR =L
0004 NNBONENOAIAEsRIBINNI NEREEDRCRRIRNIUDIDRIININERNODRNGRRERS

PLN» F(RN)
LN = PLN + L

L T Y Y Y Yy Yy Yy Yy YTy Yy Y YN Y Y Y Y YTy TPy Y YT Y Y YT YT YTy ANy Y
1S R NEGATIVE OR 1S LBAR (R} COMPLEX. I[F SO RIK+LISs(R(KELI4R{K))/2

(THIS OCCURS WHEN R(K) IS TOO SMALL)
NN EN NG NN RIS NNNCINNEELIRINIEREERCERNREEINEIENRNNNORREIVRERS

TFCPLN oNEs 1049818 JAND, RN oGTe 0s) GO TO 4
IF{ K «EQe¢ 1) GO TD 70

RN = (RN+ANM1)/2,0

GO 0 2
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100
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DIGHES 12/01769
EQTRSH - EFN SOURCE STATEMENT =~ IFN(SY -

IF{K +EQs 1) GO TO 5

ASAQAAAASAINNGERNO0ORENNRRNENRESORVBERNBRNONORRGINRENREROBROSGISENES
CETERMINE IF SOLUTTION HAS BEEN BOUNDEDe IF SO SET BOUNUS

ANG CALL MUELLER® ROUTINE., IF NOY COMPUTE RIK+¢1l) USING
REYTCN'S FORMULAL

PRSI RGBT NN R I PR TS RUNSNALARIACERARNOINNBRGNINBALITERREES

IFL SIGN{lesL~LN) oNFe SIGN{la,L=LNM1))GO TO 100
LNML = LN

IR R R Y R R Y S I PR RN IS S AR RS A RS2 2 222 2 )

SUBRCUT INE DF COMPUTES LBAR®(R)
PG N RN NN NI N RORONNRNNCERER RN IREBRNDNONEERTONEIININEES

CLN = DF{RK)
Rl = RN

SRR AT RO NS IS URINNENERAFIOADREISRNASNGINDITATRRNIBRRARNSORORARLS

TOLERANCE TEST

BEAGRTN DG QRNENNGILRNBRRBRBICIRB VAN NNOIRBABBRARPOANNERETIRNORES

1F{ ABS(LN-L) LT, TOLe®ABS(L)) 6O TO 110

RNN] w RN

RN = RN={LN=L)/DLN

CONTINUE

WRITE(6,T1)

FORMAT(17HL1 RO COMPLEX sase }

sYQP

IF{ RN oGT. RNM1) GO YO 105

DUM = RN

RN = RNML

RNM]1 = OUM

WRITE(64104)

FORMAT{1HOy THMUELLER)

CALL RTMI ( R1+LNsF,ANML,RN,TOL 12000, IER)
IF{ TER «€Qs O) GO TO 110

WRITE(6+106) TERyRLILN

FORMAT( 1Al LOHIER EQUAL ,I12)5X4HSTOP,2E25,6)
sTop

R2 = R1/(1e - PCPJY}

XO0T = XO/A

Ll = RleTH]

L2 = R2eTH2

L3 = 0,0

WRITE(6,55%) R1yR2¢X0yY0rY1lyY2,THL1,TH2

FORMAT( LHOs5HR1 = ,EL&2%,10X,5HR2 & ,E1l6a®s1OX,5HX0 = ,ELO,4,410X,
1 SHYO & L E16049/1Xy5HYY & ,Elbedyl0X,5HY2 = 4EL6,4,10X,
2 6HTHL. & JE1%,4,10X,6HTH2 = E15.& ///177177)
GO T0 )

END
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DO

DIGGES
FTN - EFN SOURCE STATEMENT - [FN(S) -

FUNCTIONM F (R1}

COMMCN 7C0/7 A4B4PCPJ,L

COMMON /0ER/ C1eC20Y0eX0eY1a¥24THL o TH2¢SGN
DATA P1 7 3,1415927 /

AN NN IR NN N IR R RN R Rt NslNsRGAaRIUEIINEINaEsRIsEbIRRRNNG
IF R(K) IS SUCH THAY L~BAR WILL BE CPMPLEX, YHE VALUE
GCF F = LRAR ~L IS SET TO lOwel5

CUEGRAGRVACNBIGNIBURRRRNREGEURAVPRERVIVRPRNRDEANDOIRREIDIBNRRRNAESY

REAL L

R2 a Rl /7 (1.0-PCPJ)

Cl1 = {R1=B=-R2) /7 A

C2 = A/72.,0 + (Bew2)/(2400A) - (R1eB)/A

50 = (2,00R242,00C1eC2)002 = (4,00C2442) & {Clee2 + 1,0}
IF( 4SQ +LT. 0.0) GO TO 25

5Q = SQRT(ASQ)

YO = (=2,00(R24CLeC2)¢5GN #5Q) / (2.00{Clee2 ¢ 1,0))

X0 = ClevQeC2

Yl = YOeR]

Y2 = YOeR2

TH2 » ATAN(XO0/Y2)

IF( Y2 +EQe Do} TH2 = Pl/2.0
IF(TH2 oLTe 040) TH2 & TH2 ¢ Pl
PS1 « ATANU{B-Y1)}/(A=X0))
1F( A-X0) 20423,21

PS1 = PSI+PI

THL = PSI+Pl/2.0

F = Rl1eTH] + R2eTH2 = L

T T Yy Yy Ty Yy Yy Y Yy Yy Y Y Y Y YRy Yy YT TR YY)
IF YALUE OF VARIABLES ON EACH ITERATION IS ODESIREDy REMOVE
C ON THE TWO WRITE STATEMENTS.

GOV RBRANNBAGIBNBNIBRABRIEBNGBVOUBERI0SNIPHAPERANGBIGBIBRIRBNGS

WRITE(6¢422) RL\RZ2sTHLyTH2y YO, ASQyCLyC24PCPU X0 YL sY20A1BoF
RETURN

PS1 = PI/24,0

G0 10 21

F = 10,0015

WRETE(6922) RLyR29THLyTH2,Y04ASQyC1,C2)PCP U9 X09YL»Y24A4BF
FORMAT( 1HO/(TEL18.5))

RETURN

END
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DIGGES 12701769
DERF - EFN SCJRCE STATEMENT =~ Ifi(s) -

COMFCN /DER/ CLyC2oY09XO)Y1,Y2,THL,TH2,SGN
COMMON /CO/ Ayd.PCPI,L

REAL K

K a 1,0 = PCPJ

PCl « (K-1.0) 7 (Keh)

0C2 = -@/A

X = RL / K + C1sC2

Y = Cles2 4+ 1,0

DX = 1,0/K + C1uDC2 ¢ C2DC1

CY = 2,0eC1 » CC1

1 = «SGN #SQRT( Xee2 ~ YeC2es2) 2
DZ = {le0 / (2.08Z)) & ( 2,04X8DX = (2,00Y0C2eDC2 + (2482 & DY))
OY0 = (1e0/Y®e2) o (=Y & {DX4DZ) + (X¢Z)sDY)
DX0 = CleDY0 + YO#DC)l + DC2

DYL = DYO + 1,0

DY2 = 0YO0 + 1,0/«

S = pay]l

T ~ A=X0

OST = {1,0/Twee2) » [=TeDYl + 5#0X0)

DXQY2 » (1.0/Y2082) » (Y24DXQ - X0eDY2)

CPS1 = DST/ (1,0 ¢ (5/T)ee2)

DTHZ = DXOYZ /7 (1,0 ¢ (XO/Y2)e82)

0TH1 = DPS]

OF = Rl ® (DTHL + DTH2/K) + TH1 + TH2/K
RETURN

END
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06709769

RTH] ~ EFM SOLRCE STATEMENT ~ IFNIS) -~
RTF10010
l..n.nli!.‘v..lll‘ll..ul.'Ql‘.o“.o...b‘.....'..llIlllll.'!.l.....nirlcozo
RIFICOIO
SLERCUT int Hipmg ATFICO4C
ATMICOS0
FLRFOSE RTFICO60
TG SCLVE GENERAL NONLINEAR EQUATICNS OF THE FCRM FCIT(X)sC RIr1C0OT70
€Y MEANS QF PUELLER-S [TERATION FETHCOD. RTFICOBD
RIF¥IC0D90
LSAGE RTFI0100
CALL RYMI (XoFyFCT  XLIVXRIZEPSoLENC,IER) RTFIC210
PARANETER FCT REQUIRES AN EXTERNAL STATENMENT, RIVICL20
RTFIC13O
CESCARIPTICN OF PARAMETERS RTFIC140
X - RESULTANY ROCT OF ECUATION FCT(X)=C, RTFICLSO
F = RESULTANT FUNCTION VALLE AT RCOT X, RTVICLAO
FCT ~ NAME OF TeE EXTERNAL FUNCVION SLBPROGRAM USED. RTPICLTO
L N = INPUT VALUE wFICH SPECIFIES THE INITIAL LEFT BCUAC RTFIOL80
CF ThC RQOTY X, RTFICL90
xel = INPUT VALLE WHICH SPECIFIES THE INITIAL RIGHT BCUNCRTFIQ2J0
OF THE ROOT X, kTr10210
EPS ~ INPUT VALLE whICH SPECIFIES THE UPPER BCUND CF THE RTF[0220
ERROR OF RESULT X, RTFIQ230
1ENC - NMAXIPUM NUMBER OF [TERATION STEPS SPECIFIED. RTNFIC240
1ER - RESULTANY ERACR PARAMETER CCUDED AS FCLLOMS RTrFIQ250
[ER=Q - NO ERROR, ATrFIO260
IERs ] - NO CCNVERGENCE AFVER JERD ITERATION STEPS RYMID2TO
FOLLCWED 8Y IEMND SULCCESSIVE STEPS CF RTIVIC280O
UISECTION, RTFIC2%0
IEAs2 - BASIC ASSUMPTICN FCT(XLINeFCTIXNRI) LESS RTF1C300
* THAN CR EQLAL 710 26RD 1S NCT SATISFIEC. RTIMIC3I1D
RTVMIC320
REFARKS RTFIC33O
THE PRCCECURE ASSUMES THAT FUNCTION VALUES AT INITIAL RTIMIC340

BOUNCS XLI AND XR1 HAVE NOT THE SAME SIGN. IF THIS @ASIC RTF1Q350
ASSUMPTIQN 15 NOT SATISFIED B8Y INPLYT VALLES XLI AND ¥RI, THERTMIO340

PROCECULRE TS BYPASSED AND GIVES THE ERRCR MESSAGE IER=2, RTFIC3ITO

RTF10380

SUBROUTINES AND FUNCTION SUBPROGRAMS REQLIRED ATFIOI90
THE EXTEANAL FUNCTEON SUBPROGRAM FCT(X) MUST OE FURNISHEC RTF10400
Y THE USER. RTFIQ410
ATF10420

FETHOD

RTFIC430

SOLUTICN OF EQUATICN FCT(X)s0 IS OCNE BY VMEANS OF PUELLER-S RTF10440
ITERATION METHOC OF SUCCESSIVE BiSECTIONS ANC INVERSE RTF10450C
PARABCLIC INTERPOLATICN, WHICH STARTS AT THE INITIAL BCUACS RTNMIC460
XLI ANC XRI. CCNVERGENCE IS CUADRATIC IF THE DERIVATIVE CF RTFILAT0
FCT(X) AT ROUT X IS NOT EQUAL TO 2ERC. ONE ITERATICL\ STEFP RT¥10480
REQUIRES TWO EVALUATIONS OF FCT{X), FGR TESYT CN SAT.SFACTCRYRTIFIC490
ACCURACY SEE FCRMULAE (3,4) OF MATHEMATICAL DESCRIPTICN., RT¥IC500

FCR REFERENCE, SEE G. K. KRISTIANSEN, ZERC CF ‘RBITRARY RTFIOS510
FUNCTICN, BIT, VOL. 3 (1963), PP.2C5~2C6. RINIC520
RTNMIC530
l......'..'ll..ll.lll!l'l(..."ll........."....ll.lll.‘l......l.‘nT'los*o
RTFIQ550
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RT¥I - EFN SOLRCE STATEMEANT =~ IFN(S) ~

SLERCLTINE RTMIIXR)FyFCToXLI+XRIVEPS)PENC,1ER)

FREPARE ITERATICA
1ERaL

Xlextl

ARa XR{

LA 1%

TCL=X

F=FCTLTOL)
TF(F)le 18,1

FL=F

NaNR

TCL=X

FeFCICTOL)
IFtFI2y 16,42

FRaF

JFUSIGN (e oFLI*SIGNIL.,FR))25,3,29%

BASIL ASSUMPTION FLeFR LESS THAN O IS SAVISFLED.
GENERATE TCLERANCE FOR FUNCTION VALUES.

10
TCLF»100.9EPS

START ITERATION LCOP
I=]e+]

START BISECTION LOOP

€C 12 K=l, IEND

N2 ,Se(XL4XR)

TCL=X

FsFCT(TOL)

IE(F1341645

TFISIGN (1 aF)4SIGNLLosFR) )T,y Y

INTERCHANGE XL AND XR IN ORCER TO GET THE SAME SICM IN F AND FR
TCLaay

XL=XR

XReT(CL

TCL=FL

FLeFR

FR=TCL

TCL=sF-FL

AsFaTCL

Amhed
IF(A-FRe(FR=FL))8,9,9
IF(I-1END)L1T417,49
XRu)x

FR2F

TEST [N SATISFACTORY ACCURACY IN BISECTION LOOP
TCL=EPS

AsABS(XR)

1F{A=1.111,11,10

TCL=TCL=A
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RIN1C560
RIFICS570
DYsPASANn
RIFICS90
RI¥1C600
RTrIQ610
RI¥ 10820
RIFICH30
RIPICE4O
RTFIC650
RIVICEE0
RTFLO6T0
RTFICEEB0
RIFICE90
RTFICT00
RI*10710
RTFICT20
RT¥10730
RTFIOT40
RIVICTSO
RTPICT60
RTVIC770
RTFIOT00
RTNFICT90
RTP1CE00Q
RTrIC810
RTFICE20
RTr100830
RTFI0840
RTMICE50
RTIFICE60
ATr10BT0
ATr10800
RTFICE50
RTFIC900
RTFICI910
RTFIC920
RTVFIQ930
RTFI0940
RTP1C950
RTV1C960
RTr10970
RTF10980
RTFIC990
RT¥F11000
RTFI1010
RTF11020
RTF11030
RTFI1040
ATFI1050
RIFIL1060
RTrF11070
RTN11080
RINFI1090
RT¥IL100
RTFIL110

w
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RTML - EFN SOLRCE STATEMENT
11 IFIAPSEXR=XL)-TCLMI2412,13
12 1FUARSCFR-FLI-TCLFIL14, 14,13
1) COATINUE
EAC CF BISECTICA toar

AC CCAVERGENCE AFTER JENC ITERATION STE®S FOLLCWEC BY IEND
SLCCESSIVE STEPS OF RISECTION OR STEADILY INCREASING FUNCTICN

VALUES AT RICHT BOUNCS. ERAOR RETURN.
TERs |

14 IF(ABSIFR)-ABSIFLI)1E, 16415

15 Xext
FeFL

16 RETLAN

-

3

e

.
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RIFI1120
RTF11130
LALARRET:]
RIFILLSG
RTFILLG0
RIMILLTO
arrilleo
riile0
RTF11200
RTPI1210
fRIPlI1220
RI¥I1230
RTIF11240
RTPF11250

COMPLTATICN CF ITERATEC X=-VALUE BY IMVERSE PARABCLIC IANTERPCLATICARTMIL240

17 A~FR-~F

Cxm(X~XL)aFLa(lo4Fa(A-TOL)/(AR{FR-FLI)}I/TOL

Xbu i

FrsF

As¥L-CX

TCL=x
FaFCTLICL)
1F(FY18,16,18

TEST CN SATISFACTORY ACCURACY IN ITERATICN LOOP

18 TCL=EFS
A=ARSiX)
IFid~1,120,20,19
19 TCLsYCLeA
2C IF(RRS(CX)=-TCLI2k 21422
21 LFUABSIF)I-TCLFILG16,22

FREPARATICN CF KEXT BISECTICA LQQP
22 1FISIGNAL.yFISSIGNILLyFL))24,23,24
23 XAsx

FRaF

GC TC 4
24 xian

Flaf

ARs AN

FAnF

GC ¥C &

ENC CF ITERATION LOQP

ERRCR RETURN IN CASE OF WRONG INPUT DATA
25 I€A=2

RETLRA

ENC

RTMIN270
RYFIL280
RTFI1290
AYPIL300
RTMI1310
RT#11320
RTFI1330
RTFI1340
RTPI1350
RYPI1360
RTFILATO
RTFMI1380
RYNILF290
RTr11400
ATFI1410
RYF11420
R{FI1430
RTIFIL440
RT¥I1450
ATrF11460
RTV 11470
RIP11480
RTF11490
RIN21500
RIFIL1SLO
R1F11520
RTPI1530
RIPI1540
RTVE1550
RIFI1560
RYNILST0
RTPI1580
RTFI1590
RTF11600
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Aoppendix |
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

[l
[ e

with the restrictio
The input variables are:
x coordinate of the upper trunk attachment point

a =
b = y coordinate of the upper trunk attachment point
pc/pj = ratio of cushion pressure to trunk pressure

L = 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 Mueller subroutine may call Function F(R4) or Function G(R4).

The subroutines are as follows:
Subroutine RTM| uses Mueller’s Iteration Method to converge on the solution of

F(Rq) = TRy~ 2 =0,

Note: This is the same subroutine as described in Appendix | and it is not

repeated here.

Function F(R4) evaluates R(R4) —% = F(R,).
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i
{ Note: This is not the same F(R ) subroutine as described in Appendix | because
! £ (R4) is defined differently in the two cases.
! Functicn G(R ¢} evaluates x(R4) ~ x5(R4} = G(R4).

The input variables b and y are used to compute (R1)MIN' the minimum value
of Rq which is possible. This value of R4 gives the condition x4 =a. The R associated with
the minimum R4 1s then computed. This value of Q is called 24 and is used in determining

the sign on the square root in Equation {4-36). Three possibilities exist:

Case 1 —-1ff > 24 then x4 > a and the sign is plus

Case 2 — If @ = ¢4 then xq = aand the radical is zero

Case 3 — If < {4 then x4 < a and the sign is minus

For cases 1 and 2, (R4)pN is @ suitable lower bound for the solution of F(R4) =
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(R4) = £ (R4)

— 2 = 0. The minimum ¢ {R4) occurs when ¢4 =0 and x4 = x5. The equation G(Rq) =
x1(Rq) — x2(Ro) = 0 is solved by Mueller’s method to determine the value of Rq for the
condition xq = xp. The upper bracket for G(R¢) = 0 is taken at x4{Rq) = a. The lower
bracket for G{R4) = Q is taken as xq(Rq) = 0. Function G(R) is called by the Mueller

subroutine in this case. The R4 obtained from G(R ¢) = 0 equation is then taken as the lower

i e dram . _

bracket for the F(R4) = 0 equation. The upper bracket for F(R¢) = O'is taken as x1(R) = a.

Having bracketed the solution for F(Rq) = O, Mueller’s iteration 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:

Yo< O

Yo Must be such that 23 > 0. The maximum value of vy, is given by the

equilibrium trunk shape program (Appendix I).
The output gives the initial vatues of all input variables and the final values of the

following variables:
R1, Rz, 91, 02, y1, y2, Q1, 92, R—, Aj' 23, X1, and X2.

The final value of F(R{) 1s also printed under the lable LN.
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12705769
NTEARN - FFN SNURCE STATEMENT - [FA(S) =

COMMON/CEV /PO Jo Y01 34 3Py THL s TH2oX14X24Y1,Y2,PS14SIGN, TyL4
QAL L LN LeL;LY 02

EXTERNAL F.fi

o1 = 3,1415627

SEEEE IR RA AR AN RER NI RRA RN TR SR A SF P ROR N IR O RS SHIRAF NI RN
TAL IS & RELATIVE TrLERANCE ON LRAR , CAN RE CHANGED AY
INSERTING (ARN,

SOPNIR IR N IR A RE R AP OB AR AR NG R A RO AR SR RI SIS NS AR EBE SRR

TOL = 2,E-¢
AEACIS,1) 4,4R,PCOY,L,Y0
FORVAT(SEY%44)

ARSI 040 00NN RREERONERRRRIAPSIEUERARINISINEREORLIEPIUNIERERERR

A0 FOUALS INITIAL GUESS FOR Rls CAN BE CHANGED BY INSERTING CARD.
LI EE AT R R RIS RIS IS AR SR LY SRR RAS AR T LEL DL LR DL )

RO = (R = YO0I#{),0 4 1Ce0%*({-56)1172,0

WRITE(&,21Y

FCRWAT( 1H1)

INMY = AMAXY(=Y0%(1s = PCPJI/24,(B=Y0)/2,)

IR RIS NIRRT AL Rl T2 SR 1R RS R 2 AT Lt Iz L1821 1 20s 2t

F1X SIGN CN SQUARE RONT,
LA R RIS AR R AR AR R ARSI RN SN ISR LS8 R LR 2 L R4 ]2 )]

SIGN = 1,

LA RSN RIS SR RASO R LR PR RS R22 S R RIS 10217 2]}

SUBROUYINE F IS CALLED TO ORTAIN Lé
LTI E AT L R R AT R ST L A PR TR YRR TSI DO TR R L Y St ] L]

T = FIEANL)

RENNORNNENSEREB AP AR ARRAR NI IR RSB IR S S A ERAAARER SRE M A A S AR DAA R R
DETERMINE WHETHER X1 IS GREATER DR LESS THAN A
IF GREAYER SIGN IS POSITIVE

IF LESS SIGN 1S NEGATIVE
EERIREFR RN IRERRERAR R A ARA S S ES SREARIR ISR GARABEDR SIS SXEBINRCISES

TF{ L «LTe L&) GO TO i0C

LTS IR SRR IS ARSI RS LS SRR I ES PR Rt P tdlddd]

CONNITICN X1 GT A, COMPUTE LPPER BOUND CN Re
BREEARAANIIIRINERILE RS R N AR RRRR AN SN AR AR AR AR AR A A A DAR SR 028

SOR = SCRY( 2942 4 pP9%2)

RN = L/7(2,0%P[) & SQR/4,0

LFISOR (LEs 2.%L/P1) GO TO 3

RN = L/PY

nns 1t =1,30

RN = 10,98N

TF(RNSSIN (L/2.#RN} oCFe SQR/2.) GO TO 2
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NTANAN - EFN SNURCE STATEMENT - [JFA(SY -

[ LONTINUE

MRITF(A,T) it
k4 ECRWATIINOL12H UPPER ROLNN)

QY = 0,0

no TN &4
[ PP T A L T N T PR P Y TR TR SR RN YT RS Y L A R Y L
c I'SE MUELLER®S METHOD Tr 6NYPUTE R SUCH TrAT TDLERANCE
c AN LRAR |5 SATISFIECe (MUFLLER RIUTINE CALLS SLRRCUTINE F TO
o CCMOUTE (P2R = FIP) - ()
C I e R N N R P eI SIS L PR LA I AT L )]
3 CALL BTNTIRL,LN,F,PK¥) ¢ RN ,10,NE=-5, 6C,yI[ER) 25

IFLIER o4€C, N 6D TN &

WRITE(A4Y1) IFR 29
11 FNRVMAT(YR) (L4HVMIELLER FAILED ,I5)

Ry = 9
- R2 s RY / (14~BCPY)

L3 = X¥=-%2

XPAR = (X1 ¢ X2 1/:40
LY = G19THY
L2 = R24T2
AJ = (TH2 0 Q2% #21/2,- (X2 * Y2)/2. ~ LIsV0 ¢ (THL & R1*%21/2.0 ¢
TXY = A)aVY & (Y] - 2)0(R = ¥]1))/240
WRITF{A,S0C) AB,PCEJ,YC WL n
500 FAQMATITHC 4HA » (FRLI 14X 4FR = yFA 3,16 Y 7THPCPY = »FB45,11X,
1 SHYO 3 4FP 3, 13X 4L = FB8e2 ///)
MRITE(E QY RL,RZ,LN,THL,THZ 32
50! FORMATL THC,SHRY = ,FRGI,13X45H82 = ,FBL3,13X,SHLN » 4FBa5,
) 12X, €HTE) = (FRG& 12X EHTHZ = (Fa44 ///)
WRITE(A,5C2) Y),¥Y2eL )L 2
507 FNQUAT( TRO,SHYL = (FRea, 13%,5HY2 = ,FE,2,13X,5HLL = ,FR.4,
1 13X, RKLZ ® 4%¥Be4 /2/1)
WRITE(E,8C2) XAAR,AYH,L? 34
503 FARMAT( 1#0Q,7THYRAR = 'FE.hllxoSHlJ = 'F902013l05“l3 = GFA.4)
6N 10 108

23

P tAN RN RS REBEEN AN NS ARG SRR AR GBS AT AR SRR ISPV RIS LA BB ESbER
CENNITICN Y1 LESS THAN A, CCMPIUTE THE VALUE OF R SUCH THAT
X1 = A o, TRIS VALUE OF R GIVES THE MAXIWUM VALYE QF L

ONSSTALF UNCER THE RESTRICTICNS X2 LT X1, %% LT A
P L e e T e Y R T S SRR I L R TS T LRI R

MPOO000

100 SIGN = =1,
AN wlA%N2 ¢+ PE8D 4 YVOR®: = 7 ,&6Y0kBY/(2,%(P=~Y0) )

[F(X? JLF, &) A0 TN 1%Y
SIeA = 1
WRITE(£,%0%) 40
0%  ENRWAT(IKC,129HCONDITICN X2 GT x1 AND ¥1 LT A AOT SOLVED RY THIS
Y PRMGRAM, EJTHER THEPE 1S AC SOLUTICN OR A AETTER GUESS FNR RO

1 1S 9FQUIRFE )
[4 SRR ARSI PR R I R A SIS SSAR B AR NN AN S OB AR PRSI R R R e TR e

4 )€ MYFLLERS METHCN 10 {OMPUTE FEINAL LPPER ACUND ON R
r WHICH IS THE CONMNITICN THAT L3 = O, § MUELLER RAOUTINE
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19

wn ooon

™

103
50

FTN - FFN SOURCE STATEWENT =~  [FN{S) -

FUNFYITN F(RY)

CONMAN/CONIOCO0 Jo¥D Lo As® o THY yTH2, X1 X2, YL oY2,PST»SIGN, ToLS
REAL V4l 4

NATA DY 79 ,141%%5277

(RN R R R R R R R g T T AR AR L PP IR AN Y RIS TSI RS Y Y
[F 2q4Y IS SUNAH THAT L-AAR WwILL RE CNMPLEXy THE VALUE

NE F = LPAR =l IS SFT 1C 100015

REAAES NV NS PP RAR LR ARARE SN A SRRE AR IR A IV S EB R ERARE DR ES R QERB RGN R S

R & 0Y /(1.0 = PCPY)

AY = aV(IRED <7 NER2aV(

IS(AY 41T, =104%%(=4)) €0 10 45
TFLAY 41Ty 0, ) A1 = O,

L2 s SNPT(ALD

v?2 = 82 & ¥Q

TH? = ATAN(X27Y2)

[FIY2 (0, O,) TH2 = PI/2,

TFL TH? oLTe Ou ) YH2 = TH2 + PI

Lh = (PIS(P=YON)/ 2,0 ¢ TH2ZOR2 4ARS{ A = X2 )
A? = ~(YC4R1-A)¥e2 4R1¥N2

[FLA? (LT, ~10.%8(=4)) GN TC %0
1F{A2 aLTs Co ) A2 2 Qs

IFL A2 LY. Cu} 6 YO %0

X1 = A+STCN * SORT(A2)

Yi= 2 4 ¥C

T s (Bayl) 7 (A=x1}

PSSl = ATAN(T)

IFL A=x1 o+CEs Os) GO TO 10

PSl = P8I 4 PI1

IFLA = X1 .EQ, 0.) PST = .P[/2,

THL = P1/2, ¢+ PSI B
F o= THI#R] 4+ TH2%R2 +ABS( X1-X2)- (L

AR R AT RTI ISR LSRR R SRR AL S22 LA TRt IR T al ]l lt] ]
IF VALHE OF VARIARLES ON EACH [TERATICN IS DESIRED, REMOVE

C CN FCLLCWING WRITE STATEVMENT,

LR YRR R PP R P P L R AR AL b RS I eI IR v P T S T I L T T

WRITFUL451) R19THIXLsAyX2,L4,F

FORMATIISH FUNCTION F R1,FBa4e5X s 3HTHL )FBa 445Xy 2HXL 4FBe%s5X,
1 WHAFAGA SN 2HR2 4 FPe by SNy 2HLAsFRL &) 5N 4LHFFBe4)
RETURN

F = 10,00¢15

WRITE(6,1C2)

FORMAT(1KC,12HCOMPLEX A F }

RETURN

£ = 10,0418

WRITE(6,107)

RETURN

END

276

12795769

15
24

25

32

34
3s

37
38

e e

e i e

RN




f

alal

ant

ni

GARN

- EFN

CALIS SURRCUTINE €

LAL R R ERE TR LT T R T Y R W R a ey

SOURCE STATEMENT

= IFMIS) =

T iiieirrrerengnns

CALL RTMI{ R1,LN,C RNM1,RN,1C, CE-A,20C0, [ER}

LR TFR
WRITFiA
50 TN 4
PN =

50 1N 1
END

sFQe
eili

Rl

Y 6r To 201
ifFR

12/05/69
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OO0

n

(9] (xR akxX 2]

o,
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104

50

YN - EFN SOURCE STATEMENT =~ IFN{(S) =~

FUNCTICN C(R1Y
COMMPON/CCH/PCPI, YO L oA Ao THLoTH2.X1 X 2,¥Y1 (V2 ¢PSTI+SIGNy Telé
PEAL LoL4

PATA O 73,1415627/

CEPA4IAIIOP PR EOFSHORAEINAT IR T AR PISNSURSOI TRV RIS O I ENNEES
tF RIK) IS SHCH THAY L-BAR WILL BE COMPLEX, THE VALUE

1S SFT TP 109915

I TY R R ER P A LRSI T TAL LR RS L AL L IS AT ST LI LA bl Lol atll sl

22 = R1 /(1e0 = POPYY

Al = ~Y(0902 =2,00R20Y0

1AL LT, =1Ca¥n{~4)! CO TO 45
lF(‘! .lT. 0. ' Al - 0.

%2 » SQAT (A1)

Y2 » R2 ¢ YO

TH2 = ATAN(X27Y2)

IF(Y2 ¢EQes Co) THZ 2 P1/2,

TR( TH2 o Te Ne ) TH2 = TH2 ¢ PI
LA » (PIS(P=YNI)/ 2,0 ¢ TH2*R2 +ABSL A - X2 )
A2 8 «(YQ4RL=P )2 +R1%42

TF(A2 +LTe =1Ge**(=4)}) GO TN 50
TFUA2 LT O ) A2 = Q&

X1 s A4SICN * SORT(A2)

Yis RY 4 YO

T = (P=Y1) /7 (A=X1})

PSY = ATANLIT)

1Fl A-X1 LCEq¢ 0.) 60 TO 10

pPS1 = PS] + P|

TFLA - X1 ,EQ. 0a) PSI = PL/2,
THL = PI1/Z. + PSI

G w X1 = X2 « 10,%%(=2)

SERCIINIAN NI REANENRSSRI AU S S ARACENRRRIAPRERE SRR IRR R IO RSB SRS H S
1F VALUF CF VARIARLES CA EACH ITERATICN IS DESIRED, REMOVE

C ON FCLLCWING WRITE STATEMERT,

P TR T P P PR AR T DR DT R LIS L DR AT L DS ST ALl Dl

WRITE(6,8)) RYIZTH]I ¢X10As X230 4,6

FORMAT(ISH FUNCTION G R1oFBedsS5Xg3HTHL ) Fls4 s 5Xe 2HXL sFBe by 5Xy
1 1HAFR b BNy 2HX2 ) FRa%y BN 2HLA FRe A SN y1HGFBe k)
RETURN

F = 1n,00018%

WRITE(K,104)

FNRMAT(1FC 12PCEMPLEX [N G )

RETYRN

F u 10,00815

WRITEL60104)

RETURN

END

o
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Appendix {1}

ELASTIC FREE TRUNK SHAPE

The computer program described in this appendix computes the cross-sectionai

shape for a free elastic trunk. The elasticity may be non-linear. The logic is similar to that

&- meannntard in C
< -

presented in Sceticn 1.4
E The initial input variables are:
a = x coordinate of upper trunk attachment point, ft,
b = y coordinate of upper trunk attachment point, ft.
pc/pi = ratio of cushion pressure to trunk pressure
Pi = trunk pressure Ib/tt2 absolute
2 = trunk length of ¢ = 0, f1.

The elasticity of the trunk is defined by 156 points or less from the tension versus

strain curve and the derivatives of the end points.

The inpt  variables for the elastic curve are:

i H ¥
[. NN number of points selected from the elastic curve (15 points maximum) .
! ARG = value of tension (R * Pj) at each point, Ib/ft.

TAB = value of strain (epsiion) at each - '

point ft/ft or in./in.

the reciprocal of the ¢ rivative of elastic curve at left end point,

Dv(1) =
1
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: . L ,

1
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FIRy) = R--2(1+¢) = 0

| wheree=f1(R1)and-Q-=f2(R1)

The program uses the following subroutines:

Function F(R4) evaluates € ~2 (1+¢) = F(Ry)
Function DF(R4) evaluates the derivative of F(R4 ).

Subroutine RTM1 uses Mugller’s Iteration Method to converge on the solution of

F(R1) =, 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) = tension or (R4 XPj)
Vi(2) =€
.l V(3) =¢’
V (4) = ¢
V (5) = key; 1= value of V(1) below the table

= vaiue of V(1) in the table

2
3=v of V(1) above the table
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Thaes valuse may ha nrintad out by ramoying the comment notation Trun the
write statement above statement 409.

The output gives the values of all input variables, the initial guess for Ry, the
notation Mueiler if the RTM1 subroutine was called, and the final values of the following
variables:

Q: Ttl €, R‘l, H2' XOJ Vo, y1o Y2, ¢1, ¢2, and Aj
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clents 02/069/70
FOT1S - KN SHURCE STATEMENT -  (EN(S) -
CIMuMIN /7 HAINF /2 NN, ARG. TAR, €y PJ, v
CAMNOYN 002 N eB,POP Jol
FOAMNAN /NFRZ CLaC24 Y00 Xua¥ ), Y2, THL,TH2 50N
TIAENSEON TAAI151, ARGILS),WE99)s CUYG1,0VI(Z)y VIY)
PEAL LYol 74l oL ToLNUNML
DATA Py /7 ?,1415927 /
CRIrpNaL ¢
PRAPEENBE PPN ER NS0 R AR R0 368 9200 PRRRARRREIBEEsbRttked
10U 1S A RELATIVC TCLFRANGF GN LHAR o CAN RE CHANGED BY
INSERTING CARN,
L Y R R R LT R T R R R R IR R R RV R R R NIRRT NN PR T ST R St 1L
TAL = 2,£-6
CRAPRAEIN RS APk RARP PR R 3P RPN PP RH R RN RRASA GBS IE BB GIEENRRD
AEAR NATA FC? TARLE DEFINING FPSILOMN AS A FUNCTION QF R®PJ AND
PACS T SPLINF INTFRPCLATICN SUBROLTINE. OV(Y) AND DVI2) ARE
THE DERIVATIVES AT ThF LEFT AND RIGHT FNOPCINTS RESPECVIVELY.
HOLGARARE NN A Av R PR AR A H SRR AR RS AR BIN ST EERR ISR SO EOEES
QRAC(S,£2) AN 2
FORMAT((L10)
REAC(S,31) nv 4
READ{S, ALY (ARGIT), 1=1,NN) [
REACISs3L)ITABLI) 121,NN) 13
EORMAT{AC10.21
GALL SPLNL { NNyAPGyTAR, 1,DV4Cy W ) 20
REAC(S,L7) A¢R,PCPILL4PJ 21
EORMAYISF1®.4,15)
WRITF ( 6,400 ) 22
FNORMAT { 1HL1y 40X, 3fHsstes ELASTIC EQ, TR, SHAPE #k&ss )
ARITE | 64401 ) 23
FORMAT { 1HO, 1300 tHe ) )
WRITE ( 4,402 ) OV 24
FORMAT { LHO, SXy 3THee®se DERIVATIVES AT THE EMI POINTS
1 LOKOF THE TAELE #*se¢
2 /7 14X, BRCARGY = , E?20.%, 10X, BHCARGN = , £20.% //// )
WRITF ( 4,4C2 ) NAy { TAR(T), ARG( i)y I=l4AN ) 26

FORNAY { 1HO, %X, L4HTABLE FATRIES , 12,

1 /77 U 5%,y 2F20.%5 1))

WAITF ( 6,4Cq ) 8y By PCPJy Ly P 34
FCR™AT { 1#C, 5X, 4HA = 4 £2C.5¢ 20X, 4FB = , E20.%, 20X,

1 THPCPRJ = o, E?0.5s /7 6% 4HL = 4, E20.5y 20X, 547 = 4 E19.% 1}

S E T s e e ey R ST R L R L S L A RS RS L Tt A gl L)

FIX SIGN CN SQUARE RACTY.
AP ERR IR IRRNEERNRIEA AR ARRRREE RIS SRR RANBIABRADI v &7 A AREERR

SGN = 1.C
[Fl PL&SQRT{A®#24B%42)/2,0 LT, L) SGN = -1.0

P T R T TR e Y PR SRR LA T R R S L L T E S T L I L L L)

rcain
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NIGGFS 02/39/10
EQTAGH - FFN SCURCE STATEMENT - [FN(S) -

RO FAQUALS INITIAL GUESS FOR R1. CAN #BF CHANGEC BY INSEHTING CARD.
ERRBAENIREOAEB NI ORI R IR I NN NI EPIRR IS RELENINNEISEEEH00EERS O

RO = SQRT(A®eD ¢ P2 )2 1,0 + 1N, #8(-()})/2,

qOLYE | A 404 ) RC

FORMAY { 1H0, BX, 12H®sewe P9 = , Flh, b,y 2X, GHéd&&s 77 )
RN = RN

LA R NN RIS RN L P R R R R A A S N RN AR R R A2 AR NIT 2 ST )

CALCULATE K-TH VALYUE CF R ANLC NATAIN LEZR (R)
EREEPOP RN RARA RIS RSP IR AR RN PR O RN B I NP NIRRT N RU SN IO AU R PR E O N O S

DN &8 % = 1,1000

LR AT R S R R R AR LR 2SR R R YRR AR A R A RN Z 1)

SURRNUTINE F CCMPUTFS LBAR ~LI1 ¢ EPS)
LR Ry R P T R RS NI R s L

PLN= F(RN)
LN = PLN ¢+ L

EEEIRRREEERIRS SN NI SRR NA AR IRACES RIS IINIRI ORI RS SRRV kRN &S

IS R NEGATIVE DR IS LBAR (R) COMPLEX. IF SO R{KeLI={R{K+1)+R(K))/2
{THIS CCOURS WHEN RIK) IS TOC SMALL)

WERLRRRARF AP RO RR O RS AR RRA IR AR SR IE IR F K E R HIIF RN RN R SRR AR A DS

IFIPLN NE. 10,2515 _AND. RN GT. 0.} GO TC &
IFl K +EQ« 1) GO TN 70

AN = {RNeRAMY1 ) /2,0

60 10N 2

IF(K .FQ. 1) GO TO S

AR BRENBREANERRER BORRRA R PR N ERR ARA RN AR RO R R AR AR RN SRR SRR SV R AN
DETERMING IF SCLUTICN HAS BEEN BOUNDEO. 1IF SGC SET BOUNDS

AND CALL MLELLER ROUTINE. IF NOY COMPLTE RUK41) USING

NEWTION®' § FCRMULYA,

LA R T R L R Ry L S AL A I S LR R SRRty ]

TF( SIGN{1,)L=LN) o NEs SIGN{1.4L-LNM1})GQ TOQ 100
LNML = LN

KA ERERRIRE BN RRRENE RN ARA A SRR R KRR F S R IRR IR ANNEP R R kR Rk kD bk b Es

SUBRNUTINE [F COMPUTES (LRAR{R))?
ERRARTEAEE AR SRR RN AR PR R TR SRR RN AR ARSI AN AR R AT RPN RN

LN = -DFLAN)
]1 = RN

FERMRER RN RARR R AR S SRR RO SR R AR EIR S AN R RN RN AR RN kA RS ARk DREREk P &S

YOLERANCE TEST
EREARAR AR A IARRBR R IR RRERP IR O I IR REN RN BRI R RN RS E R RRREIR R RN O RN

TF( ARSILN-L) LT, TOL*ABS{L)) GO TC 110
RNM] = RN
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71
A

101

1ns
174

104

1"

121

55

L] RV TR
FQTR §K ~ EFN SOLURCE STATEMENT - IFNISY -

RN » R[N={LA-L)/DLN
CONTINUE

ARITF(6,71)
FOAMAT{ITH]L QT COMPIEX ssna
STP

IFl RN LGV, RNML)} GN TO 108

UM = ’N

RN = ML

RAM] = NYMm

WRITFLG,104)

FORKAT{ IHOs THNUFLLER)

LALL ITMI [ R1,LNoFHNM] RN, TOL +2CCOVIER)
IF{ (EP LEC. C) GN TN 110

ARTTFLA,1CE) TERWRY,LN

FNRMATETHL ) LYHIER FQUAL 5 12¢5X¢4HSTOP,2C25.64)
sTIp

R2 = R1/(1. - PCPJ)

X07 = X0/A

8AR = THL ¢ Q1 + THZ # R?

A) = [TH2OR24%2)/2, = (XO®Y2)/2.¢ (TH10R]1se2)/2,

1 + (x0-A)evl ¢ ({X0-a)®(B-Y1))/2.

WRITF | 6,127 ) BAly V1), VI(2)yA4

FORMAT [ 1F0, THLBAR = , E1€,%5, 10Xy 6HTEN = 4, E1l6.5+ 10X,
1 akFPS = , ElE.% » 10X , SHAJ = , E16.9)

ARTTE(695%) RLpR2 ¢ XNy YO, Y1 9Y29THL 4 THZ

FNRMAT{ IHO,8HRL = ,Flb,4,10X5HRZ = ,Elh4,l10X,5HX0 = 4EL6.44+10X,
1 SHYN = ,F185.4)71Xe8HY] = JE16.%4410X,5HY? & 4E16,6,10X,
2 AHTHL = L E15.4,10Xy6HTH2 = E1%5.4 // )

60 10 1
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DIGGFS
FTN - EFN  SOURCE STATEMENT - IFN(S) -

FUNCTIIN £ ta11

CCMMON / MAINF / NNy ARGy TAR, C, Py, Vv

COMMEN /CC/7 AWPRyPCPJ,L

CCMMIN /DER/ CLyC2y YO XOeY1eY29THL 4 TH2,SGNy PJDEPS
VIMENSION C{79),ARGIIS I TABII5)evi5)

DATA PL /7 2,1415927 /

REAL L

PEONEEEROS 0B ANRTERAPPOROS0N IS FERE IR SRS EEORRNNIEIS NSRS RS
IF R{K) IS SUCH THAT L-BAR kiILL BE CCFMPLEXs THE VALUE

OF F = LHAR L IS SET TQ 10015
SISABRAAAMNEIENON PRI R NI R0R OO COERANNIINREITIRECINO IS

CERARE SISO NIITNIPINERPINIEP00E AR 4AESNIEIIIRRENRRINIudENON
SPLNZ INTERFOLATES FCR EPS AT RlePJ,
LETRLERATINAY L LI ALY LRI L S PRSI LA T RITE T LLEN 2]

vit) ~ Rl # pJ
CALL SPLN2 [ NN, ARG, TAB, Cy Vv )

CERAFELAEEIINREREOU IS BASES SR BRENNNN G002 4000020400000 0844804284
1F VALUF CF VARIABLES ON EACH [TERATICK IS OESIREDs REMOVE

C ON THE TWC WRITE STATEMENTS,

RERRRENRE R PRB AR EARRENCE VRO RE SRR IN R AR 080080500kt N

WRITE { 6,409 )} V, Rl PJ

FORMAT ( 1HC, 5X¢ 27Hassas SPLINE NLTPUT .esee
/7 (SF2%.7) )

EPS = V(2)

NDEPS = V(1)

PJDEPS = PJ) & CEPS

A2 = Rl /7 (1.0=-PCPJ)

Cl = (R1-B~R2) / A

C2 = A/2,0 ¢ (€%82)/(2,00A) ~ (R1*B)/A

ASQ = [2,09R2¢2,00C10C2) 082 ~ [4,08C2882) & (Clo%2 + 1.0)
TFl ASQ LT« 0.0) GO TO 25

SQ = SQAT(ASQ)

Y0 v (-2,00(R24C1%C2145GN #SC) /7 (2.09(CLe02 ¢ 1.0)}

X0 = Clay(CeC2

Yl = YOeR|

Y2 = YO#R?

THZ = ATAN(X0/Y2)

IFl Y2 .EQ. 0.) TH2 = Pl/2.0

TF(TH2 LT. 0.0) TH2 a TH2 ¢ Pt

PSI = ATAN({B-Y1)/{A=-Xx0))

TRl A=XC) 20427,21

PSI = PSI4P1

THL = PSI+P1/2.0

F = RI*TH] + R2¢TH2 - L¢ (1.0 ¢ EPS)
WRITE(6922) RUGR? ¢ THL 9 TH20YCoASQiCL¢C2,PCPIIXO0sY11Y29A98)F

02/09/10
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e

NIONES
FIN - FFEN

RFTLEN

psl = PI/2.0

6n N 21

E = 11.0%%15
WRITELH,27) AL R24THL,
ECIMATLIRO/ZCTFLE,.6Y)
RETYRN

£ND

SNURCE STATVEMENT - 1ENISY -

YHZqYOQASQ'Cl|C?|PCPJ.IC;V[|Y20AOB!

£

n2/09/70
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DINACIEY
)F BF - EFN SOURCE STATENENT - [FNI(S, -

FUNCTION DF{RL)

CCMMUN /NERY. CLyC2, YO XY 1o Y23 THL 4 THZ WSGN e PINEPS
TNANGN JCC/7 Ay ByPCPU, L

NEAL Kyl

K = 1,0 -~ FCPY

NGl = (K-1.01 7/ (K*A)

Nne2 = =R/

X = Rl / K ¢ Cl*2

¥ = (1% ¢ 1,0

NX = 1,0/K + C1#NC2 ¢+ (2+1C)

ny = p,08C1 ¢ DCA

Z = =SGN #SQAT( X¥¥2 ~ y¥(2%%2)

V7 = (lad ¢ (240871} ® (| 2,0%X&DX = [2,08v4C2%0C2 + (29%2 * DY)
OYg = (1,0/Yse2) * (=Y & (DX¢DZ) ¢ (x+2)e0Y}

NX0 = CL¥CYC ¢ YN*NC1 + DC2

nyYl = NYY + 1.0

NY2 = NY) ¢ 1,0/

S = P-v}

T 2 4-x0

ST = (1,0/1¢e2) * (~TeCY] ¢ S¢DXO0)

NDXCYZ = (14C/Y2%82) & [Y2#DXC - XO#DYZ)

DPST = DST/ (1.0 4 (S/T)%%2)

DTH2 2 CXCY2Z /7 (140 ¢+ [X0/Y2)2#2)

DTHL = £PSH

F = R1 ¢ {OTHY1 + NTHZ/K) ¢ THL ¢ THZ/K - [ *PJINEPS
RETURN

END
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a g Xalal

ann

C1GHFS 92709770
AR Y - EFN SCLRCE STAYEMENT = IFN{S) -~

SURRNYT INE SPLNL (NgX Y ed DyCoW) SPLN1
FIMENSTON XT1)4Y (1) ,002),C01) WiL) SPLN1
------------- e e D e L L e L P Y [ A
OVER THE INTERVAL X{I} TO X{I+1)y THF INTERPOLATING SPLN.
PLLYNCMTAL SPLNL
YaYEDI4AITIR2+B{T)82%020E(1) 07042 JPLNL
AFERF 7=(X=X{1))/7(XtI+1)-XU1)) SPLNL

1S LSEN. THE COEFFICIENTS A{1)B{1) ANDC F(1) ARE COMPUTED SPLN1
AY SPLNL AND STCRED (N LONCATICANS C(3%1-2),C(3%[-1) AND SPLNL

L1741} RESPFCTIVALY. SPLNL

WHILF WORKING IN TRE ITVH INTERVAL,THE VARIABLE Q WILL SPLNL
IEPRESFNT C=x{I41) - X(1)s ANO Y(]) WILL REPRESENT SPLNL
YOLe1)-Y( 1} SPLN1

bttt duideide bbb . e m e ——— A = - === §PLNL
SPLNL

2=X(2) = X(1) SPLN1
Yi o =2Y(2) - vib) SPLN1
IF {4.FQ.2) 60 TN 100 SPLNL
------------------------------ B b e L 1 ¢
1F THF FIRST NERIVATIVE AT THE END POINTS IS GIVEN, SPULNL

AL1) 1S KNwN, AND THE SECOND SQUATIGN BECOMES SPLNL

VERELY ALTI¢FL1 )Y - q-nll). SPLNL
R e S L L e e L et e SPLNI
CLLYeReRiL) SPLNL
t{21=1,0 : SPLNL
Wi2i=Y1=C (1)} SPLN1
nn TN 200 SPLN1
B e Lt mmmm e semmee e e ~-~SPLNIL
IF THE 9Fccno CERIVATIVE AT THE END POINTS IS GIVEN SPLNL

{1} 1S KNIWN, THE SECOND EGUATION BECCMES SPLN1
ALLY*F(L)=YT1-C.5*Q*Q*N(1), DURING THE SNHLUTION OF SPLNL

THE IN-4 EOUATIONS; Al mILL BE KEPT N CELL C(2) SPLN1L

INSYEAD OF €13 T3 RETAIN THE TRIDIAGCNAL FCRM 0OF THE SPLN1L
CCEFF1fltNT MATRIX, SPLN1

e m e a——— ——emeemmmme————— —m—————— ——— ~====$PLNL
n{21=n,0Q SPLNL
W{21=N,5¢CeQ*n( 1) SPLN1
MzN=-? SPLNL
TE(P.LELN) GN TN 250 SPLNI
---------------- B L R e S P L 1.1 1}
UPPER TRIANGULARIZATION NF THE T.iCTAGONAL SYSTVEM OF SPLNL
EGULATICNS FNR THE COEFFICIENT MATRIX FOLLOWS-~ SPLNL

e e e o e e e 0 e e em ~———==§PLNL
N 10N fag,w $PLN1
Af=C SPLNI
Dax{ler)~ x{lel) SPLN1
H=A1/0 SPLNL
CLI%1)a-H/(Z,0-CLA*[-1)) SPLNL
A3 (=Y -w{I*l=1}) /(2,0 ~ ClA*L-1)1 SPLNL
C{IT411=~F2H/ (k=ClL2*])) SPLN1
Widstel)sivYI-wlNeT )1/ {H-C{28])) SPLN1
YT1aY(142)= YO(Q+]) SPLNL
LU0l e2)=21,0/01,0-CU3¢1e¢1)) SPLN1
W3R #2)= (Y =Wl 3% T411)/01,0-CLI%L+1)) SPLN1
__________________ e mme A n———————————————— e e = == mm = o = §PLN]
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400
500

SDODO

700

2 a2 EnEsEalal

a0n

DIGGES 02/09/10
soLY - FEN  SNURCE STATEPENT - 1FN(S) -
E(R=1) 1S NETERMINED NIRECTLY FRCM THE LAST EQUATION SPLNIL
THTZINED ARQOVE, AND THE FIRST CR SFCOMD DERIVATIVE SPLNL
VALLE GIVEN AT THE ERD POINT, SPLNL
T T e R SPLN1
TFLJLFQLL) GG TN 400 SPLN1L
CUIPN-2)=(CRI0012)/2.NnE30N=41)17(3,0- CII8N=4)) SPLN
60 1N s¢n SPLNIL
CUIN-2)=[QeN(2)=YI=W(38N=6]1/(2.0-C{IPN=4}) SPLN!
MeIeN-¢ SPLNL
IF{N.LFLO) CO 10 70C SPLNI
B s ———— - ———————————— e mm————— -SPLNIL
BACK SOLUTICN FCR ALL COEFFICENTS FXCEPT SPLNL
AL1) ANG R(1) FCLLOWS-- SPLNL
T e —————— e — ~SPLNL
nn enn [l=lyM SPLNL
TaM-1143 SPLNL
CULI=At I =CUTI%C(141) SPLNL
IF(J.EQ.1) €T TO 8OC SPLNL
---------------------------- e m e = §PLN]
IF THE SECCOND OERIVATIVE IS GIVEN AT THE END PCINTS, SPLNL
A1) CAN NOW RF CCMPUTEN FROM THE KNCkh VALUES OF SPLN1
(1) AMM FL1). THEN ALLl AND P(L1} ARF PUT INTN THEIR SPLNL
PROPER PLAGES IN THE C ARRAY. SPLNL
e e e m e e emmmmme—= =~ §PLNL
ClllaY{2) = YUl)=nlZ}=C(3) SPLNL
C(2)sW(2) SPLNL
RETUPN SPLNL
C12)=W{2)~-C(2) SPLN1
RETURN SPLN1
END SPLNL
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MG S 02/09/10
SPIN? - FFN SOURCE STATEMENT -  IFNUS) -

SUARMIITINE SPLN? {NyX,Y,C,V)

DEMENSTON XU oYU 1} 4CU1) Vi E)

Vi9)=2.n

[ 1M=N-1
CETERMINF IN WHICH INTERVAL THE [NDEPENDENT
VARTADLE V(1) 4LIFS,

D10 1=, LY
TEIVEE) LT (D)) 60 TG 20
r=

TFOVILI AT XENTY VI8) 22,0
50 10 130

TEOVERELLTWXE1)) VIB) =1.)

QIS5 THE SIZF OF THE INTERVAL COATAINING vil).
7 1S & LINEAR TRANSFMIRMATICN OF THE INTERVAL
CNTO (f41) ANC 1S THE VARIABLE FCR WHICH
THE COEFFICIENTS WERE COMPUTED BY SPLNL.
-x(1-1)
I-X1=1)3/Q
[Z2%C LI T-)4CIAR[=4) 1 2eC{3%[=-5))82+Y(]=1)
(2. ¥2C{ %[ =3)+2,0%C{I9[=4) ) *2+C(3¥][-5)}/0Q
G M2 o (A%[-2)+2,09C(3%]-4))/(0¢Q)
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Appendix |V
TRUNK CONSTRUCTION

The trunk section was made of a nylon-hypalon material. The dimensions of the
piece of maigsrial, before fabrication of the trunk, were 59-1/2 inches by 33 inches.
Anproximataly four inchee af the lenath wias dsed forrattachéng the trunk to the mode!
k 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 stnifneas 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, r-esulting in an effective seal. A nylon string inside

‘ the fold of the flap was used as a drawstring to sllghtly decrease the Iength of the free edge

- of the flap. The final width of the test specimen was 3? inches.

The trunk was perforated with 192 holes oi 5/16 inch diameter. The holes were
au:rangea in B rows :of 24 holés each, as shown in Figure IV-1. The centerline of the outside
row of holes was located 31 inche$ from the outside attachment'poiht. A .1/16, inch
diameter hole was puhehed at each of the pressurze tap locations indicated in Figure {V-1,

‘ The pressu're’ 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 0.D. co:pper tubing was flared and
t' . .. flattened at one end to guve a thin flat flange. The tubmg was bent, as shown, and cemented ! .
E ; 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, motlon of the copper tubing and a correspondmg deflectlon of the trunk

surface were prevented The outside surface of the trunk had’ nothmq protruding to dlsrupt

the flow, and the area in which the pressure was measured was a smcoth contlnuatlon of the

trunk ‘contour. , ;
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A section of iheg tiunk materia! wee tacted for tansion-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.
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Appendizt V
DETERMINATION OF FLOW LEAKAGE

The flow leakage in the model was measured as a function of trunk pressure to

enable corrections to be made to subsequent flow calculations.
Bafara tha hales 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 VI
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 mcdel was sufficiently large that no restriction was presented to
trunk flow. Thus, the pressure on ihe cutside of the trunk was egual 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.

/ 29
Qid(cfs) = 2 Pj (aj) (VI-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.

Q
(Vi-2)

Cy =
—_——
29,

— Pj 3
o

To make the results applicable to subsequent runs when a cushion exists under

part of the trunk, C, was plotied as a function of Px/Pj. P, is defined as the average of the

absolute cushion pressure and atmospheric pressure.
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