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FOREWORD

This report presents the results of work conducted by the Boeing
Aerospace Company, P.O. Box 3999, Seattle, Washington 98124, on
the Integration of an Air Cushion Landing System into the
Australian Jindivik target drone. Ccntract number was F33615-
75-C-3088, Project Number was 2402, and the Task Number was 01.
The contract was conducted under the sponsorship of the Air
Force Flight Dynamics Laboratory. Project Engineers during the
course of the contract were L/Col. J. C. Vaughan, Capt. J. R.
Cooper, G. J. Shumaker and J. T. Steiger (AFFDL/FEM).

The work reported herein was conducted between April 1975 and
January 1977. This report was submitted by the authors in
August 1977.
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SUMMARY

This report describes progress in the develocment of an ACLS for
the Jindivik target drone in the period April 1975 to January
1977. The major activities in this time period were a series of
ground tests at the Avalon Field test facility of GAF, the
testinag of the retention/release system at NASA/LaRC, and the
running of wind tunnel tests of Jindivik with a deployed
recovery trunk at the Australian Aeronautical Research
Laboratories. PB2oeing, as a technical consultant to AFFCL,
conducted detailed analyses of the airflow system and yaw
thruster directional control system, monitored the ground tests,
simulated the approach and landing of Jindivik on the recovery
trunk, redesigned the retention/release system, and evaluated
the effect of the ACLS on the aerodynamic stability of Jindivik.

Section 2 of this report evaluates the performance of the
airflow system, compares test data and analytical predictions,
and makes recommendations for improving the system. Section 3
presents an analysis of the performance of the yaw thruster
control system on both the takeoff and recovery trunk. The
effect of the ground controller (or "batsman") on the vehicle
directional control during a takeoff roll is assessed. Section
4 evaluates the aerodynamic stability of Jindivik with a
deployed recovery trunk, and makes recommendations for further
wind tunnel testing. The basic vehicle is unstable with a
deployed trunk, and hence modifications will be reauired.
Section 5 presents the results of a six degrees of freedom
computer analysis of landing and slideout on the recovery trunk.
Forward pitching immediately following touchdown was determined
to be a potential problem area. Section 6 presents the analysis
and design of a positive retention/release system to replace the
current velcro design. The latter was found to be potentially

xxiii




unsatisfactory in that some separation occurred during ACTS
deceleration in the ground tests, and also because testing at |
NASA/LaRC showed that inflight separation did not occur
uniformly and repeatably. Section 7 presents an overview of the
ground testing conducted at the GAF Avalon Field facility, and
Section 8 presents the overall conclusions and recommendations
arising from this phase of the development of an ACLS for
Jindivik.
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SECTION 1

INTRODUCTION

The role of RPV's in performing combat, reconnaissance, and
electronic surveillance for the Air Force is an expanding one,
limited only by the ability to perform the various missions on a
cost effective basis using available technology. This is
motivating the exploration of technologies by which costs of
present RPV systems can be reduced or their mission roles
expanded in terms of operational flexibility. The future
missions performed using advanced RPV systems will be largely
determined by the total life cycle costs of these systems.

A significant portion of the RPV life cycle costs is due to the
launch and recovery methods. Substantial costs are attributable
to disposable hardware such as rocket motors and high density
pre-packed parachutes. These costs are lowered when the launch
and recovery system permits a reduction in the number of
required vehicles and personnel due to reduced turn-around time
and simpler maintenance. A recovery system having positive
vehicle control (as opposed to a parachute system) reduces the
rate of attrition and hence the total number of vehicles
procured. Reduced launch and recovery costs also increase the
operational readiness of a sguadron by encouraging more actual
training flights and less simulator training.

There are many options available for launch and recovery.

Launch can be effected by catapult or rocket assist,
conventional self-propelled methods using wheels, air drops from
carrier aircraft, etc. The recovery options include mid-air
retrieval by helicopters, mid-air docking, parachute descent, or
skid landing on prepared runways. A highly desirable method of
launch and recovery would be a common system for both takeoff or
landing, which would be low in cost per sortie, reduce
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devendence on paved runways, have a long life, and which woul?d

minimize weight, volume, and operating penalty for the air
vehicle. A system potentially offering these svecific
advantages over many other currently used lauch and recovery
methods is now accepted to be that based on air cusnhion
technology.

The air cushion launch and recovery systems (3CLS), thouagh not
completely developed into a mature technology, hold great
promise in providing the solution to existing costly or
complicated launch and recovery technigues. It is perfectly
conceivable that with a reasonable amount of enagineering
developmental effort over the next few years, ACLS could provide
landing or takeoff capability from unprepared terrain or water,
be low in penalty to the vehicle performance, and crovide
substantially improved life cycle costs. This technoloay would
then be of great benefit to the definition of multi-mission
operational roles of future RPV's.

The Air Force Flight Dynamics Laboratory (AFFDL) has recoanized
the potential of ACLS technology, and has ovioneered its
development through both contracted and in-house programs.
AFFDL has selected the Jindivik, an Australian target drone
manufactured by GAF, as a test vehicle for developing ACLS
technologqy for direct application to future RPV's, such as the
USAF MMRPV program.

The Jindivik ACLS includes many promising new ACLS concepts
which require testing. These include: -

Use of the main engine as a source of air for the ACLS
Incorporation of a hub driven fan to augment the flow,
thereby providing a match between the high pressure low flow

source, and the low pressure high flow regquirement of the
ACLS
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0 Use of inexpensive, inelastic trunk matertals for the ACLS
trunks

0 Separate takeoff and landinag trunks, with the takeoff trunk
being jettisoned following takeoff, to eliminate the {nfliaght
retraction problem

0 PRapid braking capability provided by the recoverv trunk
design, thereby reducing landing field lenath

o Simple engine exhaust deflector esystem, using the Coanda
effect on nozzle mounted end plates, to provide yvaw control
during qround operation

Many organizations have been involved in this phase of the
development of the Jindivik ACLS. AFFDL has been prime
contractor with overall program direction and control. R, F.
Goodrich has built the trunks, and Chandler-Evans the yaw
thruster directional control system. The latter has been tested
at NASA/LaRc. Tech Development Inc. has built the hub driven
turbofan. NASA/LaRc has tested the retention/release syatem.
GAF has assembled the ACLS on the Jindivik test vehicle, and has
conducted the qround tests in Australia. Boeina Aerosvace
Company (BAC) has acted as consultants to AFUDL.

This report describes work conducted by BAC durina the period
April 1975 through January 1977. The major tasks originally
assigned to PAC were:

(1) To monitor the ground tests run by CAF

(2) To evaluate GAF wind tunnel data

(3) To develop plans for a flight test program

(4) To evaluate flight test data obtained by GAF

(5) To determine any additional technology needed to
transition the new technology to a current or
proposed USAF RPV.

Various developmental problems, tyoical of a new technoloay and
described elsewhere in this report, were encountered by GAF
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during the ground tests. As a result, these tests were only
partially complete when they were terminated in mid 1976, a year
behind schedule. Consequently, it was not possible to complete
the required analyses and planning for subsequent flight testing
in Australia within the time constraints of this contract.
Significant progress has, however, been made. The yaw thruster
directional control system has been analyzed and tested, and
appears to work satisfactorily. The effect of the recovery
trunk on the aerodvnamic characteristics of the Jindivik vehicle
has been determined, based on wind tunnel data supplied by GAF.
Recommendations for further wind tunnel testing have been made.
A new retention/release system has been analyzed and designed
for the takeoff trunk, and six degrees of freedom computer
analyses have been run on touchdown and slideout on the ACRS
trunk.
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SECTION 2

AIRFLOW ANALYSIS

2.1 SYSTEM DESCRIPTION

Figure 1 shows schematics of the airflow system for the
Jindivik ACRS and ACTS. Air is bled from a tapping on the
delivery casing of the Bristol Siddeley (now Rolls Royce Lté.)
Viper 11/201 turbojet engine. The bleed air flows through a
bleed port fitting which penetrates the vehicle fuselage, and
thence forward through a flexible duct mounted externally on
the fuselaade. The ducting then reenters the fuselage, and the
flow splits at a Y junction. For the ACRS, one branch supplies
direct bleed air to the trunk, while the other branch supplies
air to the hub section of a hub driven turbofan. Motor
operated shutoff valves are installed in both lines.
Overpressurization of the trunk is prevented by a relief valve
which exhausts to ambient. For the ACTS, the valve in the line
supplying the ACRS trunk (#1 in Figure 1) is closed, and all
the bleed air flows into the turbofan. The augmented air
exiting the turbofan is discharged through a transition section
into the trunk. An approximate layout of the airflow system is
shown in Figure 2.

The Jindivik airflow system has several significant innovations
in ACLS technology. Integration of the system with the main
engine results in considerable costs and weight savings over
systems with separate air sources such as on the Buffalo CC-115
aircraft. The use of a hub driven turbofan results in a

relatively efficient match between the high flow, low pressure
demand of the ACLS, and the low flow, high pressure capability
of the Viper 11/201 engine. On the ACTS the cushion air is

supplied by inward facing nozzles (45° to the vertical) on the
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Figure 1  ACTS and ACRS Airflow Schematic
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trunk, rather than by direct discharge into the cushion vclume.
There is considerable evidence to show that this reduces the
probability of flutter, which has in fact not been a problem on
the ACTS. The additional power recuired to compress the air to
trunk pressure rather than cushion pressure is insignificant
when inward facing nozzles are used.

The two valves in the airflow system have, to date, been used
as on-off valves only. A modulating valve in the fan line
(valve #2 in Figure 1) could be used to control cushion
pressure, and hence the degree of braking, on the ACRS.

2.2 SYSTEM PERFORMANCE

2.2.1 Method of Analysis

The performance of the airflow system was determined usina the
Environmental Control System Simulator (ECSS) Computer Program
(Reference 1). ECSS solves problems in the steady state
performance analysis of any fluid flow system. The program is
arranged in a form allowing a series of system components to be
linked together to form a complete system. A description of
the program with listings of the appropriate subroutines

is given in Appendix A.

The upstream boundary conditions are the internal pressures and
temperature in the Viper 11/201 engine. Figures 3 and 4,
obtained from Reference 2, show the compressor pressure ratio
and temperature rise. Figure 5 (Reference 3) shows the bleed
port pressure loss, expressed in the form of the ratio of
engine internal static pressure ratio as a function of
corrected flow.

Pressure drops in the remainder of the airflow are defined in
Table 1. The data are gqiven in the form of K factors (K=sP/Q)
where the velocity head a is calculated based on the given
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Figure 5 Engine Port Pressure Drop Characteristics
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TABLE 1 SYSTEM PRESSURE NRCP CHARACTERISTICS

SECTION

BLEED PORT FITTING

BLEED PORT FITTING TO SPLIT
SPLIT TO TRUNK (NO. 1) VALVE
NO. 1 VALVE

NO. 1 VALVE TO TRUNK

ACRS TRUNK OUTFLOW TO CUSHION
ACRS TRUNK OUTFLOW TO AMBIENT
ACTS TRUNK OUTFLOW TO CUSHION
ACTS TRUNK QUTFLOW TO AMBIENT
SPLIT TO TURBCFAN (NC. 2) VALVE
NO. 2 VALVE

NO. 2 VALVE TO TURBOFAN

12

K
FACTCR

1.
1.07
0.18
1.0
1.02
1.0
1.0
1.0
1.0
0.4
1.0
0.4

EFFECTIVE AREA

(1n?)

3.50

7.07

7.07

VARIABLE

7.07

C,A=20.7x 2.42
Cd A x 2.42
Cd A= 0.8 x 57.7
Cd A= 0.8 x 28.9
7.07

VARIABLE

7.07

d

o e
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value of effective area.

Figure § shows the verformance of the turbofan, obtained from
Reference 4. Reference 4 also included data showing the
turbine (or drive) flow for each test condition. Several
problems were encountered in trying to use this fan data for
analyzing the system verformance namelvy:

1 Turbine flow is normally ig&;elated by plotting
WVE or IXY functi v
3 A 5’ as a function o

corrected flow (
pressure ratio. A singlencurve should be obtained,
irrespective of turbine speed. However, when this
correlation was attempted, considerable data scatter
was observed, as shown in Figure 7. The relationship
between corrected flow and pressure ratio has a
significant impact on system performance. For
example, changing from the basic curve to the lower
limit curve of Figqure 7 results in a higher drive
oressure and hence, from Figure 6, in improved
turbofan performance.

s Figure 6 shows performance for drive pressures
ranging from 35 to 17.5 psia. However, in many
cases, and particularly with the ACRS at part power,
lower drive pressures are observed.

3« Reference 4 has no information on the performance of
the fan in the stall region.

As a consequence of these problems, further tests were run on
the turbofan as reported in Reference 6.

The revised fan map, obtained from Reference 6, is shown as
Figure 8. This map covers the complete range of drive
pressures. Furthermore, the turbine flow data shows an

excellent correlation as shown in Fiqure 9.
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The relief valve in the ACRS trunk can be adjusted to vary the

crackina and full oren pressures, The characteristics obtained
by AFFDL during in-house dropo testing (Reference 7, Fiqure 31)
showed considerable scatter. For example, a valve stroke of
1.2 inches was achieved at pressures ranaing between
approximately 1.95 and 2.32 psig. The cracking pressure varied
between approximately 1.45 and 1.63 psig. The valve was
designed for a cracking pressure of 1.71 psig (Reference 7,
Figure 10). Figure 33 of Reference 7 also shows the valve
stroke versus pressure characteristics to be very non-linear;
at strokes between 1.3 and 1.5 inches, increasing pressure does
not increase stroke, It is probable that the valve response s
a function of both pressure and rate of change of oressure, In
the absence of a more specific understanding of the valve
characteristics, the area versus pressure curve of Figure 10
was assumed for this analysis. The valve discharge coefficient
was assumed to be 0.9.

Trunk data for the ACRS and ACTS are summarized in Table 2.
The ACRS nozzles discharge vartially into the cushion and
thence to ambient, and partially directlv to ambient., The
baseline ACRS analysis assumes 50% of the nozzles dischargina
to cushion pressure, and S50% to ambient. The effect of varving
this assumption has been determined, as discussed later. As
the ACTS nozzles are partially inward facing, the baseline
assumption is that two thirds of the nozzles digcharge to
cushion pressure, and one third to ambient pressure. Again,
the effect of varying this aasumption has been determined. A
discharge coefficient of 0.7 is assumed for 18" diameter ACRS
nozzles, and 0.8 for the 1/4" diameter ACTS nozzles,

With the ACLS in a non-hover condition, the cushion outflow is
dependent not only on cushion pressure but also on the surface
roughness., Reference 8 suggests that ungrooved runways can be

characterized by an average roughness agap of .016", and arooved
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CUSHICON AREA (INz)
CP FWD OF CG (IN)
AREA OF TREAD (INZ)
HOLES

OVERALL LENGTH (IN)
OVERALL WIDTH (IN)

TREAD MATERIAL
(FWD 1/3)

TREAD MATERIAL
(AFT 2/3)

CUSHICN PERIMETER (FT)

TRUNK VOLUME (FTJ)

HOVER STRUCTURE HEIGHT

(IN)

Table 2

LAB TEST
AFFDL-TR-
74-64
2346

9.0

2200
1182,1/8"
dia. all
around
121.44
§3.3

Tire Tread
Rubber

Tire Tread
Rubber

2l.2
39.1
12'

20

ACRS#2
5X2027

3812
5.95
2478
394,1/8"
dia.

fwd 1/3
121 .87
66.6

Neooprene
Rubber

Natural
Rubber

22.0

14.3

ACRS and ACTS Trunk Data

ACRS#3
5X2064

3298
4.15
2364
394,1/8"
dia.

fwd 1/3
i 0 I
55.8

Natural
Rubber

Natural
Rubber

20.85

11.0

ACTS4]
5X2024

3988

5.95

2505
1764,1/4"
dia.
457 ,A=86.6
125.94
67.6

Natural
Rutber

Natural
Rubber

22.4

12.5
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PERFORMANCE CHARACTERISTICS

HOVER P, (PSIG)

ROLL STIFFNESS
(FT-LB/DEG)

ROLL NATURAL DAMPED
FREQUENCY (CPS)

ROLL DAMPING RATIO

ROLL DAMPER COEF-
FICIENT (FT-LB-SEC/DEG)

PITCH STATIC STIFFNESS
(FT-LB/DEG)

PITCH DYNAMIC STIFF-
NESS (FT-LB/DEG)

PITCH NATURAL DAMPED
FREQUENCY (CPS)

PITCH DAMPING RATIO
PITCH DAMPER COEF-
FICIENT (FT-LB-SEC/
DEG)

BEAVE STATIC STIFFNESS
(LB=IN)

HEAVE DYNAMIC STIFF-
NESS (LB/IN)

HEAVE NATURAL DAMPED
FREQUENCY (CPS)

HEAVE DAMPING RATIO

HEAVE DAMPER COEF-
FICIENT (LB-SEC/IN)

Table 2

1039-1‘93

36-70

0.21-0.29

0.057-0.069
307'4.‘

980

953-1370

0.87-1.05

0.038-0.0

17-20

725-870

800-1350

1-7-202

0.18-0.35
31-65

51

il

(Continued)

l1.8-2.1

98 (static)
90 (dynamic)
0.33

0.081
7.05

1030

1250

1.00

0.062

25

775-1060

1095

1.94

0.266
57.5

(REFERENCE 7)

0.93-1-3

31(dynamic)

0.19

0.17
8.9
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runways by a gap of .063". The corresponding cushion pressure
versus flow characteristics for ACRS 43 are shown in Figure 11.
It is shown later that because of the flat fan pressure rise
versus flow characteristics, the assumption of the averaae gao
in non-hover conditions is not very critical.

The airflow system performance discussed below includes one
further correction to the data assumed in the Reference 5
analysis. Ground testing of the Jindivik ACLS in Australia
showed the engine static oressure, obtained by measuring port
pressure at zero flow, to be less than engine manufacturer's
data as shown in Figure 12. Although the test data is from one
engine only, and is not necessarily typical of the average Viper
11/201 engine, it has been used in the analysis. Experience has
shown that engine pressures less than manufacturers' brochure
values are the norm rather than the exception.

2.2.2 ACRS Airflow System Performance

Fan off Performance - During touchdown and slideout it is

currently envisaged that the ACRS will operate with the fan
valve closed. Figure 13 shows trunk oressure on a standard dav
as a function of engine relative sveed. The trunk Dpressure
increases rapidly until the relief valve cracking ooint is
reached, at a engine relative speed of 52%. Above this point
the increase of trunk pressure with speed is cuite modest.
Figure 14 shows the thrust of the Viper 11/201 engine as a
function of relative engine speed and Mach number on a standarcd
day (Reference 2). Assuming that a trunk pressure on the order
of 1.8 psig is required to give adequate trunk stiffness,
Figures 13 and 14 show that the maximum re-~uired relative engine
speed is 52% and resulting thrust is on (i : order of 200-350
pounds. The approach engine speed is expected to be around 54
to 58%, and thus trunk stiffness will be adeauate at touchdown.
The thrust level of 200-350 pounds during slideout will not
significantly affect braking perfocrmance.
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Figure 13 shows that the trunk oressure at 100% nominal engine
speed is 2.1 psig, corresponding to a relief valve opeing of 42%
(Figure 10). Thus there appears to bte adeguate margin in the

relief valve to handle dynamic pressure fluctuations during
touchdown and slideout. ¥

The cushion pressure generated during fan off'operation is very
small, since the inflow is only 21 lb/min at 100% engine speed,
and the cushion cavity is vented through the fan. Hence, Figure
13 is applicable to rough or smooth surfaces, or for out of
ground effect operation.

Fan-On Performance - Numerous conditions of ACRS operation with
the fan on have been analyzed. The baseline conditions can be
summarized as follows:

Cushion Hover Pressure = 0.65 psig

Standard day

Trunk discharge coefficient = 0.7

508 of trunk nozzles discharging to cushion, 50% to
ambient '

o O O o

Rough runway as in Figure 11

Relief valve characteristics as in Figure 10
Eno . 12 bleed pressure as in Figure 12
**.v1ised" fan map as in Figure 8

O 0 0 0 o

Bot! valves fully open

Figures 15 and 16 show the performance of the baseline system.
Figure 15 shows trunk and cushion pressure, and it can be seen
that a hover condition is not reached until engine speed is
close to nominal. Assuming again that a trunk pressure of 1.8 !
psig is reguired for adequate pitch and roll stiffness, a
relative engine speed of approximately 80% is required. This
can be contrasted with Figure 13, which shows that the same
trunk pressure is achieved at 52% engine speed with fan off.
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From Figure 14, the thrust at 80% speed is in the range of
900-1200 pounds, which is considerably aktove approach power.

Thus a fan-on landing is not possible with the baseline system.
Figure 16 shows engine (internal) pressure, and oressures at
various points in the system ducting. It is evident that the
system pressure drops are very significant, and particularly the

"bleed port and bleed fitting pressure drops. This suggests that

system verformance could be improved by reducing these losses,
as discussed in Section 2.4.

The cushion pressure required for hover is a function of vehicle
weight, c.g. location, and the cushion area. As shown in Table
2, the latter quantity has varied in the ACRS trunks tested to
date. Figure 17 shows the effect on trunk and cushion pressures
of varying the assumed hover pressure between .55 psig and .7S
psig. The trunk pressure is essentially unaltered. At the
lower limit of hover pressure, the vehicle reaches a hover
condition at a relative engine speed of about 90%, and at the
upper limit the reguired sbeed is about 95%.

The baseline system performance of Figures 15 and 16 assumes
cushion outflow characteristics corresponding to the "rough" or
grooved runway surface of Figure 1l. Figure 18 shows the
performance assuming a "smooth" or ungrooved runway surface.
Some increase in trunk and cushion pressures is observed, and a
hover conditicn is reached at a slightly lower engine speed.
The overall effect is, however, comparatively minor, and this
can be explained bv the relative flatness of the turbofan
pressure versus flow characteristic in this region.

Two further assumptions incorporated into the analysis need to
be investigated and their effects determined. The assumption in
the baseline analysis is that half the trunk nozzles discharge
to cushion pressure, and half to ambient pressure. If, as an
extreme case, it is assumed that all the trunk flow goes into

the cushion, the result is that trunk pressure is increased,
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because of the higher back oressure. Cushion pressure is also
increased, because of the higher inflow. Results are shown in
Figure 19 and comparison with Figure 15 indicates that the
effects are comparatively small. Figure 20 shows the effect of
increasing the trunk nozzle discharge coefficient from 0.7 to
0.8. This increases trunk outflow, and trunk pressures are
affected to some extent. For examvle, at 60% relative enaine
speed, trunk pressure decreases from 1.09 psig to 0.96 psig.
Cushion pressure, on the other hand, is essentially unaltered.

The fan-on operation out of ground effect of the ACRS airflow
system is of interest, since this is a condition which is
convenient to test in order to compare test and analysis. Trunk
pressures are reduced, and are virtually identical with those
shown in Figure 20. It should be noted that at an approach
engine speed of 60%, the trunk pressure is less than 1 psia,
which might not even be high enough to deploy the trunk
satisfactorily. This confirms that with the current systen,
approach should be in a fan off condition, when the
corresponding trunk pressure is above 1.8 psig (Figure 13).

The performance of the system is relatively unaffected by
ambient temperature. On a MIL-STD-210A Bot Day, trunk pressures
are typically .05 psig lower, and cushion pressure .02 psig
lower. A potential problem exists with trunk and fan bearing
over temperature during prolonged Hot Day high power overation
on the ACRS. Bleed air temperatures for various engine speeds
and thrusts on a Hot Day at zero forward speed are as follows:

RELATIVE SPEED THRUST BLEED TEMPERATURES (°F)
% POUNDS ENGINE FAN OR TRUNK INLET (ESTIMATED)
80 1050 312 291
87 1440 348 324
100 2230 407 377
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Tech Development Inc., the supplier of the turbofan, recommends
a maximum turbine air inlet temperature of 375°F. The bearinags
are capable of operation up to 380°F for ten minutes. B. F.
Goodrich, supplier of the ACRS trunk, specify an intermittent
(20 to 30 minutes) temperature limit of 250°F - 300°F. As the
ACRS is designed for tcuchdown, slideout and taxi only, relative
engine speeds above 80% are required only intermittently, for
example to overcome breakaway drag at start of taxi. Thus fan
bearing temperature should not be a problem. ACRS trunk
material temperatures will be substantially below trunk inlet
air temperatures because of the comparatively low flow rates
(1 1b/sec at 80% engine speed, 1-1/2 lbs/sec at 100% engine
speed) ,and the large volume and surface area of the trunk. Thus
because of the intermittant nature of the high power setting
operation on the ACRS, trunk temperatures should not exceed
250°F during operation in ground effect.

The airflow system ducting is supplied by Arrowhead Products and
H. K. Porter. Upper temperature limits are 450°F or higher (at

60 psig), well above maximum air temperature at the engine bleed
port.

2.2.3 ACTS Airflow System Performance

Numerous conditions of ACTS overation have been analyzed. The
baseline condition can be summarized as follows:

Cushion Hover Pressure = 0.7 psig

Standard Day

Trunk discharge coefficient = 0.8

Two-thirds of trunk nozzles discharging to cushion,
remainder to ambient

o O O O

Rough runway as in Figure 11
Engine bleed pressure as in Figure 12
Revised fan map as in Figure 8
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0 ACRS trunk valve (Number 1, Figure 1) fully closed
o Fan valve fully open

The higher hover pressure assumed for the ACTS is based on the
fact that the vehicle will be heavier at takeoff than at
landing. The higher trunk nozzle discharge coefficient (0.8
versus 0.7 for the ACRS) results from the larger hole size (1/4"
diameter versus 1/8" diameter for the ACRS). The assumption of
two thirds of the nozzles "seeina"™ cushion pressure and one
third ambient pressure is somewhat arbitrary, but appears

reasonable as the ACTS nozzles are inward facing at an angle of
o]
45 .

As with the ACRS analysis, the effects of the various
assumptions have been investigated parametrically, and similar
trends are observed. The effects of various parameter changes
are summarized in Figures 21 and 22, showing trunk and cushion
pressures respectively. The figures show the baseline
assumptions to be the most conservative, in that they result in
the lowest trunk and cushion pressures. Vehicle hover is
achieved at engine speeds between 68% and 78%, which is
satisfactory. A maximum hover pressure of 0.8 psig, which
corresponds to a vehicle weight of over 3200 1lbs, could be
reached at an engine speed of 80% with the baseline system.
Insufficient test data are available to assess the adegquacy of
the trunk pressure in terms of providing adequate pitch and roll
stiffness. It should be remembered that the parking bladders
also contribute to the ACTS trunk stiffness.

2.3 COMPARISON OF TEST AND ANALYSIS

During ground testing of the Jindivik at the Government Aircraft
Factory facility at Avalon Field, some pressures in the airflow
systems were recorded. During initial testing on the ACTS and
ACRS in October, 1975, some trunk and drive pressures were
recorded. However, considerable difficulty was experienced with
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the transducers, and the recorded pressures were not reliable.
During subsequent testing in May and June of 1976, system
pressures were recorded first on ACRS #3, and then on ACRS #2.
Measured values of engine bleed port pressures, already shown in
Figure 12, were used in the system analysis of Section 2.2.

Figures 23 and 24 compare test data on ACRS #2 and #3 with the
baseline analysis. Figure 23 shows trunk and cushion pressures,
and Figure 24 shows drive pressures. From Figure 23 it can be
seen that trunk pressures are similar for the two trunks, and
agree well with analysis. Furthermore, measured cushion
pressures are similar for the two trunks, and aaree well with
analysis except at low engine speeds, where measured values are
less than analysis. The probable reason for this diveragence is
that at low engine speeds, and hence at low trunk pressure (<0.7
psig), the creases in the trunk are not fully straightened out,
resulting in additional flow areas under the trunk to vent the
cushion pressure.

Figure 24 shows a substantial difference in measured drive
pressures for ACRS #2 and #3 trunks. The test data for ACRS #2
and analysis are in reasonable agreement, although the
divergence increases as engine speed decreases. Once again this
can possibly be explained by trunk creasing which lowers the
back pressure on the turbine, and hence reduces drive pressure.

The measured drive pressures for ACRS #3 are not only
inconsistent with test data for ACRS #2 and with analysis, but
also with the fan data of Figure 8. A comparison of measured
cushion pressures for ACRS #3 with the maximum outlet pressure
sbtainable from the fan is as follows:
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The measured cushion pressures are substantially above the fan
outlet pressures at the stall point, which generally are the
maximum obtainable outlet pressures. Thus, there is
considerable evidence to suggest that measured drive pressures
on ACRS #3 are in error.

In conclusion, agreement between test and analysis on the ACRS
appears good, and thus the analytically calculated performance
figures at higher engine powers, not tested to date, can be used
with reasonable confidence. Test data is still required to
validate the ACTS airflow model.

2.4 SYSTEM EVALUATION

The lack of ground test data on the ACTS make it difficult to
evaluate the adeguacy of the system with confidence. Hover
pressure is achieved at an engine relative speed of 80%, which
is satisfactory. The major concern is whether trunk pressures
are high enough to provide sufficient pitch and roll stiffness,
particularly during deceleration on the ACTS. This gquestion can
only be resolved by future testing.

With the current ACRS system, and assuming that a trunk pressure
of approximately 1.8 psig is reauired to give sufficient pitch
and roll stiffness, the minimum engine speed for fan-on
operation is around 77%. The corresponding thrust is between
750-1000 lbs. Such a thrust level is higher than that
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anticipated during aporoach, and certainly unacceptably high for
slideout. Thus approach and slideout are currently envisaged as
being with the fan off.

A current concern about Jindivik is the high drag loads, and
resulting pitch moments, which would occur during a fan-off
landing. As discussed in Section 5, the Jindivik landing system
is unlike any ACLS that has been tested to date, in that there
is no cushion pressure to absorb vart of the vertical load and
only part of the trunk is lubricated. Imposition of the high
drag loads, and resulting forward pitching moments, on a system
with limited pitch stiffness, could cause unacceptable pitch
oscillation and contact of the Ffuselage with the ground.

For demonstration landings, an obvious way to alleviate this
problem is to select a low friction surface such as wet grass.
The alternative approach is to modify the airflow system to
permit fan-on landings. Referring to Figqure 16, it can be seen
that the major contributors to pressure drop in the system are
the bleed port and the bleed vort fitting. The pressure droo in
the latter can certainly be reduced by an improved design.
System pressure drops can also be reduced by replacing the
flexible ducting running external to the Jindivik fuselage with
smooth ducting. Figure 25 shows trunk and cushion pressure,
assuming a bleed port fitting K factor of 2, based on an area of
7.07 square inches. The figure also shows the effect of
turbofan valve angles of 90° (full open), 45°, 30° and 0° (full
closed). As the turbofan valve is closed, trunk oressure is
increased at the expense of cushion pressure. Assuming a
recuirement to maintain a trunk oressure of at least 1.8 psia at
an engine speed of 608, the fan valve angle can be set at 45°,
This gives an ecuilidrium cushion pressure of 0.2 psia,
resulting in significantly lower drag and pitching moments. An
alternate aporoach is to control the fan valve anale as a
function of engine speed. Figure 26 shows a suitable control
law for the valve, and Fiaure 27 the resulting trunk and cushion
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pressures. Figure 16 indicates that the second major

contributor to system pressure drops is the engine bleed port.
Bleed port losses could be substantially reduced by using a
Viper 522 center section, giving a choked corrected flow at the

0. l/2

ports of 2.7 lbs/sec "R ,as opposed to 1.5 for the Viper
psia

11/201 center section. With the Viper 522 center section pvort

characteristics, and the improved bleed port fitting, trunk
cushion pressures are approximatelv as shown as Figure 28. With
the fan valve fully open, the calculated trunk pressure is 1.8l
psig and cushion pressure .34 psig at an engine speed of 60%.
Thus fan-on approach, landing and slideout would be possible.
During fan off operation, a maximum trunk pressure of 2.19 psig
is achieved and the relief valve still should have adequate
margin to absorb pressure transients.

The Viper 522 center section also benefits ACTS airflow
performance. For example at an engine speed of 70%, trunk
pressure is increased from .5 to .8 psig, and cushion pressure
from .4 to .7 psig (hover condition).

The Viper 11/201 manual recommends that bleed flows "should not
exceed 6 1/2% of the air mass flow, but higher bleeds can be
accommodated". Figure 29 compares bleed flows for the ACRS
(fan-on and fan-off) and the ACTS with this limit. Highest
flows are with ACRS fan-on operation. With the baseline system,
the recommended bleed extraction rate is not exceeded. With the
new center section, the bleed flow at a relative speed of 100%
is 237 1lb/min. This is 9% of the Viper 11/2Q1 core flow, but
only 7.5% of the 522 center section core flow. Thus
overbleeding is unlikely to be problem with a new center
section.

In conclusion, there is the potential for considerable
improvement in airflow system performance. Redesign of the
bleed port fitting and system ducting produces a worthwhile
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improvement at minimum cost. Incorporation of a new center
section in the Viper engine is a major change, but would permit
fan on landinas, controlled braking, and ACRS taxi at reduced
engine speeds.
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SECTION 3

YAW THRUSTER CONTROL ANALYSIS

This section contains a description of the Jindivik yaw control
system and its performance under static and dynamic conditions
at high engine power settings for the ACTS and ACRS. The
response of the vehicle to disturbances generated by side wind,
gusts and runway crown is evaluated.

3.1 YAW THRUSTER DESCRIPTION

The Jindivik autopilot, consisting of roll, vitch and yaw gyros,
positions the elevator and ailerons to maintain the flight
attitude. The Jindivik has no rudder; turns during flight are
performed through rolling maneuvers initiated by the ailerons.

The Jindivik normally utilizes a tricycle trolley for launch.
During launch, the yaw gyro commands bypass the ailerons and
instead control the trolley front wheel steering angle. The
autopilot does not sense lateral drift. The "batsman" located
on the runway centerline sights the Jindivik througb binoculars
and steers by rotating the yaw gyro reference angle by radio
control. The autopilot senses an error in the yaw angle and
commands a steering adjustment. The maximum rate of reference
angle change is 10 degrees per second. The difference between a
gyro reference angle and the actual aircraft attitude is called

the reference angle error. The maximum reference anale error is
30 degrees.

At liftoff the Jindivik separates from the trolley, and yaw
control is transferred to the ailerons. Control of the aircraft

during flight is also achieved by resetting the gyro reference
angles.
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For taxi or takeoff on the ACTS or taxi on the ACRS, yaw control
is provided by yaw thrusters, as shown in Figure 30. The
mechanism (Figure 31) cecnsists of a solenoid valve that opens
and closes an air passage between the exhaust side and the
ambient air side. When the solenoid valve is closed, the jet
stream reduces the pressure on the turning wall, and hence the
jet stream becomes attached to the turning wall (the Coanda
effect). When the valve is opened, the vacuum is relieved and
thus the jet stream becomes detached from the turning wall.

Operation of the yaw thrusters is controlled by a Pulse Ratio
Modulator (Reference 9), which receives the reference anagle
error as an input from the yaw gyro. The Pulse Ratio Modulator
will provide for mocdulated vectored thrust by oscillating the
solenoid valve at 3 Hz. The maximum lateral force of the
vectored thrust is 110 lbs at takeoff thrust.

3.2 SYSTEM PERFORMANCE

The purpose of the yaw thruster control system is to provide a
means of directional control for the ACLS equipped Jindivik. As
the thrusters operate by diverting part of the engine thrust, it
is apparent that the control system will be ineffective during
conditions of low engine thrust, and in particular during
braking on the ACRS and ACTS. 1In this section, the performance
of the system is evaluated for both trunks for enagine speed
ranging from 60% to 1008, corresponding to taxi and takeoff
conditions. The effectiveness of the system is determined for
various disturbances such as side winds (steady and gusts) and
runway crown effects.

For the system verformance analysis, certain assumptions,
described in detail in the fnllowing sections, were made
concerning ACRS and ACTS trunk and cushion pressures as a
function of engine speed. 1Initial ground testing in Australia
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showed actual trunk and cushion pressures to be substantiallv
lower, as discussed in Section 2. Thus, the analysis reported
herein is not directly applicable to the vehicle configuration
tested in Australia, since the higher trunk and cushion
pressures assumed for the analysis result in trunk drags low
enough to be comparatively unimportant. Various recommendations
have been made in Sections 2 and 8 of this report for ways to 3
improve the performance of the airflow system. It will be

necessary to adopt some or all of these recommendations to give
satisfactory vehicle performance, and trunk and cushion
pressures will be improved over values exverienced in Australia.
When test data on the improved system becomes available, it will
be possible to assess the applicability of the results in this
section by comparing trunk and cushion pressures with the values
assumed for this analysis. If there is still a significant
discrepancy, the analysis should be updated to reflect the
latest airflow system performance.

3.2.1 Method of Analysis

The effectiveness of the thruster system was investigated
through both steady state and dynamic analyses. In the steady
state analysis, a disturbing force such as a side wind is
defined. For the vehicle to be at steady state, both lateral
forces and moments must be in balance. The analysis determines
the percentage of available side force from the yaw thruster,
and the vehicle yaw angle, at which such a balance is achieved.
The analysis is then repeated first at different engine speeds
(or thrusts) and vehicle speeds, and then for different j
disturbances. In the dynamic analysis, the directional control

performance is evaluated during a vehicle run such as a takeoff

roll. The criterion of performance is the vehicle drift from 3

the runway centerline. The dynamic analysis introduces another
variable, namely the response of the "batsman" who controls the
yaw ayro setpoint. The batsman is assumed to respond to lateral
drift and not to vehicle heading. The two parameters
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determining the role of the batsman are assumed to be the drift
at which the batsman starts to respond (i.e. the deadband), and
the amount by which he resets the heading for a drift exceeding
the threshold (i.e. the gain).

The evaluation of yaw thruster effectiveness, both steady state
and dynamic, was accomplished using a four degrees of freedom (4
DOF) computer program (Reference 10). The deqrees of freedom
are longitudinal and lateral motion, yaw and roll. Yaw must be
included as a degree of freedom because the aerodynamic side
force is potentially the highest force acting on an aircraft
during slideout and taxi, and is extremely sensitive to the
angle of aerodynamic sideslip 8. Roll is required to include
wing tip skid and asymmetrical trunk drag influences.

For operation on the ACRS at low engine power settings such as
in taxi operation, the vehicle pitch angle will influence trunk
drag as only the forward one third of the trunk is lubricated.
Consequently for ACRS analysis, the pitch angle was calculated
on a quasi steady-state basis. As trunk drag was considered to
be significant only for the low engine power (and hence low
speed) cases, the effect of elevator moments on the pitch angle
was not included. Pitch angles were not determined for the ACTS
analysis.

Forces and moments acting on the vehicle are shown as Figqures 32
and 33 respectively, and include the effect of the following:
Crosswind velocity

Vehicle moments of inertia

Trunk induced forces and moments

Wing tip skid induced forces and moments

Yaw thruster forces and moments

Taxiway crown or slope

Engine thrust

Engine gyro coupling effects

Aerodynamic forces and moments (including ailerons)

0O 0 0 0 0 0 0 0 O
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Basic vehicle data assumed for the analysiaz ig summarized in
Table 3.

The equations expressing the forces and moments acting on the y
vehicle are derived in the following paragraphs. ‘

ACTS Trunk. The frictional drag of the ACTS trunk which is
assumed to have a uniform coefficient of friction fore and aft

is given by:

F (1)

td " HePePy
where the ACTS trunk pressure Pt versus enaine RPM is shown in
Fiqure 34. The Pt - RPM relationship was determined by the
airflow system analysis of Reference 5. As discusged in Section
1.2, the assumed trunk and cushion pressures in this analysis
are higher than values observed during the ground tests. They
are also higher than values calculated i{n Section 2, gince those
calculationg were updated following the ground tests. The
trunk=ground reaction force Atpt in equation (1) te net force of
the aircraft weight, wa' aerodynamic lift, L, and the force of
air cushion lift, PCAC. The flattened area of the trunk is
thus:

At - (Na - L - PCAC)/Pt (Equilibrium) (2)
The cuashion area is assumed constant and the cushion air
pressure {s assumed to vary with enagine RPM and the afrcraft
weight-1lift differential as shown in Figure 3S5.
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TABLE 3 - AIRCRAFT DATA

WEIGHT
MOMENTS OF INERTIA
Ixx (ROLL)
Izz (YAW)
CG HEIGHTS
ACRS
ACTS

MAX ENGINE THRUST
ENGINE RPM FOR TAKEOFF
0 RNOTS
40 KNOTS
ENGINE GYRO COUPLING COEFFICIENT

WING TIP SKID AND WING ROLL
STIFFNESS

WING REFERENCE AREA
WING SPAN
ACTS TRUNK
CUSHION AREA
ROLL STIFFNESS
PITCH STIFFNESS
ROLL DAMPING
ACRS TRUNK
CUSHION AREA
ROLL STIFFNESS
D PITCH STIFFNESS

ROLL DAMPING

95 FT-LBS/SEC USED IN ANALYSIS

1030 FT-LBS/DEG USED IN ANALYSIS

3400 LBS

2414 SLUG-FT
4082 SLUG-FT

[SS S )

2.8 FT
3.1 FT

2500 LBS

87%
100%

21.8 FT-LB-SEC/DEG

6300 FT-LBR-DEG
76 SQ. FT.
18 FT.

3988 SO. IN.

31 FT-LBS/DEG
1000 FT-LBS/DEG
8.9 FT-LB-SEC/DEG

3812 sQ. IN.

98 FT-LBS/DEG (STATIC)

90 FT-LBS/DEG (DYNAMIC)
1030 FT-LBS/DEG (STATIC)
1250 FT-LBS/DEG (DYNAMIC)
7.05 FT-LBS-SEC/DEG
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The center of brakina for the ACTS trunk is assumed to varv with
the flattened trunk area as shown in Figqure 36. With the
aircraft cqg being 0.5 feet aft of the trunk center of pressure,
it was assumed that as At apprcaches zero, the center of braking
moves about 4 feet aft of the cg. This is the distance between
the aft end of the trunk and the aircraft cg.

The coeftficient of friction for the ACTS trunk is dependent on
the air lubrication or trunk air flow rate. The trunk air flow
rate versus engine RPM is assumed to be defined as shown in
Figure 37, and the coefficient of friction for wet and dry
runways versus air flow rate is assumed to be as shown in Figure
38.

The trunk drag will induce a yaw moment given by:

M, = Pyl Sin (¥+3) (3

Where 1cb is the distance between center of braking and center
of gravity.

The trunk will induce an additional yaw moment when in a rolled
attitude, given by:

R ‘xo)t°"t Cos (y+¢g) (4)
The trunk drag induced rolling moment is given by:
Mx = Ftdhcg an(w+;) (S)

The trunk stiffness will induce an additional rolling moment
given by:

Me = (K)o (6)

The rolling motion is damped by:
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M, = ~(C

X o):° (7)

Where (C")t is the trunk roll damping coefficient.

It should be noted that the drag induced rolling moment
(Equation S5) is normally greater than the yaw moment (Eguation
3) because h
2 c
cb.

g is approximately 3 ft. and is usually larger than

ACRS Trunk. The forward third of the ACRS trunk is lubricated
by trunk air flowing out of small holes at the trunk ground
interface. The aft two thirds of the trunk has a brake tread
which provides high friction for deceleration. The lower

coefficient of friction on the forward portion causes the center
of drag to be aft of the cg and thus directional stability is i
provided. The coefficient of friction for the aft two thirds is

assumed to be 0.9 and 0.3, respectively, for dry and wet
runways. The coefficient of friction for the forward portion is
dependent on the air flow rate. The trunk air flow rate versus
engine RPM is assumed as shown in Figure 39, and the coefficient
of friction for dry wet runways versus air flow rate is assumed
to be as shown in Figure 40.

The assumptions for cushion pressure Pc for the ACRS trunk is
given in Figure 41. The center of braking on the aft and
forward portions of the ACRS trunk were assumed to vary with the
aircraft pitch angle as shown in Figure 42 and 43. The
assumption for the percent distribution of the flattened area
for the forward and aft portions of the ACRS trunk is shown in
Figure 44.

Assuming that in the calculation of pitch angle the distribution
between forward and aft flattened areas corresponds to the 0°
pitch point of Figure 44, the pitch angle 8 is approximated
(Figure 45) by:
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G [.SE\CPC"-(.GS(ut)a +.32(utEwd)AtP h

. chos(‘iH-;\l/Ke (8)

£

In the above equation the factors .68 and .32 are the relative
non-lubricated and lubricated trunk areas, and were obtained
from the appropriate drawings.

The yaw moment due to trunk drag is given by:

My = [up) g (PeAL) aee (lop) age™ (i) £ua (PePe) fwa (2cb) gwa!

X sin(y+g) (9)

The remaining yaw and roll moment terms are the same for the
ACTS and are given in equations 4 thrcugh 7.

Wing Tip Skid. The wing tip skid induces a rolling moment given

by:
LS (Ko)ws 0+ 0 o) (10)

for roll angles ¢ greater than the skid contact roll angle °sc'

An additional rolling moment is induced by the wing tip skid
frictional forces, but is small compared to the above term.

Similarly, a yaw moment is induced, given by:

M_= (K¢) Cos (y+z) (11)

ws (020 o) uyg

The skid friction is given by:

|G % (K¢)ws (920go) Hys

u (12)

This can be resolved into longitudinal and lateral components
given by:
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F, = Fu Cos (y+z) (13)
Fy = Fu Sin (y+g)

Yaw Thruster. The yaw thruster produces a yaw moment given by:

M2 T Fry ey (14)
where ztv is the distance between the thrusters and the cg. The
yaw thruster force can be resolved into longitudinal and lateral
components given by:

Fx = Ftv Sin )

(15)
PY = Ftv Cos ¥
The vectored thrust Ptv is determined by the demand from the yaw
gyro reference angle error, and the maximum available vectored
thrust and the resulting thrust loss versus engine RPM are shown
respectively in Figures 46 and 47. The engine thrust for
various Mach numbers, and at different engine RPM, is shown in
Figure 14 (Reference 2). In the analysis the percentage drop in
engine thrust due to a higher Mach number is evaluated and

applied to the vectored thrust and drag data of Figures 46 and
47.

The yaw gyro demand for vectored thrust was simulated by the
assumed control relationship of Figure 48. Although the
autopilot will sense directional errors, it will not sense
lateral drift from the runway centerline, this function being
performed by the batsman located at the end of the runway. The
batsman control, namely shifting the yaw gyro reference angle,
was simulated by the assumed relationship shown on Figure 49.

69




e

A LN 0, i b

g ST g 11

bor s R S A S NS A Sl B S

o VS

o — - - y bz
- —— e e —
- e —— e e - s it 0 . e e

S ——---—-—-O AT 110 KNOTS. . eeiyns
Bl antaE THRUST IS RENCED BY 3
et .__..-loa - .: T L Y s T o TR

<o CHANDLER - -
L b s sttt et et - EYANS. TEST

' i .4
K aiedi-z2

|
i i
B RS
|
|
i
i
i
I
i
!

|
|

i
™
i

|

|

! i
|

|

|

|

|
|
5
—r
i
|
!
i
v
|
~

| NET S1oE FORGE L85

|
g
1

= 3 B .-._..j T 2
g & e e S T

| vecToRED THRUST (F
I RN e Tt
%
o
|
|

L il e
6

7“':-'0 ' : ik
Fhid Shsiste u__.__, O.Z__ 0.4...___,_,0 _. 0.8 L0

TR snsms RELATIVE SPEEU. NINO 1/518" T

BT L DNy imonn
SRR e A ‘__rga_xf_ng Av_a_i];ble Vectored Thrust

70




e NIRRT

1

- — -

= Figm’l ¢7-1- mm Thrust Vtctor Contro‘l— System ong

71




B S i Lot R

o el A S S
ARy =7

” o o Lohle s
TR o T PR AR T AR SN Sy A O T ——

B e
= =i

Figure 48 Auto Yaw Control System Gain

-_...__..__.._.L.._ Sl s e - em————

Figure 49 Ground Based Pilnt Control of Yaw- Gyro

72




P ———

AD=A058 004 BOEING AEROSPACE CO SEATTLE WASH F/6 1/3 3

: INTEGRATION OF AIR CUSHION LANDING SYSTEM TECHNOLOGY INTO THE J==ETC(U) |
MAR 78 A J LLOYD: J J MCAVOY, V K RAJPAUL F33615-75-C-3000

UNCLASSIFIED AFFDL=TR=77=-21 I

’ 10080




> o

I
== H\H | 8
I

L2 L ni




o AN
ey

b

o) s DTN

Engine. The enaine thrust can be resolved into longitudinal and
lateral components given by:

F = P Cos ¢

X “th
(16)
Fy = Fup Sin ¥
The engine gyro yaw moment is given bv:
N E S
i v gc N (17)
D
where (Cw)gc is the engine gyro coupling coefficient.

Aerodynamics. Aerodynamic forces and moments are calculated
from coefficients obtained from Reference 1l1. The coefficients

of lift CL’ drag CD' aero side force Cy, aero yaw moment C , and
aileron rolling moment Cq are shown in Figures S50 through 34,

respectively. The aerodynamic roll coefficient is constant and
equal to 0.00125.

Aileron Controls. It is assumed that the roll gyro acts to
maintain roll stability of the vehicle. Thus, the ailerons will
exert a roll moment as required to attempt to maintain zero roll
angle up to a maximum value determined from the rolling moment
coefficient of Figure 54. The dynamics of the roll gyro system
are not included in this analysis.

Steady State Analysis Method. Steady state analysis were
conducted to determine the force balance limitations of the
thrust vector control system. These analysis were conducted by
using the dynamic program in a non-integrating mode. For given
boundary conditions such as cross wind or runway crown and the
aircraft conditions of longitudinal velocity and engine RPM, the
percent of vehicle crab and available vectored thrust were
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varied.

The steady state condition for taxi or takeoff assumes that the
velocity or acceleration is parallel with the runway centerline.
The lateral linear and rotational velccities are zero. The
problem is thus to find the required crab and vectored thrust,
both expressed as vercentages, to halance out the lateral side
forces and yaw moments. The method is illustrated graphically
in Figure 55, which shows lateral side forces (solid lines) and
yaw moments (dashed lines) plotted against vectored thrust for
various amounts of crabbing.

A computer subroutine was written to store the total lateral
force and yaw moment for variations in crab and vectored thrust.
These data points are shown on the figure. The sample case
presented does not consider trunk frictional moments, and is

thus fairly linear. The computer steps of the technicue are as
follows:

(a) Search the stored data for the percent crab giving positive
and negative lateral forces (e.g., solid lines at 0%
crabbed and 20% crabbed)

(b) Search for the first positive yaw moment along the line of
the largest of the two crab angle lines (e.g., roint f)

(c) Write linear equations of the lines intersecting points:
1) a and b (Equation (1))
2) ¢ and 4 (Eguation (2))
3) e and £ (Egquation (3))
4) g and h (Eguation (4))

(d) Solve Equations (1) and (4) for point i

(e) Solve Equations (2) and (3) for point 1
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(f£) Write equation for line intersecting noints i and i
(Equation (5))

(g) Solve Equation (S5) for intersection with abscissa for the
required percentage of available vectored thrust. (Point k)

(h) Intercolate for the percent crab of point k between
Equations (1) and (2). This is the percent crab angle
required for steadv state.

The procedure is then reveated for any recuired range of
aircraft velocities, engine speeds and side wind velocities.

3.2.2 Steady State Performance

The steady state analysis determines the percentage of available
thrust and the yaw angle required to keep the aircraft on the
runway centerline during various crosswind conditions. Values
were determined for various vehicle velocities and engine power
conditions. Crosswinds of 10, 20 and 30 knots were used, and
engine speeds of 60% to 100%. A summary of steady state
analyses conducted is presented in Table 4. Only analyses that
provided significant data are presented and discussed in this
report. The right hand column also gives a cross reference to
figures contained in this report. These analyses were conducted
for the purpose of determining the force balance characteristics
and limitations of the thrust vector control system on the
ACTS/ACRS Jindivik in conditions such as side winds, and with a
runway crown angle. The effects of wing tip skid friction and
symmetrical trunk drag due to the aircraft being in a rolled
attitude are also included in all except the first three runs.
For each steady state case, the required vectored thrust as a
percent of the maximum available, and the required yaw angle,
are plotted versus engine speed for aircraft velocities ranging
from one knot to 120 knots.
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¥ TABLE 4
THRUST VECTOR CONTROL SYSTEM
3 STEADY STATE ANALYSES RUN MATRIX
:" £
$/ 0
‘ L8
;
3 1 EITHER 10 NONE | ORY | NONE ° 56
| 3 EITHER 30 - 58
} 4 [ 10 59
; 5 o 20 60
6 ® 20 61
i 7 o 10
3 8 * | 2 |
9 ° 30 ORY
1 0| e 10 WET |
f n ¢ 10 L wer | vone
3 ® SKID
12 10 ORY | Gap 3°
L 20 } 3
‘ 14 ® 10 | 6" 64
SKID
15 * 20 NONE GAP 6"
w.i * 0 | 2 NONE
SKID
SKID
18 o 20 2 GAP 3* 63
19 o 20 2 NONE
SKID
20 b O W T Y | e s 65
SKID
21 - 2 | 2 ORY | rap g
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It should be emphasized that these cases are steady state in the
sense that lateral forces and all moments are in balance; the
vehicle may be accelerating (or decelerating) in the forward
direction.

ACTS System. The steady state reauirements for vectored thrust
and yaw angle for conditions of 10, 20 and a 30 knot side wind
are shown resvectively in Figures S6 through 58 for ACTS. These
three cases do not include the yaw moment effects resulting

from wing tip skid and trunk drag. These three cases present
the yaw thruster effectiveness in reacting only the aerodynamic
forces and moments. Note that in a 10 knot side wind, there is
sufficient vectored thrust. The maximum yaw thruster
requirement is 79% at vehicle velocity of 40 knots and engine
RPM of 60%. In the 20 knot side wind condition, Figure 57 shows
that at engine RPM's less than 75%, there is insufficient thrust
for vehicle velocities less than 60 knots. In the 30 knot side
wind condition, 95% engine RPM would be required to provide
sufficient vectored thrust for the range of vehicle velocities.

The effect of the low levels of trunk drag considered in this
analysis or of wing tip skid induced moments is generally to
reduce the level of vectored thrust required to react the
aerodynamic yaw moment in side wind conditions. Trunk drag and
wing tip skid friction provide directional stability to the
aircraft and thus less vectored thrust is requir * to prevent
the aircraft from weather-cocking in a side wind.

The effect of wing tip skid friction and trunk drag induced yaw
moments is included in the results of Figures 59 through 61
which are for 10, 20, and 30 knot side winds respectively. The
effect of skid and trunk drag in the 10 knot side wind condition
is to reduce the required vectored thrust from 47% to 31% for an
engine RPM of 60% and vehicle velocity of one knot. It can be
seen that for a 20 knot side wind the yaw angle requirement is
higher, and thus the rolling moments due to drag are higher.
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For the side wind condition of 20 knots, the effect of trunk
drag and skid induced yaw moments is shown by the difference
between Figures 57 and 60. The required vectored thrust at an
engine RPM of 708 is decreased from 100% to 70% at a vehicle
speed of 1 knot.

The effect of the runway crown on the demand of the thrust
vector control system is shown in Figures 62 and 63 for 10 and
20 knot side wind conditions. It is assumed that the aircraft
is on the down side of the runway, and that the crown slope is
2%. This assumption results in a force ecual to 2% of the
aircraft weight assisting the force of the sidewind. It can be
seen that because of the runway crown, larger yaw angles are
required. Because of the higher yaw angles, the induced yaw
moments caused by trunk drag are also higher. 1In the 10 knot
side wind case of Figure 62 at lower engine RPM's, the vectored
thrust is required to assist the aerodynamic yaw moment in order
to overcome the yaw moment due to skid and trunk drag. In
Figure 63 the aerodynamic moment predominates over the moment
induced by trunk drag, and thus the thrust vectoring acts to
counter the aerodynamic moments over the whole range of
conditions.

In traversing slopes with side winds, Fiqures 62 and 63 indicate
that yaw thruster control capability is very limited. Sloping
surfaces (other than runway crowns) will also in general be
rough and hence accompanied by lower cushion pressures and
increased trunk drag. Further analysis of such conditions is
tecommended.

ACRS Svstem. Similar steady state analyses to those discussed

above for the ACTS were also made for the ACRS. In general,
little difference was observed between ACTS and ACRS results.
One reason for this is that only hover conditions were
considered, as discussed previously. Figure 64 shows typical
results for the ACRS with a 10 knot side wind, which can be
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compared with, and is similar to, Figure 59 for the ACTS.
Figure 65 shows the ACRS in a 10 knot side wind and 2% crown,
and can be compared to Figure 62 for the ACTS.

3.2.3 Dynamic Performance

A summary of the dynamic analyses is given in Table S. Takeoff
runs were simulated on the ACTS and ACRS trunks in 10, 20 and 30
knot side wind conditions. The yvaw thruster performance was
evaluated in various simulated conditions such as wind gusts,
wet and icv runways, runway crown andales and sudden vaw
perturbations.

A parametric study of the yaw rate ayro output gain and the
batsman yaw control was also included. Taxi simulations of 25
second duration for various lower engine RPM's were also made.

In the simulations of the ACTS/ACRS Jindivik takeoff, it is
assumed that the aircraft is tethered and aligned with the
runway centerline and released at an engine RPM of 87%, and that
the engine RPM increases to 100% after 3.5 seconds. 1In 3.5
seconds the aircraft will attain a velocity of approximately 50
knots. It is assumed that the aircraft weighs 3400 lbs., and
that the thrust at nominal engine speed is 2500 1lbs.

ACTS System. Figures 66 throuah 8 show the net yaw moment, yaw
angle, side force and lateral drift for takeoff on the ACTS
trunk in sidewinds of 10, 20 and 30 knots respectively. The

side wind component was assumed to be in the positive Z-axis
direction, so that negative values in moments, angles, forces
and drifts are directionally into the side wind component. Thus
referring to Figure 66, the vehicle initially experiences a
negative yaw moment (into the wind) which results in a
corresponding change in yaw angle. The side force is initially
positive (downwind), and the resulting vehicle drift is also
positive (downwind). For 10 and 20 knot side winds (Figures 66
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and 67), the vehicle lateral drift is always downwind. However,
for the 30 knot side wind (Figure 68), the vehicle initially
drifts downwind, but then yaws sufficiently into the wind so
that the final (and maximum) lateral drift is upwind. For these
cases, the yaw gyro gain was assumed to be 10%/dearee,
corresponding to maximum thrust vectoring at a yaw gyro
reference angle error of 10 degrees. The batsman control was
simulated to begin at a drift of + 2 feet from the runway
centerline, and the gain was set to given the maximum reference
angle reset rate at a drift of + 10 feet.

Figures 69 and 70 show lateral drifts for 10, 20 and 30 knot
side winds when the yaw gyro gain is reduced to 6.6%/dearee and
S¥/deqree respectively. The reduced gain results in a lower
output from the vaw thruster as the vehicle yaws into the wind,
and thus the tendency to finish on the upwind side of the runway
centerline is enhanced. The results, in terms of maximum
lateral drifts and vaw angles, are shown in Fiqure 71. The
maximum lateral drift essentially doubles as the yaw gyro gain
is reduced from 10%/degree to 6.6%/degree, and dcubles again
when the gain is further reduced to 5%/degrees. The vectored
thrust time histories for these three gyro settings in a 30 knot
side wind are shown in Figure 72. The highest setting provides
increased vectored thrust during the first 3 seconds and reduces
the tendency to yaw into the wind during this period.

Side wind gusts of 10, 20 and 30 knots were simulated for the
ACTS takeoff. The gust velocity was programmed to take the
shape of the half sine wave cycle and occur in the first ¢
seconds. The lateral drift time histories are shown in Figure
73. The vaw gyro qain was simulated at 6.68% vectored thrust per
degree. The batsman control was set between 2 and 20 feet of
drift. In these analyses, wing tip skid friction and trunk draq
induced yaw moments were considered. The lateral drift for the
J0 knot qust is less than 10 feet.

99




i

 LATERAL ORIFT (Y)~ FT

S
L
g:
21
g
j.

w-
o

-;g[: IR

T -

UATERAL DRIFT (1)~ FT

10 KNOT SIDE WIND

& 4 § = 10
- TIME ~ SECONDS- .

pr 20 KNOT SIDE WIND
0 } + -
< 4 8 10
~10p- TIME ~ SECONDS — - — -
~20f il
«30L P i
m" 30 XNOT SIDE WIND |
o c " -
6 3 10
=10b -~ TIME ~ SECONDS
<20
~=30L P

Figure 69 Lateral Drift Time Histories for Takeoff

Yaw Gyro Gain 6.6%/Deg

10¢




| UATERAL pRIFY )~ FT

8

LATERAL DRIFT (¥)~FT
£ o

L4

 LATERAL DRIFT (y) ~FT |

&
(=]

-
@

)

- ~10 KNOT SIDE WINB——— — e

S
—
be - s e e

e 30 KT SEOE-MIND T

-1¢
- : ' : o S
bl BEHNENE SISO PYPRACTY TN

<10} - FIME ~ SECONDS: - - -
Py | SR R TRl SRS 1 TSTIT LARL W, M T T e RS
I GRS i
T SN U S AT - s

70 Lateral Drift Time Historles for Takeoff
Yaw Gyro Gain 5.0%/Deq

101




P e ——prnen

——

a|buy mep pue

PO AT  c

e o AT S B T, PN

A3}O013A PUIM 3PS SA
3J 140 |e43307 wnwjxey

1, 34nb 4

PT SRSSPTRaas gue

e — o

AT
K.

o
-
!

—felt

S i e e S S

[oSEoY , Topes S

D S e A

930~ 3TONV MVA WANIXVR

e
L4~ 14140 TWYILYT WONIXVW

Jot

e o Oy s = e p—

e e e

109~

{oz-

=0t

102




S T O R — 10%/DEG £ T
g Pt en i e | ———— 6.6
_ sessessece s.o
ik g3 i 30 XNOT SIDE WIND
120~ - r i

100

T
o

APy § %

i
.
1.8

|
|

8

| VECTORED | THRUST

|
|
|
|
f

)
o
RN R
BEE
= an
&) R

O B RN AL ARy YR e L T
P e st s e - FIME ~ SECONDS -~ S R R i

3 '

Figure 72 Vectored Thrust Time Historles

103




° &

i
i

LATERAL DRIFT (¥)~ FT
i
(=]

.

|

N

[eed
(=]

(]

LATERALDRIFT  (¥)~ FT
4 & ¢

Figure 73  Lateral Drift Time Histories During ACTS Takeoff

104

o RO HP 0 e et v o




o < A R A

The Jindivik ACTS was simulated at taxi conditions with engine
RPM's set at 50, 60 and 70 percent. The cushion pressures were
assumed to be as in Figure 35. The side wind gust was 10 knots,
and asymmetrical trunk drag and skid friction were considered.
These simulated taxi runs were for 25 seconds. The lateral
drift versus longitudinal distance is shown in Figure 74. With
an engine RPM at 50%, the vehicle did not move. At 60% RPM the
aircraft traveled 800 feet and reached a velocity of 35 knots.
At 70% RPM a distance of 1540 feet and a velocity of 76 knots
were attained. 1In these taxi conditions with a 10 knot side
wind gust, lateral drift away from the runway center line was
less than 3.0 feet.

A condition correspondina to an externally induced vaw
perturbation of 20° occuring linearly over a 2 second period was
also simulated. This could occur as a result of winag tip skid
contact, and results are shown in Figure 75. The yaw gyro gain
was assumed to be 10% prer degree, and the batsman control to
vary from 2 to 20 feet. The results show the vehicle initially
drifting away from the runway centerline in response to the
disturbance. However the yaw gyro system and the batsman react
to the change in yaw angle and drift respectively, and the
vehicle then moves to the other side of the runway centerline.
Both yaw gyro and the batsman are in fact over-responding to the
disturbance. The results of Figure 75 suggests that a yaw gyro
gain of 10% per degree is probably the maximum acceptable value.

The results of a parametric study of the thrust vector control
system for takeoff on the ACTS trunk is presented in Figqure 76

and 77. In Figures a and b of 76 the auto gyro demand gain for
vectored thrust is 10% per degree. In Fiaqure 76a the batsman
control begins at a lateral drift of +2 feet and in Figure 76b
batsman control begins at +5 feet. The batsman control qain was
varied as shown on the fiqures. These data represent the maxima
of the positive or negative lateral drift for side wind
conditions up to 30 knots during a takeoff run.
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Curves A and B of Figure 76a illustrate a condition where the

batsman overreacts to the initial lateral drift in the higher
side wind conditions. The vaw gvro reference angle maximum
positive shift to overcome the initial lateral drift, and the
reference angle negative shift at liftoff, is shown below:

MAX. INITIAL GYRO REF.
CURVE GYRO REF. ANGLE SHIFT
ANGLE SHIFT AT LIFTOFF
A o -26.08°
B o -13.4"
¢ 7 - §,2%
D #.7" -

The final gyro shifts are negative because of the initial
overreaction in each case. During the early portion of takeoff,
the aircraft will drift away from the centerline, while the
aerodynamic yaw moment acts to yaw the aircraft into the
relative wind. The automatic yaw control system, as yet
unaffected by the batsman, will resist the aerodynamic yaw
moment. When the batsman attempts to bring the aircraft back
onto the centerline, the yaw thruster moment will be aided by
the aerodynamic yaw moment. However, if the batsman overreacts
and the aircraft crosses over the runway centerline too rapidly,
it will be more difficult to bring the vehicle back on the
centerline. 1In this latter condition, the aerodynamic yaw
moment will resist the vectored thrust moment. It is
recommended that the batsman take a conservative approach in
side wind conditions and allow the aircraft to stay on the
downwind side of the runway. In these analyses presented, the
assumed moments of inertia correspond to a 3400 1lb Jindivik. If
in ground or flight tests, the Jindivik weight is significantly
less than 3400 1lbs, a side wind will more easily yaw the
aircraft; it is even more important in this case that the
batsman attempt to hold the Jindivik on the down wind side of
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the centerline. The Jindivik may easily yawed into the relative
wind, but not so easily out of the wind stream.

It should also be pointed out that these data and
recommendations are pertinent to a hovering or near hovering
condition. During taxi or other lower power conditions, the
drag may be considerably greater than assumed for these
calculations, affecting the vehicle response.

In Figure 76b the batsman control allows the aircraft to drift 5
feet before attemoting to bring the aircraft back to the
centerline. 1In these cases, there is not much demand for
batsman control. For example, in the case of a 30 knot side
winrd, batsman control did not begin until six seconds into the
takeoff run, where the aircraft velocity is 68 knots. The data
shown below present the effect of the batsman at the 30 knot
side wind condition of Figure 76b.

GYRO REF. GYRO REF. YAW GYRO LATERAL
ANGLE AT ANGLE AT ANGLE AT SHIFT AT POSITION AT
6 SEC. LIFTOFF LIFTOFF LIFTOFF LIFTOFF
CURVE (9.5 SEC)
A -7.5° =1.5° -14.8° 12.9° 6.2 £t
B -7.5° -3.3° =131 ¥ .8 8.1 ft
c -7.5° B - 9.7° 5.3° 8.8 ft
D =7.8° . -8.9° 4.0° 9.1 ft

In the 3.5 seconds that the batsman control is operating, there
is insufficient time for any large changes in motion.

In Figures 77 (a) and (b) the lateral drift data is a result of
the auto gyro gain set at 6.6% per dearee. At this lower gain,
the aerodynamic yaw moment causes a greater yaw gngle, and
consequently the aircraft drives to the upwind side of the

runway. The auto yaw control gain of 6.6% is not sufficiently
responsive.

111

g S A T A RN

N



ACRS System. The results of a parametric analysis of takeoff on

the ACRS trunk are shown in Figures 78 and 79. The assumptions
are the same as for ACTS takeoff conditions of Figures 76 and
77. Because of the higher drag on the ACRS trunk, the drag
induced yaw moment resists the aerodynamic yaw moment and tends
to keep the aircraft parallel to the runway centerline. Hence,
initially the vehicle drifts downwind. The batsman, followina
the control algorithm shown in the figures, overreacts to the
extent that the autogyro reference angle is shifted nearly the
maximum 30 degrees in some cases. As with the ACTS, the vehicle
heads into the wind and crosses the runway centerline. It is
then more difficult for the thruster to recorrect the vehicle
heading since aerodynamic side forces are ooposing the vaw
thruster moment, and the final lateral drifts are all in the
upwind direction.

3.3 SYSTEM EVALUATION

Takeoff Capability. At high engine power settings, the steadyv

state analysis shows the yaw thruster capability adeguate for 10
and 20 knot side winds, and for 30 knot winds at oower settings
above 95%. The simulations of takeoff on the ACTS show that the
yaw gyro gain should be set at about 10%/degree. The batsman
was assumed to respond to lateral drift, which can be sensed
more readily than vehicle heading. Ratsman response was varied
to give initiation between 2 and 5 feet, and maximum correction
between 7 and 25 feet.

In most cases, best response was obtained when the batsman
exerted least control, since the batsman tended to overreact and
hence yaw the vehicle too far into the relative wind. With a
yaw gyro gain of 10%/degree and least batsman control (maximum
correction at 25 feet) the vehicle drift was less than 10 feet
even with a 30 knot side wind.
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Takeoff runs were also simulated on the ACRS. Although takeoff
on the ACRS is not currently planned for the Jindivik, the
results are significant in that they show the effect of

increased trunk drag. With the same yaw gyro gain and batsman
control, the drift was about 20 feet with a 30 knot side wind.
The final drift could have been reduced further by allowing the
vehicle to move further downwind before initiating any
corrective action.

As discussed earlier, the trunk drags which can be expected in
future Jindivik testing are not yet known, as they depend on the
resclution of problems in the airflow system. It is possible
that drags will be higher than assumed in this analysis. If so,
the batsman will have to allow substantial downwind drift

and avoid yawing the vehicle too far into the wind.

Taxi Capabilitv. For an idealized case of zero trunk drag, the

steady state analysis shows that there is sufficient vectored
thrust in a 10 knot side wind. 1In a 20 knot side wind, however,
Figure 57 shows insufficient yvaw thruster capability at relative
engine speeds less than about 0.75 and speeds less than 80
knots. The effects of trunk drag are complex. Moderate levels
of trunk drag improve the directional control capability during
taxi for two reasons. Firstly, the friction provides some
directional stability to the vehicle and thus less vectored
thrust is required to prevent weathercocking; secondly, for a
given forward velocity and accleration, increasing the draag
increases the redquired engine thrust, which in general improves
the directional control capability. Howevef, as shown by the
takeoff simulations, increasing drag also requires a somewhat
different, and probably more difficult, set of responses from

the batsman.
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WIND TUNNEL DATA ANALYSIS
4.1 INTRODUCTION AND SUMMARY

Low speed wind tunnel tests were conducted to determine the
effect of an air cushion recovery system (ACRS) on Jindivik
lateral-directional stability. The tests were performed at the
Aeronautical Research Laboratories, Melbourne, Australia. The
wind tunnel model is shown in Figures 80 through 82. Tests were
run with and without the ACRS #3 trunk, with fin off, the
standard fin (6.52 sa. ft.), and an extended fin (8.64 so. ft.).
The In-Ground-Effect (IGE) shape of the trunk was used for the
tests, rather than the Out-of-Ground-Effect (OGE) shape, which
is somewhat different. This minor discrepancy is overshadowed
by the fact that an entirely new trunk shape is planned for any
future flight tests. The proposed trunk and the trunk actually
tested are compared in Figure 83. This difference in trunk
shape is considered a shortcoming of the test, and tests of the
proper trunk should be performed.

Tests were performed with wing flap settings of 1° and 19°.
Photos of the model installed in the tunnel appear in Fiqures 80
through 82, and a summary of test conditions is given in Table
6.

In those figures which present test data, the terminology used
on the raw data supplied to Boeing has been retained. Thus
"bag®” refers to the ACRS trunk, and "pipe" to the external bleed
air duct.

4.2 WIND TUNNEL DATA AND ANALYSIS

Figures 84 through 89 summarize the test results. These figures
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CONFIGURATION
& DESCRIPTION

41

TABLE 6

LATERAL DIRECTION

WIND TUNNEL TEST CONDITIONS

LONGITUDINAL

Ref - Clean
42 e
Bag & Pipe —
M Tai‘ 4) 0.-2
) )
Bag & Pipe i o - o° 1°
Std. Fin 16° 2,4,0,-2 19° |4,2,0,-2| -10°
44 {¢ 4,4,2,0°
Bag & Pipe 0° "
Extend Fin 19° 4,2,0,-2
#5
Clean 1°, 19° 0° N.A.
No Tail

8¢ = flap deflection (deg.)

8 = elevator deflection (deg)
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Side Force Due to Angle of Attack, §p = 10°
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show the stability derivatives C_ , Cls and CYe plotted as a
function of angle of attack for ?%ve vehicle configurations as
followsg:

1. Reference-clean (standard vehicle)

2. Bag and pipe no tail fin (ACRS #3 and bleed air duct)
3. Bag and pnipe, standard tail

4. Bag and pipe, extended tail

S. Clean-no tail fin

Figures 84 through 86 present data for flaps 1°, Figures 87
through 89 for flaps 19°.

Note that sideslip angle was limited to :20 when calculating the
derivative shown on Figures 84 throuagh 89. Stability
derivatives are the slope of the vawing moment, rolling moments,
and sideforce versus sideslip. Some of the yawing moment,
rollinag moment, and sideforce curves are nonlinear with 3 (see,
example, Figure 93). Therefore 8 was limited to :2° so that a
range of applicability for the stability derivatives could be
defined.

Stability derivatives are most often used in an analysis of the
vehicle's dynamic stability. The analysis methods assume small
disturbances in the vehicle's steady state flight conditions,
and linearized aerodynamic characteristics. A sideslip range of
:20 is normally considered adequate for dynamic stability
analysis. Should the calculations for a particular vehicle at a
particular flight condition show sideslip oscillations greater
than the range over which the derivatives were measured, then
the analysis is invalid, and a non-linear analysis is reauired.
The non-linear analysis necessitates a reproduction of the
yawing moment, rollina moment, and sideforce curves versus
sideslip, rather than the linearized derivative. Thus, should a
non-linear analysis be recuired, the data of Fiaqures 84 throuah
89 should be disregarded, and the data from Figures 93 through




e G B A - e
P e et

e

e

107 used instead.

Static directional stability is shown on Fiqure 84. The basic
Jindivik~plus-ACRS trunk (circle symbols) is unstable at all
anales of attack tested. With the extended fin (sauare
symbols), the Jindivik plus trunk is somewhat more stable than
the basic Jindivik without trunk at an alpha of zero deagrees
(diamond symbol, o = 0° only). The extended-fin Jindivik plus
trunk loses stability rapidly as alpha increases, but does not
become unstable. The basic Jindivik was tested only at a= 0°,
s0 no comparisons of the trend of changes in angle of attack can
be made.

Dihedral effect for flaps 1° is shown on Fiqure 85. The basic
Jindivik plus trunk (circle symbols) displays a more stable
(nedative sign is stable) dihedral effect than the Jindivik with
trunk off (diamond symbol) at a= 0°. wWith the extended fin
(square symbol), dihedral effect is more stable than with the
standard fin. A gradual increase in dihedral effect is shown
with increasing alpha, a normal trend. No comparison of a
trends can be made with the standard Jindivik since it was
tested only at zero alpha.

Side force derivative for flaps 1° is displayed on Figure 86.
Rate of change of side force with sideslip is almost identical
for the basic Jindivik with and without the ACRS trunk. With
the extended fin, side force is increased slightly, as would be
expected. For the extended-fin Jindivik, side force derivative
is relatively constant with angle of attack. No alpha variation
is available for the basic Jindivik, trunk off.

Fiqures 87 through 89 summarize the test results for the flaps
19° configuration. As shown on Figqure 87, the basic

Jindivik-plus-trunk (circles) is directionally unstable at all
anales of attack tested. With the extended fin (sauares), the
Jindivik-plus-trunk i{s statically stable at all alphas tested,




and is more stable than the basic Jindivik at a =0°. Again, as

with flaos 1°, no variation with alpha is available for the
basic Jindivik.

Figure 88 shows dihedral effect at flaps 19°. The results here
are essentially the same as at flaps 1°. There is an overall
shift to more negative values of Cz than at flaps lo, but the
increments between the various conf?gurations are quite similar.
Thus, adding the trunk to the basic Jindivik increases dihedral
effect (negativel}). and adding the fin extension increases CL
still further. 8

Figure 89 presents side force derivative at flaos 19°.
Comparison with Figure 86 shows that flap deflection has
essentially no effect on C, . Adding the trunk has little
effect, but adding the fin‘extension increases CYB
significantly.

Figures 90 and 91 show the vertical tail'’s contribution to
yawing moment as a function of sideslip angle at an angle of
attack of 0°. Figure 90 shows data for the clean (i.e. standard
Jindivik, no trunk) configuration and the configquration with the
ACRS trunk and bleed air' duct at flap deflections of 1° and 19°.

Looking first at the upper half of Figure 90, the two curves are
almost identical in slope. This indicates that the fin's
contribution to directional stability is the same at either flao
deflection. There is a slight vertical shift in the curves,
probably caused by some slight asymmetry in the model. This
small shift can be disregarded.

In lower half of Figure 90, the data show a decided slope chanage
between flaps 1° and 19°, with flaos 19° showing the shallower
slope. At flaps 1°, the slope is essentially the same as in the
upver portion of the figure. This shows that addinag the trunk

had no effect on the fin. The reason for lower stability
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probably is that the wing-body=-trunk combination is more
unstable than the wing-body alone. For flaps 190, there may ke
some interaction between the flaos and the trunk which causes a
reduction in fin effectiveness. Another possibility is a wake
from the bleed air duct, but this effect should also appear at
flaps 1°. Notice at the higher sideslip angles (:5o to 7°) the
slope of the acnv curve is almost back to the nominal valvue.
This may indicate a narrow wake of turbulent air close to the
fuslage. At the higher sideslip angles, the fin may emerge from
the wake into high-energy air, thus restoring fin effectiveness.

Figure 91 shows the contribution of the extended fin to
directional stability. The slopes of the curves are steeper
than the basic fin, which is natural. The slope is
approximately 50% higher for the extended fin than the standard
fin. This is somewhat qreater than the area increase (33%
larger) of the extended fin and is probably accounted for by the
higher asvect ratio of the extended fin. The decrement in tail
effectiveness due to flap deflection which was noted in Figure
90 does not apvear here. No explanation of this phenomenon has
been developed. It is possible that the data for one figure or
the other are in error, but no conclusive evidence is available.

Figures 92 through 111 are plots of the basic data obtained in
the Jindivik test series. Data were furnished to Boeing in
tabular form and were plotted as a preliminary step in the
analysis.

Figures 92 through 95 present lateral-directional data at flaps
%

Figure 92 shows the standard Jindivik. The vehicle is
well-behaved over the sideslip range tested. A slight
non-linearity in yaw, roll, and side force occurs near zero
sideslip, but this characteristic is common to many aircraft.

The rollina moment shows a reasonably large offset at g8 = 8°,
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Figure 110 Effect of ACRS, 8, and 8¢ on Coefficient of Lift
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This is orobably due to a model or tunnel asymmetry, and most
likely does not appear in the full scale vehicle. Figure 92 is
an important vlot, since it serves as the baseline against which
modifications to the Jindivik must be judged.

Figure 93 disvlavs the effect of adding the ACRS trunk. Several
things should be noted. First, directional stability has been
destroyed completely. The vehicle is neutrally stable at

x = 0° and is unstable at all higher alphas. This is clearly an
unsatisfactory situation. Second, an anomaly occurs in the
rolling moment data for a = 2°. at large positive sideslip
angles, the slope Cls becomes positive, or unstable. This
idiosyncrasy appears nowhere else in the Jindivik data supplied.
Consequently, it is assumed that the data voints at 3 = +5° and
+7° are in error. If the model is ever retested, this y-3
combination should be checked for repeatability. Third, the
side force data for alphas other than zero shows an offset
toward negative side force. This miaht be due to the bleed air
duct causing a wake which reduces fin effectiveness, or it may
simply be due to tolerance buildup in the test apoaratus. The
specific test runs involved (9, 47, 68 and 113) were widely
separated in time, so the discrepancyv may be due only to data
scatter.

Figure 94 presents directional stability data for the Jindiwvik
plus ACRS trunk plus the extended-span-fin. There is a large
improvement in directional stability, at all a's, when compared
to Figure 92. However, there is a possible problem. For angles
of attack of 2° and 4°, there is a "flat spot" in the curves
between sideslip angles of -3° through +1°. rThis region of
essentially neutral stability could cause dynamic stabilitv
problems in a full scale vehicle. In particular, a Dutch roll
limit cycle could occur. A dynamic stability analysis is
required to evaluate whether there is a potential limit cycle
and, if so, whether the oscillations would be large enough or
severe enough to jeopardize the flight test proaram.
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Fiagure 95 displavs the rolling moment and side force data for
the Jindivik-plus=-trunk-plus-fin-extension configuration. These
data are ideal - linear, stable, very little variation with
angle of attack.

Figqures 96 throuah 100 show lateral directional data for flaps
199, Figure 96 shows data for the standard Jindivik. These
data are similar to those of Figure 92 in most respects. There
are two minor differences, however. The rolling moment cdata
shows no non-linearity through zero sideslip, a small but
favorable change. Also, the rolling moment has a large positive
offset at zero sideslip, whereas the offset was negative for
flaps 1°. This effect is almost certainly due to a small
asymmetry in flap deflection. The left flap is probably
deflected slightly more than the right flap, producing a
right-wing-down rolling moment.

Figure 97 shows the data for the standard Jindivik plus ACRS
trunk. The yawing moment data are very poor. Not only is the
vehicle unstable, but there is a wide variation in the

yawing moment at zero sideslip as alpha is varied. Also, the
curve for a = -2° is hard to describe. Apparently, there is a
severe airflow separation somewhere on the vehicle at a = -2°.
which gives rise to the strange behavior of yawing moment. 1In
contrast, the rolling moment and side force data are
well-behaved. The a = -2° side force data does display some
peculiar variations, but the general trend is reasonable. The
variations occurring in the side force and yawing moment data,
when taken together, tend to indicate a separated flow impinging
upon the vertical tail. In any event, the flaps 19°
characteristics are unacceptable.

Figure 98 displays yawing moment data for Jindivik-plus-trunk-
g ontended-fin. The sloves of the curves indicate
4t sfactory levels of directional stability, however, the




Zero-sideslip intercepts of the curves show the same "wandering"
tendency as the vehicle with the standard fin. The tail-off
data for this configuration (wing-body-trunk) are shown as

the circle symbols on Figure 105. Although there is a small
variation with alpha, the yawing moment differences at zero
sideslip are considerably smaller than with tail on. The
inference is that the fin contribution to yawing moment is
strongly dependent upon angle of attack. Since the Jindivik
without trunk was tested only at zero alpha, there is no
evidence from 'the test that the configuration with trunk is any
different than the basic vehicle. However it is reasonable to
assume that the combination of trunk plus 19° flap produces some
disturbance to the flow over the fin. In addition to the voor
stability, the flow disturbance may produce fin buffet, which
might lead to fatiqgue problems. All in all, the trunk plus 19°
flap is an unacceptable configuration, and further configuration
development is mandatory.

Figures 99 and 100 show rolling moment and side force versus
sideslip. There is some variation in the side force intercept
at zero 3, tending to confirm the erratic yawing moment
behavicr. The rolling moment and side force characteristics are
prcbably acceptable, but the vawing moment qualities render the
configuration unsatisfactory.

Figure 101 shows the tail-off/tail-on comparisons for the basic
Jindivik with flaps 1°. cConclusions to be drawn are that the
data are essentially linear and symmetrical, and the vehicle is
quite well-behaved.

Figures 102 and 103 show tail-off/tail-on comparisons of the
Jindivik-plus~trunk, and both standard and extended fins, with
flaps 3. Angles of attack of 0° and 4° are shown. On Figure
102, note that for tail-off (circles) there is essentially no
effect of angle of attack on yawing moment, whereas for tail-on
(squares and triangles) there is a reduction in stability as




alpha increases. This plot indicates the vertical tail
effectiveness is reduced as alpha increases, probably due to a
flow separation from the trunk (see also Figure 84). Note that
the slope Cn varies quite drastically as 3 is increased bevond
+2°, which is the limit of apolicability of Figure 84. On
Figure 103, all configurations show a relatively constant
increase in Cls and a decrease in CYS with increasing alpha.
This trend has already been depicted on Figures 85 and 86.
Figure 103 is shown to demonstrate the linearity of the results
at sideslip angles beyond :20.

Figure 104 shows the data similar to Figure 101, except that
wing flaps are deflected 19°. Trends indicated on Figure 104
are the same as for flaps l°, i.e. the characteristics are

linear and symmetrical, and the vehicle is statically stable.

Figures 105, 106 and 107 show tail-off/tail-on comparisons at
flaps 19° of the Jindivik=-plus-trunk and standard and extended
fin. The main purpose of these three plots was to compare the
tail-off and tail-on data. A discussion of the yawing moment
tendencies (Figure 105) was given several paragraphs above. To
repeat briefly, the tail-off data are linear and show little
angle of attack effects. The tail-on data are non-linear and
show wide variations in the zero-beta intercept as alpha varies.
Figure 106 shows lateral stability to be well-behaved, both
tail-off and -on. The side force data, Figure 107, show trends
similar to the yawing moment data from Figure 105. That is, the
tail-off data show much less variation with angle of attack than
the tail-on results. It is noteworthy that the tail-on curves
for yawing moment and side force display m;ny similar
non-linearities. For example, examine the confiquration with
the standard fin at o = =2°, (Squares connected by dot-dash
lines) . Both yawing moment and side force show sharp
discontinuities between 8 = -2° and -1°. This behavior tends to
confirm that the discontinuities are real, and not just scatter
in the data. On the whole, though, the side force data are
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Figures 108 and 109 oresent longitudinal stab:lity and control
data for a ¢.g. location of 20% M.A.C. The configuration is

H standard, but with the ACRS trunk installed. Fiqure 108 shows
o flaps 1°, while Figure 109 shows flaps 19°. The data for both
figures were measured at -1° sideslip. The stability and
control characteristics are excellent. With the c.g. at 20%
M.A.C., the aircraft is statically stable and the data are aquite
linear. Pitch control is also linear, as shown bty the even
svacing between curves for each elevator deflection,
Unfortunately, no data were available for the Jindivik without
the trunk. Hence, no evaluation is possible of the trunk's
effect on longitudinal stability or control.

Figures 110 and 111 show lift and drag data, respectively, for
the standard Jindivik plus the ACRS trunk. Flaps 1° and 19°
data appear on each plot. The lift data are quite reasonable.
There is a large increase in lift coefficient due to flap
deflection and a small decrease due to airplane-nose-up elevator
deflection. The drag data are less consistent, however. There
is a large increase in drag due to flap deflection, which is
normal. The inconsistency occurs when elevators are deflected 3
-15°. There is, at both flap deflections, and for all alphas
tested, a substantial drag reduction. Note that this same :

I R 4 £ BN b ar s S

phenomenon occurs at zero alpha for the basic Jindivik, trunk

off. The suspicion arises that there is an error in the drag
| data at -15° elevator deflection. Note also that Fiqure 111
shows that the basic Jindivik, at flaps 1°, and elevator -15°,
(triangle symbol) has no draa. This point is obviously in
error, and together with the inconsistency in drag due to
elevator deflection, suagests that the drag data be used with )
caution.

Figure 112 shows a comparison of yawing moment and rolling data
from the latest test with data from an earlier test. The later i
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data are indicated by sguare symbols connected by a dashed line.

There are two items of interest. One, a substantial reduction
in directional and lateral stability is shown in the more recent
data. Two, the large offset in the zero-sideslip intercept on
the rolling moment data is apparently due to the pod fins.
Perhaps the pods or the fins are unsymmetrically mounted on the
model. The large difference in stability between the two tests
is disturbing, and an attempt should be made to resolve the
difference. €Since only the new data are available in the U.S.,
this would require the involvement of ARL.

4.3 CONCLUSIONS AND RECOMMENDATIONS

Analysis of wind tunnel data for a Jindivik drone ecuipped with
an Air Cushion Recoverv System (ACRS) was verformed. In
addition to the standard fin, an extended-span fin was tested.
Conclusions and recommendations are as follows:

1. The ACRS tested is somewhat smaller and located further aft
than the ACRS planned for flight test. The Jindivik with
the larger, further-forward ACRS will probably be less
stable than the configuration tested.

2. The Jindivik-plus-ACRS configuration that was tested showed
unsatisfactory directional stability characteristics, both
with the standard fin and the extended fin.

e Lonqitddinal stability and control characteristics appeared
satisfactory for the Jindivik-plus-ACRS. No estimate could
be made of the ACRS effect upon longitudinal characteristics
because the ACRS-off configuration was not tested in pitch.

4. Additional wind tunnel data should be acauired before fliaht
testing of the Jindivik-plus-ACRS. An important point is to
test the proper size ACRS trunk. Also, another,
still-larger fin extension should be tested. The new fin
should have a total area of 10.5 scuare feet. This fin
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might be too large, but would provide sufficient difference

from the extended fin already tested, so that a
correctly-sized fin could be selected by interpolation. It
would be prudent to prepare a set of fins to be fitted to
the tips of the horizontal tail. These auxiliary fins could
be more effective than a body-mounted fin extension because
they will be located in an undisturbed airflow. A small
amount of data should be obtained with the trunk on but the
bleed air duct removed. Some of the existing data shows
asymmetries between positive and negative sideslip that mav
be caused by flow separation from the duct.

The concept of using the yaw thruster to maintain
directional stability was investigated (see Appendix D) but
was found to be unsatisfactorv.
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SECTION 5

LANDING AND SLIDEOUT ANALYSIS

Touchdown and slideout are expected to be the most critical
phases of the Jindivik ACLS flight test. It was originally
intended that a computer simulation of the landing would be made
following completion of ground tests, utilizing data obtained in
those tests. The ground test data, however, were not fully
available prior to completion of this contract.

A preliminary computer evaluation of the landing has been
conducted as described in this section. The analysis should be
updated as soon as ground test data, varticularly trunk draaq,
stiffness and damping characteristics, become available.

The simulation of the Jindivik recovery on the ACRS trunk
assumes the standard Jindivik procedure for final approach,
touchdown and slideout. 1In the actual recovery, as currently !
envisaged, the ACRS trunk is deployed during the final approach

by inflation with direct engine bleed air. The final approach
speed is 130 knots. The angle of descent is -2.0 degrees, and
the pitch angle is 0.0 degrees. Thus, the angle of attack is
2.0 degrees. The descent rate is 7.67 feet per second. The
Jindivik will be eauipped with a ground contact indicator
(sting) which will signal for rapid retraction of the flaps.
The simulation begins just before flap retraction, which occurs
in 0.3 seconds. During touchdown and slideout the engine bleed
air supply to the hub driven turbofan is shut off (Figure 1), '
and thus bleed air flows solely to the ACRS trunk. The air
passes out of the trunk through 394 1/8 inch diameter holes at
the trunk-ground interface on the forward third of the trunk,

and also throuagh a pressure relief valve. The perinheral holes
on the forward third of the ACRS trunk provide air lubrication




which reduces the local coefficient of friction, the purpose

being to place the center of frictional drag aft of the aircraft
center of gravity and thus provide directional stability during
slideout. The air flow also reduces the braking pitch moment at
high angles of forward pitch during touchdown and slideout.

Section 5.1 summarizes the method of analysis, and Section 5.2
shows the program verification which was accomplished by
comparing test and analysis for Jindivik drop tests. Section
5.3 presents the results of the simulation of taxi on the ACRS
and of touchdown and slideout. Section 5.4 evaluates the
results and discusses several aporoaches to imoroving landina
impact and slideout dynamics.

5.1 METHOD OF ANALYSIS

The evaluation of the dynamic performance of an ACLS svstem
requires the simulation of the overall aircraft, including
aerodynamic and engine induced forces and moments. The
simulation of the Jindivik ACLS has been conducted using the
Boeing ACLS 6 DOF Computer Program (Reference 14). The
simulations reported herein did not consider side wind or
crabbed landings, or any other effects that might have induced
yaw or roll. Thus effectively only four degrees of freedom were
active. Figure 113 shows the overall structure of this program.
It utilizes a generalized 6 DOF program (Reference 15), to which
are added the unigue modules necessary for simulating the
components of the ACLS.

Full details of the program are given in Appendix B. A brief
description of the ACLS modules is given below.

ACLS Trunk Model - The trunk model was develored followina

examination of movie films of Jindivik drop tests. The Digges

model (Reference 18), which calculates the shape of a two
dimensional loaded inelastic trunk, is used for the side

108 Y R YT s S R A T s e
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elements. For the forward and aft elements, where hoop tension !
exerts a significant restraining effect, the segments are
assumed to take the shape of flattened cylinders. Figure 114(a)
shows the subdivision of the trunk into elements, and Figure

114 (b) the assumed forward and aft element shape. For the side
elements, the geometry of each element (Figure 11l4(c)) is
characterized by the cross-sectional area (CAt). flattened width
(Yf) and flattened area distance (Yc), each of which are stored
in the program as functions of relative stroke (zo/z, ) and
pressure ratio (Pc/Pt)‘

Air Cushion Volume - Since it is assumed that lateral motion

takes place in the side elements only, the cushion volume is
calculated as a function of side element shape only. The change
in cushion volume resulting from compression of fore and aft
elements was nealected.

Trunk Disovlacements - The displacement of each trunk element due
to ground contact is calculated geometrically, using the *
lowermost point of each trunk which is stored in the form of a

data array.

Airflow System - The airflow into the trunk and cushion is
calculated by storing the corrected airflow as a function of
engine speed and trunk and cushion pressures. Separate curves
were created for ACRS fan-on, ACRS fan-off, and ACTS operation,
but only ACRS fan-off cases were simulated. Outflow between
trunk and ground is determined using the "restrictor flow"
theory (Reference 18). Trunk and cushion pressures are then
obtained by integration. This is a relatively simple model of
the airflow system, since both inflow and outflow (including !
relief valve flow) are determined on a quasi steady state basis. i
The only dynamic effects are the volume capacitance effects
which determine the trunk and cushion pressures.

Trunk Forces and Moments - For each element in ground contact,
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the vertical force is calculated as being the trunk pressure
multiplied by the flattened area. The axial and lateral
components of trunk drag may then be calculated based on the
local (lubricated or unlubricated) components of trunk friction.

The resulting pitch, roll and yawing moments are evaluated.

Aerodynamic Forces - Aerodynamic data is input in the form of
data arrays. Data included in the Jindivik model are:

drag coefficient
lift coefficient

vawing moment coefficient
pitching moment coefficient
rolling moment coefficient

O O o 0 o o

C

C

side force coefficient c
c

C

€

Flight Controls - Motion of the elevators and ailerons were not

included in the analysis. This is discussed more fully in
Sections 5.3 and 5.4.

5.2 PROGRAM VERIFICATION

The ACLS 6 DOF program was used to simulate the ACLS Jindivik

drop tests which were conducted at AFFDL. The data correlation

of this simulation provides a checkout of the program and

verification of the method of modeling ACLS. &

The Jindivik drop tests configuration is shown in the schematic

of Figure 115. The conditions of the drop test (No. 28) are as
follows:

Aircraft Weight = 2,614 1lbs.
Moments of Inertia

2
Ixx = 1190 slug ft

2

2
Izz = 2840 slua ft
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Cross Prcducts of Inertia = 0.

cg height = 3.83 ft

cg is under lift hook

Attitude
Pitch = 3.0 deaq.
Roll = 0.0 deg.

Bleed air flow rate = 0.75 lb/sec.

Cushion vent area = 0.37 sa. ft.

Pitch damping coefficient = 25 ft-lbs-sec/degq.
(AFFDL test data for ACRS #2)

Comparisons between test data and analysis are shown in Figures
116 through 119. Figure 116 shows fuselage height, Figure

117 shows pitch angle, Figure 118 shows trunk pressure and
Figure 119 shows cushion pressure. In general, the correlation
is good, with the simulation showing closely similar natural
frequencies and damping characteristics. The calculated peak

cushion opressure is, however, significantly higher than the test
data.

5.3 SIMULATION RESULTS

Taxi tests were conducted with the ACRS #2 and #3 in Australia.
ACRS #3 is 10 inches shorter on the front end than ACRS #2, and
was designed to permit launch on the existing Jindivik trolley.
Simulations were run for both trunks assuming brake tread
coefficients of friction of .8 and .4 for the unlubricated and
lubricated portions of the trunk respectively. This corresponds
to black asphalt, and is a worst case condition.

Figure 120 shows results for ACRS #2. The maximum pitch forward
angle is § l/2°. and subsequent pitch oscillations are
reasonably well damped. Figure 121 shows results for ACRS #3,
assuming the same initial velocity of 50 knots. 1In this case
the maximum pitch forward angle is 6 1/2°.
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During testina in Australia on ACRS 43, an effort was made to

divert more air to the cushion by plugaing the air jets on the
forward cortion of the trunk. This case was simulated, with
results being shown as Figure 122. The maximum pitch forward
angle is over 9°. The ground lines for the first pitch forward
for each of the above three cases is shown in Figure 123. For
ACRS #3 with all holes taved, Figure 123 shows that the nose
boom and possibly the launch hook will make contact with the
ground. Such contact did occur during the testing in Australia.
The subsequent hfbh pitch moment induced by the launch hook
digging into the asphalt (not included in the simulation) caused
the vehicle to remain in a nose down attitude. For ACRS #2 and
#3 with all jets open, the boom ground clearances for maximum
pitch~over are 9" and 5" respectively.

Elevator control was not included in the above simulations.
Because of the low velocities (0 ~ S0 knots), elevator induced
moments will have little impact, varticularly for the initial
forward pitching motion.

Ground test data obtained in Australia was insufficient to
permit any quantitative comparisons between test and analysis.

TOUCHDOWN DYNAMICS

Figqures 124 and 125 show the simulated touchdown and slideout
dynamics for ACRS #2, and Figures 126 and 127 show comparable
data for ACRS #3. Elevator effects were not included in the
analysis. Assumptions made for the analysis are as follows:

Aircraft weight = 2700 lbs

Moments of inertia
Ixx = 1190 slug ft
I = 1811 slug ft

2

2
Yy

2
Izz = 2840 slug ft

Cross products of inertia = 0
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Touchdown soeed = 130 knots

Anale of descent = -2°

Pitch attitude = 0°

Rate of descent = 7.66 ft/sec

Flap retraction time = 0.3 sec

Bleed air flow rate = (0.75 lbs/sec

Cushion vent area = 0.21 ftz (minimum back flow area

through fan)
Engine idle thrust = 300 lbs
Engine thrust line above cg = 0.375 ft
Engine gyro couple pitch moment = 10.5 @
Aerodynamic pitch damping coefficient = -.246 sec/rad
Trunk pitch damping coefficient = 25 ft-lbs-sec/deg
Distance of cg aft of lift hook = 0.5 ft.

The initial pitch forward is marginally acceptable and the pitch
damping is acceptable. Two factors should, however, be noted:

X l. Elevator effects -- The Jindivik elevator is limited to 15

j degrees up and 10 degrees down following sting contact with

‘1 the ground. At a touchdown velocity of 130 knots, the pitch

Q moment at an elevator angle of +15 degrees is 2900 ft-lbs,

| or approximately 608 of the mean braking moment. Thus, the

i elevator moment capability is sufficient to have

| significant impact on pitch amplitude and could reduce the
inital pitch forward angle. The elevator servo mechanism
rate is 53 deg/sec, and the ratio between servo and elevator
is 1.5, giving an elevator rate of 30 deg/sec. The elevator
slew time between limits (= .7 seconds) is greater than the
half period of the vehicle (= .5 seconds). Thus, the

f possibility of undesirable interaction between the vehicle
dynamics and the elevator control system does exist and
requires further investigation.

! 2. The analysis has assumed a trunk damping coefficient
obtained from static tests. This coefficient may be higher
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than in dynamic tests with forward velocity, since with
forward velocity trunk scrubbing effects do not contribute
sianificantly to overall dampina. More test data are
required to assess the importance of this effect.

S.4 EVALUATION OF RESULTS

The results presented in Section 5.3 show marginally accectatbtle
initial forwardipitchinq. The mechanism for the oscillations is
auite straightforward. The high coefficients of friction
assumed for the unlubricated trunk to asphalt interface

cause large forward pitching moments. When the vehicle pitches
forward, so that a significant portion of the flattened trunk
area is lubricated, the pitching moment is reduced and hence the
vehicle pitches back again. This motion is coupled with heave,
with the latter acting to increase the normal force when the
vehicle is pitched back, and to decrease it when the vehicle is
pitched forward. Also, when the vehicle is in the forward oitch
attitude due to deceleration, there is a loss of heave
stiffness.

The cases which have been analyzed are severe, in that drv
asphalt gives the highest coefficient of friction in the
unlubricated area of the trunk. An area of uncertainty in the
analysis is the mechanism and magnitude of pitch damping due to
the trunk. The trunk damping coefficient obtained in a static
test, where there is no forward speed, may be higher than that
obtained in a dynamic test. The simulations were conducted with
the static test damping coefficient.

Several approaches are available to reduce the pitching problem,
as follows:

1. Trunk Desian.

As a result of the around tests and analysis, AFFDL has
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designed a new ACRS trunk which extends further forward

under the nose of the aircraft. This new trunk will provide
an increase in pitch stiffness.

Elevator Pitch Control.

Elevator control has not yet been included in the
simulations. For pitch control following touchdown the
elevators may be able to reduce pitch oscillations; however,
the posgibility of undesirable interractions between the
vehicle and the elevator servo exists. An elevator servo
motor with an increased rate may be required.

Airflow System.

As discussed in Section 2, there avpears to be the potential
to improve the performance of the airflow system
significantly. DPlepending on how many of the recommended
changes can be incorporated, it may be possible to land with
the fan valve partially or even fully open. This reduces
trunk loads and improves lubrication, resulting in
significantly lower pitching moments. At the very least,
trunk pitch and roll induced moments at low enaine power
settings can be reduced.

Surface Selection.

Friction coefficients can be reduced by landing on grass.
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SECTICON 6

RETENTION/RELEASE SYSTEM DESICN
6.1 SYSTEM DESCRIPTICN

The Jindivik ACLS vehicle utilizes sevarate trunks for launch
and recovery. Belts attaching the aircraft fuselage to the ACRS
trunks provide a positive attachment between the trunk and the
vehicle. During taxi and takeoff on the ACTS, the ACRS trunk is
stowed close to the fuselage under the ACTS trunk. The ACTS
trunk is attached to the fuselage by a velcro strip, as shown in
Figure 128. During taxi tests on the ACTS conducted at the GAF
Avalon Field facility, non-standard operating procedures caused
the velcro attaching the forward part of the trunk to the
fuselage to separate, resulting in damage to both the trunk and
the aircraft. This oarticular situation occurred during raoid
vehicla deceleration, which caused the aircraft to pitch nose
down and hence concentrate the drag loads on the forward

attachment region.

The potential of trunk separation at the aft end of the
attachment region also exists. During ACTS deceleration, the
center of frictional drag may be forward of the CG, and thus the
vehicle may end up in a side slip. The aft parking bladder on
the slip side will tend to roll under the aircraft, resulting in
a load perpendicular to the velcro strip. Velcro resistance to
normal loads is ocuite low, and thus separatfon is possible.

A further problem in the velcro attachment system was evidenced
during testing at NASA/LaRC and AFFDL. The purpose of the NASA
tests was to evaluate release of the ACTS. Release is initiated
by inflating rubber tubes which cause separation of the velcro
in the forward end, and the aerodynamic drag should then be
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sufficient to complete the separation. It is important that

separation should proceed rapidly and symmetrically in order to
ensure the stability of the Jindivik during the release process,
and to aid recovery of the takeoff trunk. The testina revealed
that trunk release did not occur in a consistent and oredictable

manner.

Because of the above votential oroblems, a design study was
undertaken in order to develop a low cost, positive and reliable
retention system recuiring a minimum of modifications to the
aircraft and ACTS trunk. The design study consisted of the
following tasks:

1. Evaluvation of trunk loads

2. Selection of latch concepts

3. Selection of actuation concept
4. Retention/release system design
5. Latching procedure

6.2 TRUNK LOADS

The highest aerodynamic loads on the ACTS trunk occur during
release following takeoff. The worst case analysis assumes the
following:

o Aircraft weight = 3400 1lbs

o Takeoff without rotation

o Trunk is released 3 seconds after liftoff
The velocity reauired for liftoff is then given by:

1/2
v -[2 W, 9/C, 0 s] (18)

The coefficient of lift CL for zero angle of attack, flaps at 20
degrees and in ground effect is 0.6 (See Figure B-20). The
takeoff velOcity is then:
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. {2) (3400) (32.2) e
Veo (.6) (.G76) (76) 251 ft/sec
or
V.. = 149 knots "

to

Assuming that the trunk is released 3.0 seconds after liftoff,
the velocity at the moment of release is aiven bv:

Vr = Vto + at (21)
or
F
th (22)
Vt = vto + W;_ g t

The most severe condition for trunk release will be when the
velocity at release is a maximum. Thus, assuming takeoff thrust
for the three seconds, this velocity is given by:

v, =251 + %%%% (32.2) (3) = 322 ft/sec = 190 knots (23)

The dynamic oressure is given by:

1

a=l 24 (24)

| 4

Qlo

For the above condition

<1 8 3. (25)
q =333 (322) 122 PSF

The aerodynamic drag parallel to the aircraft is given by:

Fd = cD q At Cos a (26)
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Ag is the frontal area of the trunk and is approximately 8 so.
ft. Assuming the drag coefficient CD = 0.15, the aerodynamic
drag on the trunk is:

Ty (0.15) (122) (8) Cosa ~ 146 Cosa (lbs) (27)
If the aircraft is at an angle of attack, aerodynamic lift will

reduce the weight of the trunk and may affect trunk separation.
3
The lift force on the trunk is given by:

F = CLq Ab Sina (28)

Where Ab is the effective cross-sectional area of the bottom of
the trunk. The geometric area is 16.7 sa. ft. Ab is assumed to
be .75 x 16.7 sa. ft., where the factor .75 accounts for wing
spoiling effects. Ab Sina is the projected area of lift. The
lift coefficient CL is assumed to be egual to 0.5. For the
above worst case condition and for the stall angle of attack of
12 deg, the lift force is:

Fo= (.5)(122)(16.7)(.75) Sin 12° = 159 1bs (29)
The net perpendicular force acting on the trunk is:

Pln = CL a Ab Sina - wt Cos a (30)

Where wt is the weight of the trunk, and is assumed to be 120
lbs. The net parallel force acting on the trunk is given by:

Pp = CD Qa Af Cosa - u?ln + wt Sin a (31)
Where u is the coefficient of friction between the ACTS trunk
and the ACRS cover. The frictional terms enters only if F_ is

°
positive.
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Figure 129 shows the net perpendicular force acting on the trunk
as a function of angle of attack and vehicle velocity. Assuming
a coefficient of friction of 1 for the ruktber to rubber
interface, the frictional force resisting separation is then
numerically equal to the perpendicular force. Figure 129 also
shows the net parallel force of aerodynamic drag and gravity.
The net tangential force of separation may be determined from
Figure 129. For example, at V = 190 knots and a = 12°, the net
parallel force is

Pp = 168 - 40 = 128 lbs (32)
The trunk acceleration parallel to the aircraft is then given
by:

32.2

o » i 2 (33)
a %t Fo = 135~ 128 = 34.4 ft/sec

and the time recuired to clear the stowed ACRS trunk of 10 ft in
length is:

1/2 1/2
2x10 2 x 10 (34)
t ‘[T] '[—54—.7—] = _76 sec

Figure 129 shows that only at high angles of attack and high
speeds will the ACTS trunk be forced up against the fuselage by
aerodynamic lift. The analysis is also conservative because the
fan air will provide lubrication between the ACTS trunk and the
ACRS trunk cover for the first three feet of a shearing
separation, which a mechanical latch system allows. At lower
angles of attack, the fan will most likely push the forward part
of the trunk away from the fuselage, and the peeling of the
velcro attachment system will occur. If the aircraft is at a
high angle of attack and at a speed greater than 170 knots, the
peeling of velcro can not be assured. The velcro attachment
will not allow the trunk to separate in shear.

191
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Figure 129 ACTS Trunk Aerodynamic Forces
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6.3 SELECTICN OF LATCH CONCEPT

Because of the difficulties experienced with the velcro
retention/release system discussed in the previous section, 1t
was evident that a positive system that would provide strong
retention of the ACTS trunk and also a clean release is
required. Two retention/release concepts had been completed,
namely the pin and lever latch and the pin and cone latch shown
in Figures 130 and 131. These latches were tested at AFFDL and
at B. F. Goodrich. The load recuired to oull the pin versus
suspended load for various test specimens is shown in Figure
132.

A search of industry latching devices failed to provide better
devices than those already tested. The pin and lever type latch
was selected as having more structural integrity than the pin
and cone concept.

Several variants of the basic pin and lever type latch were
identified as shown in Figure 133. Figure 133a shows a
mechanism which simply constrains the cable from vibrating in
the airstream after release. Figure 133b shows the original pin
and lever device with an ordnance pin puller. Figure 133c shows
the lever latch with a bellcrank and cable. Figure 1334 shows
the bell crank latch installed with internal linkage. The bell
crank latch was chosen as providing the cleanest release of the
devices while also providing easy adjustment of the cable. The
external leakage is considered satisfactory for a demonstration
ACLS aircraft, and reaquires less modifications to the aircrat..
Ordnance pin pullers are very expensive, costing $3000 for eight
units, and so were considered to be unsatisfactory.

6.3.1 Ground Loads

The highest loads on the ACTS trunk will occur during

D3




Pin and Lever Latch

Figure 130

Pin and Cone Latch

Figure 131
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deceleration. The worst case condition would bte in the event of
a fan failure. 1In this case the Jindivik would pitch forward
and load up the frontal oortion of the trunk. A total loss of
air lubrication would occur. Assuming an aircraft weight of
3,400 1lbs with a coefficient of friction of 1.0, and that the
drag load is reacted by four retention latches, the load per
latch is 850 1lbs. Because of the wing tip skids, the degree of
roll is limited to a few degrees, and thus the load across the
frontal latches can become only slightly unsymmetrical. The
maximum possible latch load is assumed to be 1000 lbs. The
latches are fastened to the aircraft skin by three No. 10 bolts
(0.19 inch diameter) as shown in the layout drawing discussed in
Section 6.5. The aft two bolts of the forward four latches vass
through the "2" former. It is recommended that triangular
members be attached to the formers just above the latches

to react bending moments.

For analysis it is assumed that the 1000 1lb latch load is carried
by a 2024-T3 skin of 0.04 inches. With three bolts the load

per bolt is 333 1lbs. For a 0.19 inch diameter bolt and a 0.04
skin the bearing area is:

(0.04 in) (.19 in) = .0076 sa. in. (35)
the bearing stress is then:
333 1bs/0.0076 in2 = 43,816 psi (36)

The allowable for 2024-T3 which is a low strength aluminum is
92,000 psi. The marain of strength is qreater than 2 to 1.

6.3.2 Retention/Release Actuation Loads
The retention/release latch and the moment model is shown in

Figure 134(a)and 134(b). Balancing of the moments about the
hook yields:

197




?

j Figure 134a Retention/Release Latch

A
gl 14 L, = 1.0%"
o Ly: 0.95"
P 0.%"

Figure 134b Moment Models
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PR + P 1, = 0 (37)

LA RS TR (38)
where:
p,=ur,t (39)

and u is the coefficient of friction between the swivel and the
hook. Combining eguations 37, 38 and 39 vields the cable
tension to release the hook

Lot
b aibecl s (40)
c IZ 13 t

From the dimensions from Figure 134b the cable force is:

Fc = 0,13 uF, (41)
The coefficient of friction for various material interfaces is
given in the following table. For the worst case condition of
aerodynamic drag of 146 lbs (See Equation 27) plus 120 1lbs. of
trunk weight for a = 0, the actuator load is given as shown

in Table 7:
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CCEFFICIENT CF WQORET CAELE

FRICTION ACTUATOR
MATERTAL INTERFACE STATIC SLIDING FORCE LOAD (LRES)
Aluminum=aluminum 1.05 1.47 .18Ft 47.8
Aluminum=-steel .61 .47 ‘OBFt 21.3
Teflon-steel .04 .04 .OOSFt 1.33
Teflon-teflon .04 .04 .OOSFt I

TABLE 7 ACTUATOR LOADS

It is recommended that the catch be made of aluminum and the
swivel of steel. Assuming a cable tension spring on each side
with 10 1lbs pull, the maximum actuation load for steel and
aluminum is then:

21.3 1lbs + 20 1lbs = 41.3 lbs (42)
6.3.3 Cable Stretch

There being two cables,one on each side of the aircraft, the
cable tension is one half the actuator load plus the cable
tension spring load. In evaluating cable stretch durinag
actuation, only the differential cable load is considered. The
differential cable load for each side will be 10.65 lbs. For
1/8 inch diameter cable of corrosion resistant steel
(MIL-C-5424), the EA (modulus of elasticity x cross sectionail
area) is 106,000 1lbs. The cable deflection'is given by:

o
k]

o
~

(43)

()
>
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Assuming a 10.65 1lb load at the end of a 150 inch cable:

L2 (10.65) (150) . ; (44)
d 106,000 0.015 inch

The break strenath of this cable is 1,760 1lbs and the desian

strength is 1,495 lbs. Thus standard aircraft control cable is
adequate.

6.4 SELECTION OF ACTUATOR

A review of linear actuators for releasing the ACTS trunk was
conducted. Linear actuators with sufficient stroke rates are
shown in Table 8. The Warner Electric actuator is an industrial
unit produced in large numbers and hence very inexpensive. The
stroke rate is nearly four times that of the more expensive
Plessey aircraft actuator. Providing there is sufficient space
in the Jindivik, the Warner actuator is recommended over the
Plessey unit.

The Warner Electric actuator is used on helicopters to dump
water buckets for putting out forest fires. The manufacturers
were consulted in regard to running the 12 volt motor on 28
volts. Their experience shows that there would be no problem
for the Jindivik application, where the loads are low and the
stroke frequency is nil. However, testing at 28 volts with
simulated maximum loads would be required to verify this.
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The second choice for an actuator system is pneumatic. The

Jindivik utilizes a 575 psi system for flap and skid actuation.
Air 1s stored aboard the Jindivik in a 2000 psi tank, and the
reguired solenoid valves already exist aboard the aircraft.
This system would be more aesthetic aboard the Jindivik, and 1is
also low in hardware costs. However, the cost of duplicating
the Jindivik oneumatic svstem for svstem Jdevelooment could be
considerable.

6.5 RETFNTION/RELEASE SYSTEM DESIGN

The overall design of the Retention/Release System for the ACTS
trunk is shown in Figqure 135. The external linkage of the
retention hook is somewhat crude in appearance; however, for the
Jindivik ACLS demonstration aircraft this is not critical. This
system is recommended as having the minimum cost and requiring
little modification of the aircraft and ACTS trunk. The
required modifications to the Jindivik are:

o 1/2 inch hole on centerline at station 55.0 for cable
passage through fuselage skin

o Four 0.2 inch diameter holes in skin above hole to bolt
on nylon rub blocks

o Three 0.2 inch diameter holes on each side of fuselage
to bolt on oulley support bracket

o) 66 0.2 inch diameter holes for bolts fastening 22
latches

o Four 0.2 inch diameter holes for bolts fastening cable

tension spring flange

Cutout in former for actuator at body station 67

Installation of actuator support web between formers of

body stations 67 and 76.50. 1
o Gussets installed at each location of the front four ﬂ

latches to react latch moments
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The modifications recquired for the ACTS trunk are:

o Removal of the velcro strip
o] The bonding of 22 tabs

The Warner Electric Actuator was chosen primarily for its hiah
stroke rate of 1.9 in/sec. Figure 135 (detail E), shows the
four inch stroke of the actuator reduced to a one inch stroke
through the lever arm, and thus the stroke rate is reduced to
0.475 in/sec. It is desirable to have the maximum stroke rate
to reduce the risk of or degree of unsymmetrical unlatching.

The Warner Electric actuator stroke could be reduced to 1.0 inch
by installing a limit switch. The cable could then be pulled
directly to provide a stroke rate of 1.9 in/sec.

A potential problem exists that may cause one or more latches to
bind during release. 1If the opening of one side latch lags the
opening of all the other latches, the total aerodynamic drag
load will be supported by that one latch. The load will be to
the side and will also be coupled with a torque. A single latch
should be built and tested for various load conditions. 1If
testing shows that binding occurs, the problem may be overcome
by the side latch design shown in Figure 136.

6.6 ACTS LATCH PROCEDURE

The retention/release system desian shown in Figure 135 dictates
that the latch hooks be placed and fixed in their receptacles
before the trunk flanges are attached. An alternate procedure
was developed where the hooks are inserted into the trunk first.
This latter procedure provides for a tighter fit. This
procedure for ACTS trunk attachment is described as follows:

a) The latch hook is inserted into the appropriate slot in
the trunk flange.
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Figure 136 Secondary Side Latch Configuration
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b)

c)

d)

e)

£)

The special tool shown in Figure 137a is inserted into
the hook and flange as shown in Figure 137b.

The hook is then placed into the corresponding
receptacle as shown in Figure 137c and the tool is used
to torque the hook into place.

The temporary pin is installed as shown in Figure 137c.
This pin should be flagged for visibility, to insure
removal before flight.

After all latches have been put in place, the actuator
is reversed such that the bell cranks lock the latch
hooks in place.

The temporary pins are then removed.
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Figure 1372 Latch Tool

WARNING p—
FLAG

Figure 137b Insertfon of Latch

Figure 137¢ '.:ch in ﬁaco With Temporary Pin
FIGURE 137 LATCH TOOL

210




SECTICON 7

GROUND TESTS

A series of ground tests were conducted at the GAF Avalon Field
facility. The tests were run by GAF under Contract to AFFDL.

AFFDL representatives were present for the majority of the
tests.

The major objective of these tests was to demonstrate safe,
stable low speed taxi on both the ACRS and ACTS trunks. High
speed taxi tests were to be run at a later date and under a
separate contract. Specific results that were to have been
obtained under this initial contract are as follows:

a. Checkout of the ACLS subsystems and components, namely:

Air flow subsystem
Directional control subsystem
ACRS and ACTS trunks

b. Demonstration, including movie film, of safe, repeatable,

controllable taxi operation on both trunks and on various
surfaces.

Cc. Acquisition of data to determine performance and support the
analyses of Jindivik lift-off, touchdown, and slideout which
are an integral part of the flight preparation and flight
test plans.

The Boeing Company's role in the around tests was as a technical
consultant. The specific tasks were to analyze test results,
troubleshoot problems through system simulations and recommend
test procedures.
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GROUND TEST EVALUATION

As is usual in the development testing of a new aircraft system,

several unexpected problems arose during the course of the

ground tests. 1he ground tests were scheduled to have been run
in May and June 1975, but in fact continued intermittently
through calendar year 1976. The major problems encountered
during the testing were as follows:

3.

ACRS trunk design

During initial testing of the ACRS #2 trunk out of ground
effect, the trunk failed at a normal operating pressure (2
psig). The ACRS #3 trunk which was used for some subsequent
testing, and which is approximately 1 foot shorter than the
ACRS #2 trunk, increases the pitch stability problem which
is discussed below. Use of a structurally improved ACRS #2
trunk design is recommended for any further testing.

ACTS trunk design

The velcro attachment and release design was found to be
unsatisfactory in its ability to hold the leading edge under
all conditions. A positive retention/release system,
similar to those discussed in Section 6, is recommended.

For a production vehicle, the positive system need only
extend around the leading edge of the ACTS trunk girt. For
a test vehicle, however, in which deceleration on the ACTS
trunk will occur, the positive system shpuld extend around
the whole girt.

Airflow system
As discussed in detail in Section 2, trunx and cushion

pressures were lower than originally predicted. The effect
of a low cushion pressure is to cause more load to be
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carried by the trunk, and hence to increase trunk drag.

This 1n turn can increase vehicle pitch and roll moments.
The effect of a lower trunk oressure is to reduce the
capability of the ACLS to react pitch and rolling moments.
Potential solutions to this problem are discussed in Section
2. Redesign of the bleed port fitting and flexible ducting
will achieve some improvement at modest cost. A major
improvement could be achieved, at considerable cost, with an
alternate center section on the Viper engine.

Pitch and roll stability

Problems were encountered with roll stability, and with
excessive forward pitching during deceleration. These
problems may disappear if the recommendations in the above
paragrachs are adopted, and correct procedures are used. It
is possible that a drogue chute may be required to limit
forward pitching, and ensure directional stability, during
ACTS and ACRS deceleration.

Directional control

Some problems were encountered with vehicle directional
control. With the low trunk and cushion pressures
experienced during the tests, activation of the yaw thruster
tended to cause the vehicle to roll. This in turn increased
trunk drag and hence induced yaw moments opposing the yaw
thruster action. In some tests the vehicle roll, induced by
other factors as well as by the yaw thruster, caused wing
tip skid contact. The skids imparted sudden and substantial
yawing moments to the vehicle. This problem was
substantially alleviated by the addition of small wheels
with adjustable brakes to the tip skids.

213

|
|
|




e e a s

I GRS A i

7.2 SUBSYSTEM EVALUATICN

AIRFLOW SYSTEM

Initial tests of the Jindivik airflow distribution system at GAF
were run with the system Out of Ground Effect (OGE). The test
results showed that the performance of the airflow system was
substantially below prediction. Subsequently, léags were
discovered at the joint between the girt and the aircraft, and
at the O ring of the trunk relief valve seal. These were
repaired and the tests were repeated. Additional tests were run
with the system In Ground Effect (IGE) and low speed taxi
conditions.

Considerable difficulty was encountered in getting repeatable
and consistant data (mainly pressures) in the airflow system
tests. As discussed in Section 2, it is believed that the drive
(turbine inlet) pressures measured on ACRS #3 are in error.

All tests were run with the valves in the airflow system wide
open or fully closed. The only changes made to the system
during testing consisted of blocking off some of the holes in
the ACRS trunk and inserting restrictors in the supply line to
the trunk. Such changes increase cushion pressure and (in some
cases) trunk pressure too, but only at the expense of decreased
lubrication. The achievement of adequate trunk pressure,
cushion pressure and trunk flow are all necessary to give
satisfactory ACRS and ACTS taxi performance. Based on test data
obtainzd at GAF, it does not appear that overall improvements
can be achieved by such means. If a new Viper center section
were to be installed, then it is probable that the overall
system performance could be improved by modulating the valve in
the trunk line, or alternatively inserting a fixed orifice.
This is discussed more fully in Section 2.
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i TBRUST VECTCR SYSTEM

The adecuacy of the thrust vector system is hard to assess from
Q the testing carried out to date. No problems were encounteread

1 in the control systems for the thruster. The problem discussed
in Section 7.1, namely trunk drag induced vaw moments opposing
the yaw thruster, is believed to be the result of the
unsatisfactory performance of the airflow system rather than the
thruster system.

ACTS AND ACTS TRUNKS

The major problems with the trunks were structural, as discussed
above. The trunks exhibited good stability, with only minimal

flutter. No other unwanted dynamic effects were observed. Two
ACRS trunk designs were tested. ACRS #3 was shortened from the

original design to give the flexibility to permit launching
Jindivik from the existing trolley system. This could be
desirable in the event that launching on the ACTS was not
possible for any reason. However, the decrease in pitch
stiffness with the shortened trunk is significant, and thus the
original design is recommended.

7.3 TEST PROCEDURES

Details tests procedures for the low speed ground tests on the

ACRS and ACTS were developed, and are shown in Appendix C.
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SECTION 8

CCNCLUSIONS AND RECOMMENDATIONS

1. The major activity in this vhase of the develooment of
Jindivik ACLS has been the running of a series of ground
tests by GAF at their Avalon Field facility. The
difficulties in conducting developmental testing at a
location so remote from the AFFDL and its contractors are
self evident. The resulting communication problems, coupled
with the lack of adecuate travel fund authorization, have
been the major causes of the delays experienced in the past
eighteen months. Various options are available to avoid or
minimize these problems, as follows:

a. Conduct tow tests in the U.S., using a Jindivik shell
and with a tow vehicle containing an air source,
electrical power system and data acouisition system.
This test rig would be used to obtain basic information
on the airflow system, trunk drag, trunk stiffness and
damping, and the resulting vehicle dynamics.

b. Buy or lease the Jindivik test vehicle from GAF and run
low speed ground tests in the U.S. The test vehicle
should have sufficient instrumentation to obtain data as
in a. above.

c. Conduct further low speed ground tests at Avalon Field,
with an experienced representative from AFFDL present
for the duration of the tests, and with adequate spares.

Regardless of the options listed above, it is recommended that

high speed taxi tests and flight tests should be monitored by
GAF because of the availability of experienced crews. It is
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recommended that a crew training plan be established by AFFDL

and GAF, and implemented by GAF, before high speed taxi and
flight tests.

2. The performance of the airflow system is marginal. More
test data are still required, but it appears that some
improvement could be gained by redesign of the bleed port
fitting and by replacement of the flexible ducting. A
significantﬁimptovement could be obtained by use of a Viper
engine with a MK 522 center section. This latter change
would permit fan-on landings, and hence reduce the pitch
problems (discussed below) and give controllable braking.

3. No significant problems have been encountered with the yaw
thruster directional control system. During testing at GAF,
outrigger wheels were fitted to the wing tips, with the
brakes linked electrically to the heading gyro. This
improved directional control during low trunk pressure (high
drag) conditions when the vehicle had a tendency to roll.

4. Structural problems were encountered with the ACRS trunk
design. It is believed that these problems have since been
resolved. The ACRS #2 design is preferable to ACRS #3
because of the increased pitch stiffness exhibited by ACRS
$2.

5. The ACTS trunk suffered from parking bladder leakage
problems, and from excessive wear in the front of the trunk
during deceleration. It is recommended that segmented
parking bladders be used, with a high pressure in the front
segment; also that the wear strips in the front be extended
forward.

6. Trunk vibration is not a significant problem. Some flutter
has been observed, but the amplitude of the vibration is
acceptable.
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7. The ACTS retention/release system is unsatisfactory.

Retention capability is inadequate under certain loading
conditions, and release tends to be asymmetrical and is not
repeatable. A bellcrank latching system, released by an
electrical linear actuator, is recommended.

8. The Jindivik is directionally unstable with the ACRS trunk
deployed even with the extended tail tested by GAF. It
should be noted that the wind tunnel data were obtained with
an IGE trunk shape, which is unrealistic. Further wind
tunnel tests should be run with an OGE trunk of the latest
ACRS design. Two additional fin designs should be tested,
namely a longer fin of 10.5 ftz, and fins fitted to the tips
of the horizontal tail. It should be noted that the
additional fin area will degrade the effectiveness of the
yaw thruster.

9. Simulation studies show that with the baseline ACRS design,
a large forward pitching moment occurs at touchdown.
Depending on the degree of damping, this induces a combined
pitch-heave oscillation. It is recommended that initial
landings be on grass, to reduce the coefficient of friction.
Fan-on landings (see (2) above) might also help. Further
ground tssting is recguired to evaluate the magnitude of this
prctlom.

10. Furthe: simulations of touchdown and slideout, including the
elevators and associated control system, should be
conducted.

11. The ACTS has not been designed for braking from high speeds.
During deceleration the aircraft will pitch nose down, and
the air lubrication will not be effective on the forward
portion of the trunk. This may lead to the center of drag
being forward of the center of gravity, and the vehicle will
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be directionally unstable.

Consequently, a drogue chute is

recommended for high speed (greater than 20 to 30 knots)

ACTS gqround tests.
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The Environmental Control System Simulator - Extended Version
(Ref. 1) is a digital computer program which solves problems in
the steady-state performance analysis of any fluid flow system.
The program is arranged in a form allowing a series of system
components to be linked together to form a complete system. 2
problem oriented languaqe (POL) is used to describe the physical
components and éontrol restraints on the system. A non-linear
equation solver (INWT) is used to solve the system for a given
set of boundary conditions by formulating it as a weight flow
balance of a flow network. By inserting tables of component
performance characteristics, any type of component may be
included.

The program consists of three separate and distinct parts, each
of which is completely independent of the other, viz.,

0 A special purpose precompiler which translates the input
configuration data into a Fortran program and subroutine.

o An equation solving algorithm based on the n-dimensional
Newton-Raphson method "INWT".

0 A set of subroutines simulating the performance
characteristics of physical system components.

The ECSS system has two executions. The first one is the
preprocessor phase during which the system definition cards are
read in and operated upon to generate a Fortran main orogram and
a linkage subroutine required to represent the physical system.
The second phase is the execution of the generated program, the
reading in of tables, title cards, execution control cards and
solving the data case using a non-linear algebraic eguation
solver. Operating subroutines simulating engineering components

are loaded from a library or magnetic tape. Ancillary user
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written Fortran subroutines may also be loaded, the proagrvam

being destiganed in an open-ended and modular mode.

The following tables =zhow inputs to the proaram for tvoical ACRS
and ACTS simulations. Table A-1 shows the ACRS system
description in POL form. The airflow sysgtem is divided into two
gections, each started and terminated by a SEC card. Section 1
qoes from the enaine to the flow 2plit and thence to the trunk.
Section 2 starts at the flow split and gqoes to the cusghion.

Each POL card within a gection results in a call to a asubroutine
which models a specific type of component, as described later.
For example, ENG models an enaine, POR models an enaine bleed
port, and so on. Parameter values can be included in each POL
statement, or can be set (and changed for subsequent cases {f
required) as shown in Table A-1. The three SAC cards define the
inputs to the non-linear equation solver INWT in order to
balance out the system. In this case the three unknowns are the
bleed air flow rate Wl (SAC1l), the cushion pressure PCUSHG
(SAC2) and the flow split PCT at the Y junction (SAC3). These
quantities are varied in INWT in order to balance the syatem and
gatisfy all the boundary conditions.

Table A-2 shows the {nput tables for the ACRS, as follows:

TARRV Relief valve characteristics, area versus
pressure.
TARPO Enaine bleed port characteriastics, corrected flow

versug fractional pressure drop.

TARWTU Turbine flow characteristics, corrected flow
versus pressure ratio.

TABRDT Engine compressor relative temperature rise as a
function of engine speed.

TABDP Engine compressor internal pressure ratio as a
funotion of engine speed.

TABTOT Fan flow as a function of drive pressure and

cushion pressure.
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SAC’. ‘WERPOO-'ol'""‘th"AXyHlpO-’
SAC2 (WERCUIO0er el90av0.90+PCUSHG 04
SAC3 (WA wTs o1y SPMIN, SPHAXK ,PCT 4041

SECL (PAMB, TAM3,HAM3, wl)

ENG (TABUT, TABDP ,AMN, SPEED)
POR (TA3PO)

LNKT L{AKPF, T.Q0T)

LNKDOL{ e59¢7.07)

LNKBL( «473,7.07)

SPL (PCTePA, TAyHA WA )
LNKD2(.178,7.07)
LNKVL(LleyAV])
LNKBA(1.,7.07)

BAG (TABRV,ACUSH,AATM,CD,PCUSHG ¢PAMB,wERR ;WIN)
SECLl (PULl,TDLyHOL,wD1)

SECZ (PA,TA,HA,wWA)

LNKD3(AKy T.QT)

LNKV2(1l.,AV2)

LNKD4(AK,T.07)

TRF (TABWTU,TABTOT)PCUSHG +PAMB 4 TAMB yWT)
CUS (PCUSHHyFLOWLlyWIN,PCUSHG s wERCU)
SEC2 ()

PAM3=]14.7,TAMB=519,yHAMB=0, yAMN=0. ¢ACUSH=2.418,AATM=2,418,CD=0.7,
SPEED=0.4¢yPCUSHH=0.65,FLOWl=140.

“-00‘0'

Wl=40,PCT=50,PCUSHG=0.30,

AV1=26.15, AV2=6.15,

WMINZ20.,WMAX=2310.y SPMIN=0s » SPMAX 2600 ¢

AKPF=2,

Table A-1 Main Program (ACRS)
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READ TAdL ESS

TABRYV

Q.
TaBwWTU
1.00
2.00
0.
l.440
TABOT

259.2
0.

T6.5
<0676

1.10
2.50
«925
l. 440
35

«08

35
l.19

le be
360. 1000.
21.6 21l.6
le 10.
101. 126.
«0909 . l607
le 13.
1.20 139
10.00
1.120 1.240
le @40
le 11.
.‘o .so

R
el2 el7
le l1l.
«40 « 50

2. ‘26.
100. 90.
32.5 30.
T.5 5.0
15.2 15.3
17.2 17.7
0. Qe
0. Qe
1.33 1.68
Oe Q.
Oe 0.
1.83 2.04
O. O«
0. e
2.04 2.21
O. 0.
0. Oe.
2.27 2462
Oe Oe
0. 0.
2.48 260
O O
0. 0.
2.70 278
O. O
0. 0.
2.90 2.94
0. Oe
1.70 1.98
3. 24 3.25
0. 0.
2.41 2.58
3.51 3.52
Oe Oe
Table A-2

« 60

1.660

151.
«2857

1.50
1.380

«70
«31

70
2.000

70.
25.

15.5
18.7
0.
0.

l6l.
«3750

1.70
1.430

«90

«50

«90
3.100
l.
55.
20.

15.8
22.7

163,
e bbb

1.80
L.435

«625

1.0
3.800

170«
9

1.90

1.440

lel
«T7S

lel
4.400




TABLE A-2 (Cont.)

2.36
3.73
Q.
2.90
4.02
Q.
3.32
4.28
0.
4.23
“.73
Q.
4.88

2.74
3.76
Q.
3.16
4.03
Q.
3.53
4.29
Oe
437
4.T%
0.
5.0
5.34
0.0
5.6
5.78
3.50
5.9
6.12
5.2
6.65
6.85
T.55
8.36
8.56
9.30
9.87
10.04

2.88
3.77

3.27
4.04
0.

3. 64
4.30
0.

4.42
4.75

5.06
5«35

5.65
5«79
4.18
5.99
oel3
3.45
6.67
6.87
T.68
8.38
8.58
9.40
9.89
10.05

3.02
3.78

3.38
©.05

3‘7“
4.31
Q.

447
“.76

5«12
5.36
3.65
Se7
5.80
4.61
6.04
614
5.70
6.69
6.39
7.83
8.40
e.bo
9.52
9.91
10.36

5.14

4.20
S« 71

4.93
6.05

5.50Q
6. 71

7.95
8.42

9.63
9.93
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Tables A-3 through A-8 show component subroutines for the ACRS.
Subroutine ENG (Table A-3) calculates the engine internal total
pressures and temperatures, given the engine speed and vehicle
Mach number. Subroutine POR (Table A-4) calculated the engine
bleed port pressure drop (AP/P) as a function of corrected flow
(wbvﬁ?/P). Subroutine LNK (Table A-5) calculates the pressure
drop in ducting sections, based on an input of the pressure drop
K factor (K =).P/ck, where g is the dynamic head). Subroutine TRF
(Table A-6) calculates the turbofan performance, based on steady
state performance maps input in tabular form. Subroutine BAG
(Table A-7) calculates the inflow and outflow characteristics of
the trunk, including outflow to the cushion volume and to
ambient through the holes in the ACRS trunk, and also the relief
valve flow. Subroutine CUS (Table A-8) calculates the flow
characteristics of cushion air under the trunk.

Table A-9 shows the ACTS system description in POL form. The
majority of the component subroutines are identical to those for
the ACRS, and hence are not repeated. The turbofan, trunk and
cushion subroutines are, however, slightly different, and are
shown in Tables A-10 through ~12 respectively.
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C CALCULATE TOTAL PRESSURE AND TEMPERATURE AT ENGINE NLET

Wt R o s e oL e vy < P i,

SUBROUT INE ENG( TABOT, TABDP,AMN, SPEED) i
COMMCN/CURVAL/P s TyH yW/PRNT/PRINT/LO/10/NOMEN/NOMEN/DEGREE/DEG(3) -
LGGICAL PRNT

PTaPe( | ,+.2%AMN®AMN j&x3,5
TTaTe(l.+r. 2*AMNSAMN)

c CALCULATE PRESSURE AND TEMPERATURE AT EXIT FROM ENGINE CCMPRESSAR

9999

ENCsSPEED®*SQRT(519./TT)
DTOT=TBL(TABOT,ENC,DEG,[ER)
T=aTT«(1.+0T0T)
PR=TBL( TABOP ,ENC ,0EG, [ER)

P=PT*PR

IF(PRNT) WRITE([Q¢9999) NOMEN P yTyH W |
FORMAY(lbon10‘3X2HPTSX.bXZHTTSX.bXLHHbXoleHH/ZIX'Q(FIO.Qo3X’/) g
RETURN |
END

Table A-3 Engine Model
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SUBROUT INE PAOR(TABPQ)

TABLE GIVES PQORT JPCP=F(CORRECTED FLOW)

9999

COMMCN/CURVAL/P y Tyl ¢ W/PRNT/PRNT/IU/TO/NUMEN/NOMEN/ DEGREE/Z DEG(3)
LOGICAL PRNT

WCOR=w&SQRT(T) /P

OPOP=T3L (TASPU,wWCOR 4CEGy[ER)

P=P*(1l.-NP0P)

[FIPRNT) WRITE(I0,999S) NCMEN,nCGR,0OPCP,?

FORMAT( 14Xy A109 3X4ANCORIX y6X4HOPOP3 X O XLHP/ 2L X3 (FLQa4,3X)/)
RETURN

END

Table A-4 Bleed Port Model
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SUBROUT INE LNK(AK,A)
COMACN/CURVAL/P ¢ ToH  W/PRNT/PRNT/I0/I0/NCMEN/NOMEN/S SGGIR/SCG
LOGICAL PRNT
CALCULATES PRESSURE DROP GIVEN r FACTCR AND AREA
MACH NUMSER [S FIRST CALCULATED, THEN DYNAMIC HEAC IS DETERH4INED ()
OP=K * Q
P=AMAX1(P,.001)
GM=WSSGRT(T)/(A*P*SQG)
AMSTAMGM(GM ) |
AMaMACH NUMBER %
PSaP/( le+te2%AMBAM)*%3,5
AQ=P=PS
OP=AK*AQ
P=P-0P
[F(PRNT) WRITE(1Q,9999) NOMEN,P.T,W,0P
9999 FORMAT( 14X¢ALOV3X2HPTSX,6X2HTTSX9O6XLH WO X 90 X2HOP/21X ¢4 (Fl0e@v3X) /)
R ETURN
END

Table A-5 Ducting Element Model
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SUBROUT INE TRF(TABWTU,TABTOT,PCUSHG ¢PAMBTANMByWT)
i COMMON/CUSVAL/P s ToH yw/PRNT/PRNT/I0/10/NCMEN/NOMEN/DEGREE/DEGI 3)
OIMENSION S(2)
LOGICAL PRNT
PURPOSE - CALCULATES THE PERFCRMANCE OF AN ACLS TURBO=-FAN USING
PERFORMANCE ™APS
CALCULATE TURBINE FLOW
PCUSHA=PAMB +PCUSHG
PCUSHAaAMAX L(PCUSHA ,.001)
PRT=P /P CUSHA
WTCOR=TBL( TABWTU,PRT,0EG,IER)
WTawTCOR®.,55%P /SQRT(T)
C 1.55aSQRT(S519)/14.7 wT IS IN LB/SEC
C WT IS CALCULATED VALUE OF TURBINE FLOW
S(2)=P
S{1)=144.%PCUSHG
WaTBL(TABTOT,S,JEG, [ER)
c W IS TOTAL FLOW FROM TURBOFAN
IF(WLEWT)IGO TO 10
IF(W.EQ.0.)GO TJ 10
C WITH WelT.WT, WE HAVE REVERSE FLOW THROUGH FANe. HENCE CUTLET
C TEMP = [INLET TEMP
TaTAMB+WTe( T=-TAMB) /W
10 P=p CUSHA
C CORRECT FLOW TO LB/MIN
W=W#60.
WT=WwT#60.
[IF(PRNT)IWR [TE(IQy9999)NOMENPCUSHAsPCUSHG ¢y T oo WT
9999 FORMAT( 14X,A109 3IX2HPASX s X2HPGS X9 OXZHTTS5X y& XL HO X 96 XeHWwTURIX/
1 21XeS{Fl0.493X)/)
RETURN
END

onn

Table A-6 Turbofan Model (ACRS)
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10
20

30
4«0
c

SUBRQUT INE BAGI(TABRV.,ACUSH,AATM ,CO s PCUSHG yPAMA yWERR gl M)
COMMON/CURVAL/P o ToH W/PRNT/PRNT/I U/ IC/NCMEN/NOMEN/SCGGUR/SCG

CUMMCN/DEGREE/DEG(3)
LOGICAL PENT
CALCULATES QUTFLOW FRUM TRUNK

OQUTFLOW GOES [INTO CUSHION CAVITY,

AIN= FLCOW AREA INTQO CUSHICN
AQUT= FLOW AREA TO AMBIENT

AREL= CALCULATED RELIEF VALVE AREA

AIN=CD*=ACUSH
AQUT=CD*AATM
PCUSHA=PCUSHG+PAME
T=AMAX1(T,300.)

CALCULATE RELIEF. FLOW
PREL=144.5(P=-PAMB)
IF(PREL JLE.259.2) GO TO 2
AREL=TSBL(TABRV,PREL yDEG,IER)
AREL =AREL*0,9

WREL=CNFLOW(P,T,PAMB,AREL +CCR)

GO TO S

WREL=0.

CONTINUE
IF{PCUSHA.GE.P)GO TO 10

WIN=CNFLOW(P,TyPCUSHA A IN,CCR)

GO TO 20
W IN=P-PCUSHA
[F(PAMB .GE.P)GO TO 30

WOUT=CNFLOW(P T ,PAMB,AQUT,CCR)

GO TO 40
WOUT=P-P AMB
WTRUNK=WIN*WOUT +WREL

TC AMBIENT, AND THRCUGH RELIEF vaLv

WERR [S TRUNK INFLOW = TRUNK OUTFLOW (=0. AT STEACY STATE)

WERR=W=WTRUNK

IF(PRNT) WRITE(IC+9999) NCOMEN P yToymsWTRUNKenIN»nCUT

16X 4HWOUT /21X y6(F 10s4¢3X)/)
RETURN
END

9999 FORMATI 14XoAl093X2HPTSXs6X2HTTS X9 OXIH RO X 96 X6HwTRUNKL X 0 X3Ha [NGX

Table A-7 Trunk Model (ACRS)
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SUBRCUT INE CUS(PCUSHHK ¢FLOWL » AINPCUSHG » wERCU)
COMMON/CURVAL/P oy TyH yw/PRNT/PRNT/IQ/10/NCMEN/NCMEN/DEGREE/ DEGI 3)
LOGICAL PRNT
CALCULATES QUTFLOW FROM CUSHION. [INFLOW=CUSHICN FLCa + PART uUF
TRUNK FLCW
PCUSHG [S VAR[ED IN SAC CARD UNTIL INFLCw=CALCULATEC CUTFLOw
PCUSHH IS CUSHION PRESSURE AT WHICH VEHICLE GOES INTCG HOVER
FLOWL IS CORRESPONDING FLOW
T=AMAXL(T,300.)
DUM=AMAX1(PCUSHG/PCUSHH,0.)
WOUT=FLOWl*SQRT (OUM)
IF(PCUSHG.GT.PCUSHH )WOUT=FLOW1+5000.* (PCUSHG=PCUSHH)
Wak+h IN
WERCU=W-wOUT
IF(PRNT )WRITE( 10,9999 )NOMEN s Wy wOUT ,PCUSHG
9999 FORMAT( 14XsA10s3XLIHWOX s 6X4HWOUT3I X6 X0 HPCUSHG/ 21X s3(F1l0a%93X)7)
RETURN
END

OO0

Table A-8 Cushion Model (ACRS)
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SACL (WlyWT)elyQ0e0240e¢Wlo0e)
SAC3 (WERR ¢Oerele 14e7920e+P TRUNK;OQ.)
SAC 3 (WERCUyVerels0erle059PCUSHG ¢Je)

SECL (PAMB,TAMB,HAMB W 1)

ENG (TABOT,TABDP yAMN, SPEED)

POR (TABPQ)

LNKT1(AKPF,7.07)

LNKDL( <59, 7.C7)

LNKB1( .478,7.037)

LNKD3( .49y 7.97)

LNKV2(1.9AV2)

LNKD4( .49 7.07)

TRF (TABWTU,TABTOT¢P TRUNK yPAMB ¢ TAMB yWT)
BAG (ACUSHsAATM,CDyPCUSHG ¢PAMB s wINWERR)
CUS (PCUSHH,FLOWLsWINyPCUSHGwERCU)
SECL ( )

PAHB’1‘.7'TAMB’519.'HAMS.°. [ AMN=Q. ’
ACUSH=5T.73,0ATM=23.85,CD=0.8,
AV2230.15,PCUSHG=0.2,PTRUNK=15.0
PCUSHH30,T,FLOWL1=150.3,

AKPF=2,

Table A -9 Main Program (ACTS)
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SUSROUTINE TRF(TABWTU,TABTOT,PTRUNK P AMETAME W T)

PURPQOSE - CALCULATES THE PERFORMANCE CF AN ACLS TURBO=-FAN USING
PERFORMANCE ™APS

COMMCN/CURVAL /O y TyH ya /PRNT/PRINT/IQO/IC/NCMEN/NCMEN/DEGRER/CEG(3)

OIMENSIUN S(2)

LOGICAL PRNT
CALCULATE TUR3INE FLOW
PTRUNK IS IN PSIA

PTRUNK=AMAX]1(PTRUNK,.Q01)

PRT =P /P TRUNK

WTCOR=TBL(TA3WTU,PRT,CEG,I[ER)

WT=WTCOR®] ,S5S5P /SQRT( T)
WT IS CALCULATED VALUE CF TURSINE FLOw

S(2)=pP

S(1)=144.*(PTRUNK=PAMB)

W=TBL(TABTOT,SyJEGy [ER)
W IS TOTAL FLOW FROM TURBOFAN

IF(W.LLE.WT)GO TO 10O

[IF(WeEQ.0.)GJ TQ 10

T=TAM3 +nT®( T-TAMB)/ W

10 P =P TRUNK

CORRECT FLOw TO LB/MIN

WaW*60.

HY’HT‘OOU

IF(PRNT )WRITE(IQ¢99S9 )INOMENyPTRUNK yTywewl

9999 FORMAT( 14X, A L0 3X2HPTSX 6 X2HTTS X6 ALlH WO X0 XeHATURY/

I 21Xe4(FlQe&y3X1/)

RETURN

END

Table A-10 Turbofan Model (ACTS)
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SUBROUT INE BAG(ACUSH,AATM,CO+PCUSHG ¢PAMB,ynI N, WERR)
CUMMON/CURVAL /P s ToH s W/PRNT/PRNT/1O/I0/NCMEN/NOMEN/SQGGUR/SQG
CCMMON/DEGREE/DEG(3)

LOGICAL PRNT

(o CALCULATES QUTFLOW FICM TRUNK
c ACTS TRUCK HAS NC RELIEF VALVE
C AIN= FLOW AREA INTC CUSHION
c AQUT= FLOW AREA TO AMBIENT
AIN=CO=ACUSH
AQUT=CD*AATM
PCUSHA=PCUSHG+PAMB

T=AMAX1(T,300.)
IFLPCUSHAL.GE.P)GO TQ 10
WIN=CNFLOW(P,T,PCUSHA yAIN,CCR)
GO TO 20 ?

10 W IN=P=-PCUSHA

20 IF(PAMB .GE .P)GO TO 30
WOUT=CNFLOW(P,T,PAMB,AQUT,CCR)
GU TO &0

30 WOUT=P-P AMB

&0 WTRUNK =W [N+wWOUT

C WERR [S TRUNK INFLCW = TRUNK QUTFLUW (=Q0. AT STEAQY STATE)
WERR=W=WwTRUNK
IF(PRNT)WRITE(IOy9999)NOMEN¢P o Ty WIN»wCUT

9999 FORMAT(14Xy)ALl0y3XZHPTSXe6X2HTTSXp0XIH NI Me X966 X4HWCUT/
1 21X94{Fl0e%y3X)/)
RETURN
END

Table A-11 Trunk Model (ACTS)
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SUBROUT INE CUS(PCUSHH ¢FLOWL ¢ wIN¢PCUSHG ¢ nERCU)
ANALYS IS OF CUSHION CAVITY FOR ACTS ONLY
PCUSHG IS VARIED [N SAC CARD UNTIL INFLUW=CALCULATED CUTFL W
PCUSHM IS CUSHICN PRESSURE AT WHICH VEMICLE GCES INTO HOVER
FLOWl IS CORRESPONDING FLOW §
COMMON/CURVAL/P o Tyr ¢ W/PRNT/PRNT/Z1Q/ LU/ NCHEN/NOMEN/DEGREE/ CEGL ) 1
LOGICAL PRNT
T=AMAXL(T, 300.)
OUM=AMAX 1(PCUSHG/PCUSHH ,J.)
WOUT2FLOWL®*SQRT(CUM)
[F(PCUSHGGT.PCUSHH ) WOUT=FLOWL+5000C. * ( PCUSHG=PCUSHH) 3
W=wW N :
WERCU=Ww=wWOUT
[F(PRNT)WRITE(IQ 9999 )NOMEN, Wy wCUT ,PCLSHG
9999 FORMAT( 14XsA1Qy IXIHNOX ) SXL4HKOQUTIX 40 XGHPLCUSHG/ 21X ¢ 3(F10.4¢3X)/)
RETURN
END

o000

Table A-12 Cushion Model (ACTS)
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The evaluation of the dynamic performance of an ACLS requires

the simulation of the overall aircraft, including aerodynamic
and engine induced forces and moments. The simulation of the
Jindivik ACRS has been conducted using the Boeing ACLS 6 DOF
Computer Program (Reference 14). Figure B-1 shows the overall
structure of this program. It utilizes a generalized 6 DOF
program (Reference 15), to which are added the unique modules
necessary for simulating the components of the ACRS. The method
of analysis used for these modules is discussed below:

ACRS TRUNK MODEL

The ACRS trunk provides four functions in supporting an
aircraft:

a) Acts as a skirt for the cushion air

b) Attenuates landing impact

c) Provides roll and pitch stability

d) Serves as a brake when cushion air pressure is lowered

In order to develop a realistic trunk model, movie films of the
ACRS Jindivik drop tests were viewed and frames of the film were
enlarged. The trunk shape before the drop is shown in Figure
B-2(a). The moment of initial ground contact is shown in Figure
B-2(b). The trunk shape at the half way point between initial
ground contact and maximum compression is shown in Figure
B-2(c), and the shape for maximum compression is shown in Figqure
B-2(d). An overlay of the trunk shape profiles is shown in
Figure B-3. Assuming a camera speed of 24 frames per second,
the times of the frames from release are shown on the profiles.
It can be seen that the side portions of the trunk show
significant upward and outward motion during compression. The
forward portion, and likewise the aft portion of the trunk, are
restrained from moving upward because of the aircraft fuselage,
and are also restrained from moving outward because of the large
hoop stresses which develop in the horizontal curvatures.
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Several trunk models have already been developed. The ]
Foster-Miller model of Reference 16 (since modified) assumed a

“frozen" trunk shape as shown in Figure B-4. Comparison of the
frozen model with the drop test shapes of Figures B-2 and B-3
show the model to be unrealistic for this application. For a
given trunk stroke the frozen trunk shape model would yield a
greater change in volume, which produces a greater change in air

pressure, P dlso, the flattened area A,, Or foot print, will

t.
be larger than reality. Since the reacted vertical load of the

trunk is P At' the load error is amplified. This also produces

t
errors in the trunk pitch stiffness and roll stiffness, as well
as in the degree of braking which is given by Atpt'

The Bell model (Reference 17) allows for the effect of hoop
tension by adding a simulated spring at each section to restrain
outer motion, with the spring constants being required inputs to
the model. An iterative calculation is required at each time
step.

The Digges model of Reference 18 calculates the shape of a two
dimensional loaded inelastic trunk using an iterative procedure.
The model is appropriate for the side elements of a trunk, but
not for the forward and aft elements where hoop tension effects
are signficant.

The selected method utilizes a quasi steady state parametric
approach to minimize computer time. The trunk is divided into
elements as shown in Figure B-5(a). The two dimensional side
element shape parameters for the loaded condition are shown in
Figure B-5(c). The Digges program is used to calculate the

" P——

parametric data for the side elements. The cross sectional area
(CAt), the width of the flattened area (Yf) and the lateral

distance from the lower attachment point to the center of the :
flattened area (Yc) are shown plotted in Figures B-6, -7, and -8
as a funntion of pressure ratio Po/Pt and stroke ratio Zo/Z_,. 2,
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Figure B-8 Width of Flattened Trunk vs Percentage Stroke
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g is the vertical distance between the lower attachment point and 1
the lowermost point of the free shape at a pressure ratio of

zero, and Z, is the vertical distance between the lower

" -
= s AT T

attachment point and the lowermost point of the trunk. The .
volume of a side trunk element is given by the product of the
cross sectional area (CAt) and the length 2ix.

é_ The shape of the forward and aft elements is assumed to be
restricted by horizontal hoop stress. These segments are
assumed to take the shape of a flattened cylinder as shown in
Pigure B-5(b). Por an inelastic baj, the circumference is
constant and thus:

b Di = ZYf +7T (Di - S.) B.l

i 1

The flattened width of the ith element is then:

S v

The foot print area of the element is then:

Q
!

A = Yf Ax, B.3

fpi i i

where Axi is the mean length of the ith element. The cross
sectional area ot the element is given by:

2
(By - 8§) + T (D, =8,) B.4

=Y
fi 3 i

i

substituting Equation B.2 into B.4 and combining terms yields:

2 2 B.5

4




The volume of the ith element is then:

<

]

FE]

_—
o

]
(7]
S
(&
*®

The total trunk volume is then obtained by summing the volumes
of both side and fore and aft elements, giving:

v, = é;. g B.7

AIR CUSHION VOLUME

Since it is assumed that lateral motion only takes place in the
side elements, the cushion volume is primarily a function of
side element shapes. Figure B-9 depicts the cushion volume
geometry.

An approximation of the trunk element radius is:

£, = (1 + pc/Pt)(zo/z,):di B.8
where rdi is the out of ground effect radius. Thechord length
is given by:

1/2
c=fr, -, 124z, -sp? B.9
i i i
2
The angle subtending the chord is:
o = 251N L(c/2r,) 8.10
c i

the area of the sector shown shaded in Figure B-9 is then:
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Finally the cushion cross sectional area skirted by
element is:

Y
A= (3. = 8,)(Y dE e by 5%
cc ti i a1 2 ci. 2 si

ACLS TRUNK AND AIR BAG SKID DISPLACEMENTS

each side

B.lz

Trunk or air bag element displacements due to ground contact
evaluated #s follows: The aircraft and runway coordinate

are

systems are shown in Figure B-10. The lowermost point of each
trunk element in the out of ground effect shape is input in the

form of a subscripted data array (X £’ L P zt.).

The X and Y

coordinates are relative to the aircraft éenter of gqravity and

the 2 coordinates are relative to the element lgwer attachment
peint. Referring to Figure B-9, an array of element stroke

ratios is defined as:

(3o/Ta)y = (B = S)/2

252




o R e O S s e

e . B il

|
i
‘ : 1
i |
{
X - NOSE
e ¥ - RIGHT WING
: "~z - DOWN
El
}
{
. 3 DR - DOWN RANGE RR
i CR - CROSS RANGE
|
i
g;
" CR |
| i
Figure B-10 Coordinate Systems ,
i
|




> i T T— e
o o S .3

where the stroke array S1 is generated by positive values of

Si - zti + zai.- xtiSING + YtiSIN$ -2 B.1l6
where Z is the distance between the center of gravity and the
ground. Separate arrays are generated for the left and right
side of the aircraft. The right side array is generated with a
plus sign on the fourth term of the above egquation, and
conversely the left side with a negative sign.

A negative value from Equation B.l16 indicates that the trunk
element is not in contact with the ground. This condition may
correspond to the trunk element being in the hover condtion. 1In
the hover condition, cushion air is flowing out under the trunk
element, and the gap height under each element is calculated
first by obtaining the hover stroke ratio as a function of PC/Pt
by interpolation from Figure B-11l. This curve is obtained from
Figure B-8 by cross plotting zo/z‘ versus PC/Pt for Ye equal to
zero. The extension for each trunk element is given by:

z = (2 /2,.),; 2 B.17
o1 o i ti

Thus, an array of trunk element gap cross sectional areas may be

summed :
> 5
A= (2 -2 - S,) 4&x B.18
g i ti o i i

Direct Bleed Air and Turbo Fans

The ACLS Jindivik air flow systems are shown in Section 2.0,
Figures 1 and 2. There are three distinct modes of operation.

1) Referring to Figure 1, the ACTS air supply system operates
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with valve (2) open and valve (1) closed such that the

turbo fan supplies air to the trunk. The air flows out of
the trunk through peripheral jets, lubricating the
trunk-ground interface. The cushion volume is pressurized
from the peripheral jets.

2) The ACRS system in the recovery mode operates with valve
(2) closed and valve (1) open such that the fan is bypassed
and the trunk is inflated by direct bleed air. The air
flows out of the trunk through peripheral jets on the
forward third of the trunk, which serves to place the
center of frictional drag aft and thus produce directional
stability. During touchdown impact attenuation, the trunk
air pressure is relieved through a relief valve. Air
entering the cushion volume from the frontal peripheral
jets is vented through the turbofan such that there is no
buildup of cushion pressure during slideout braking. Rapid
compression of the cushion volume during the touchdown
impact, however, will result in a cushion pressure buildup
which assists the attenuation.

3) The ACRS system in the taxi mode operates with both valves
open. The trunk is supplied with direct bleed air and the
cushion air is supplied by the turbofan.

The three modes of operation were simulated with ECSS~X computer
program, as described in Appendix A. Parametric data was
produced for the 6 DOF quasi steady state treatment of the air
supply system. The air supply rates as a function of engine RPM
and trunk or cushion pressure are shown in ngures B-12 through
B-15. The quasi-steady state treatment of dynamic air flow
systems assumes that the dynamic effects associated with air
inflow and outflow from the trunk and cushion are insignificant

compared with the volume capacitance effects of the trunk and
cushion. For fan off operation, a comparison of the time
constants associated with the supply ducts to those associated
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with the trunk and cushion shows that this is justified. The
results presented in the document are all for this fan off case.
For fan on operation, the stall dynamics of the turbofan could
be significant and should be included once the stall
characteristics of the fan are known.

Relief Valve

The Jindivik ACRS system relief valve area and assumed
hysteresis versus trunk pressure are shown in Figure B-16. The
relief valve flow rate is given by the standard orifice flow

equation:
1/2
Weel ™ °Cphrer [%? By = Pamb)] B.19

where CD was assumed to equal 0.9.

Cushion Gap Air Plow Rate

The cushion air gap flow model is depicted in Figure B-17. The
size of the air gap is evaluated as previously discussed. It is
assumed that the peripheral air jets on the cushion side of the
ground tangent plane exit to the cushion volume. The cushion
inward air flow rate is then given by:

v n U, 2
- 2 o[-%;! (Py = Pc)] ECDo igl fmiAjoi + -t E‘l Ajfi]a.zo
where Ajo is the jet area in the non-flattened region of the
ith ttunkielement, Ajf is the jet area in the flattened region
of the ith trunk eleme:t, and fm1 is a flow distribution factor.
If the trunk element is in the hover condition, fmi is assumed
261
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to be 0.6. If the trunk element is flattened, fm is set at
D |

0.5, CD and CD are the discharge coefficients of the jets in

o] £

the open and flattened regions, and are assumed to be 0.6 and

0.2 respectively.

In the same manner, the air flow rate on the atmospheric side of

the trunk tangent plane is given by:

L D[%.i (‘“’: 5 Pamb)}\/z [cno zn: (1 - f“‘i) Ajo + =T f:

i=l

The peripheral jet flow area calculation utilizes a linear flow
area density conscant Aj /b, where A, is the total orifice area

: 1 3 x »
for the ith element and 2 1is the lateral width of the
perforated area. The total jet orifice area open on the ith
element is given by:

A, 2gp— (2, - Y (2.3

where Yf is the flattened width of the trunk. The total jet
orifice area in the flattened region of the ith element is:

8023

ACLS AIR BAG FORCES AND MOMENTS

The method of modeling ACLS system forces and moments is shown
in the schematic of Figure B-18. The elemental bag shape model

as discussed previously produces the flattened area of each
segment depending on the height and attitude of the aircraft.
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The foot print force for each element on the right side is:

F = A P B.24
T fpri t

and for the left side

The total body component acting on the aircraft along the 2 axis
is:

n
F = COS3H S + ol
4 cos » 124:1 crri Fli) n,2€

The total axial and lateral components of trunk drag or braking
are:

n
P, = ~COS(443) & WU (F. + F ) B.27
d, fmyl Vv /8y TN
Fy = =SIN(V+3) ﬁ u (P, + ) B.28
Yy ie] i i

where (y+:) is the ground side slip angle. The coefficient of
friction u is subscripted to allow for difference in friction
due to air lubrication.

The pitch and roll moments induced by trunk drag and trunk foot
print forces are given by:

n
M =F 2c9+C0862X (Pr + P

) p.29
M gL Ny ey

n
M =P, 2 +COSy = Y, (F =F_ ) B.30

x d,¢9 1 T L S
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The yaw moment induced by trunk draa is agiven by:

n

M, = COS(y+q) L u (F_ = F )Y
il i 3Tk

n
+ SIN(U+C) }'_‘,l w (B, + Fy )X
{= i

AERODYNAMICS

The 6 DOF computer program which serves as the basis of the ACLS

Simulation Program has built-in aerodynamic modules. Standard

IRRpR—————

equations are used and expressed in Fortran statements by the
user in a subroutine reserved for aerodynamic modeling. The
aerodynamic draag is:

Fq = Cpas B.32

The aerodynamic lift is:

F: - CLqS p.33

The aerodynamic side force is:

Fg = Cyas B.34

ik v s

The aerodynamic yaw moment is:

2 ms Spn s

N, ® quSb B.35

The aerodynamic oitch moment is:

My = Cp3S€ B.36
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The 3erodynamic roll moment is:
M_ = C,gSb B.37

where S is the wing reference area, b is the reference wing span
and ¢ is the mean aerodynamic ciord. The corresponding
aerodynamic coefficients assumed for simulation are shown in
Figures B~19 through B-24, and were obtained from Reference 11l.

The primary contribution to aerodynamic pitch damping for a
straight wing aircraft, such as the Jindivik, is due to the
tail. The pitch damping moment caused by a pitch rate is:

dCh - C S-) B.38
dg m 2V

&

where q, ¢ and V are respectively the pitch rate, mean
aerodynamic chord, and the aircraft air velocity. The damping
coefficient due to the tail is given by (Reference 19):

B.39

The dynamic pressure pressure ratio g for the horizontal tail
may be assumed to be in the range:

xH is the distance between the tail and the aircraft center of
gravity. The horizontal tail volume coefficient is given by:
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or 2,40

- (9.8) (14.6) .
b ¢ s ) s

The Jindivik tail asoect ratio is 3.3, the sweep angle \ is
zZero, and thus, using data from Reference 19, CLJ
.061/degree for low Mach numbers and an efficiency of'l. From
Equation a.30:t

9.8
Cm = -2(0.061)(0.9)(0.47)—1— = -0.127/degq.

L

The damping contribution from the tail is orovided by Fcuation
B.38:

de
-ag = -0.127 35 = 2333 sec?/fe-dea
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TEST PROCEDURF?

ACRS System Tests

A. OUT OF GROUND EFFECT

4 1. Trunk Pressure Proof Test to 3.0 psig
2. Bleed Port Static Pressure Check
‘ Both Valves Closed (no air flow)
4 Engine speed 40%
§ Engine speed 50%
Engine speed 60%
Pressure not to exceed allowable pressure in
flexible ducts

Rl Sy

: 3. Landing approach Cenditions
i Fan Valve Closed
4 Engine speed 40%
; Engine speed 45%
i Engine speed 508%

RECORD: Trunk pressure, bleed port pressure,
and relief valve opening

Lo
.

ACRS Fan
Both valves fully open
Engine speed 40%

i Engine speed 50%

| Engine speed 60%

RECORD: Trunk pressure, bleed port oressure,
turbine inlet pressure, fan speed,
relief valve opening

B. IN GROUND EFFECT (Tethered)

1. Landing Slideout Conditions
Fan valve closed
Engine speed 40%
Engine speed 45%
Engine speed 50%

RECORD: Trunk and cushion pressures, bleed port
pressure and relief valve opening
2. Taxi Conditions
Both valves fully open
Engine speed 40%
Engine speed 50%
Engine speed 60%

RECORD: Trunk and cushion opressure, bleed vort

pressure, turbine inlet pressure, fan
sveed, relief valve opening
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3. Drop Tests (Landing Impact)
Fan valve closed
Engine speed 40%
sink speeds 4, 6, 8 ft/sec
Engine speed 45%°
sink speeds 4, 6, 8 ft/sec
Engine speed 503
sink sveeds 4, 6, 8 ft/sec

RECORD: Trunk and cushion pressure, bleed port
pressure, relief valve opening
4. Drop Tests (Taxi Dynamics)
Both valves open

Engine speed sink speed
S0% 1 ft/sec
S0% 2 ft/sec
60% 1 £t/sec
60% 2 ft/sec

RECORD: Trunk and cushion oressure, bleed port
‘ pressure, turbine inlet pressure, fan
speed, relief valve opening

C. TAXI TESTS

1. Trunk Drag (Rreakaway Tests)
Both valves open
Slowly increase engine speed to breakaway on:
dry runway
wet rtunway
| grass
3 soil

i et v

RECORD: Engine sveed at breakaway trunk and
cushion pressure, bleed port pressure,
turbine inlet pressure, fan speed, relief
valve opening

2. Trunk Drag (Steady State Velocity)

After breakaway backoff slowly on throttle and

attempt to maintain velocity 5 to 10 knots on:

dry runway

wet runway

grass

soil

Repeat at a velocity of 30-40 knots

RECORD: Engine speed, trunk and cushion pressure,
bleed port pressure, turbine inlet
pressure, fan speed, valve opening

3. Batsman Control
With the aircraft at a steady state velocity of 10 to 20
knots, the batsman will test the response of the thrust
vector control system by negotiating an "S" shape man-
euver about the rurnway centerline, with an amplitude of
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5 to 10 feet. The distance required to perform this
maneuver should be measured. This test should be per-
formed first with no wind, and then with a side wind of
10 to 15 knots. In the side wind condition, as
discussed in paraaraph 6.3.8 of Reference 10, the
aircraft will respond rapidly to a yaw maneuver into the
side wind and sluagishly to a command to yaw out of the
side wind. The Batsman should gain a good feel for the
resoonse of the thrust vector control system in these
conditions. The above tests should be repeated at a
vehicle velocity of 20 to 25 knots.

RECQRD: Distance required to perform "S" maneuver
and the yaw gyro reference time history.
Braking Tests

Both valves initially open

Release tether with engine RPM at 70%

Accelerate to test velocity (see below)

Turn fan valve off

Back throttle off to engine idle (40% RPM)
Test Velocity 20 Knots
Test Velocity 30 Knots
Test Velocity 40 Knots
Test Velocity 50 Knots
Test Velocity 60 Knots
Test Velocity 70 Knots
RECORD: Acceleration and deceleration distances,

trunk and cushion pressure, bleed
pressure, aircraft pitch time history.

D. OUT OF GROUND EFFECT
1. Parking Pladder Proof Test
3.0 psi
2. Fan Tests
Engine Speed 40% RPM
Engine Speed 50% RPM
Engine Speed 60% RPM
Engine Speed 70% RPM
Engine Speed 80% RPM
Engine Speed 87% RPM
RECORD: Trunk pressure, bleed port pressure,
turbine inlet pressure, fan speed.
E. IN GROUND EFFECT (Tethered)
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1. Fan Tests ¥
Engine Speed 40% RPM
Engine Speed S0% RPM
Engine Speed 60% RPM
Engine Speed 708 RPM
Enaine Speed 80% RPM
Engine Speed 87% RPM

1 RECORD: Trunk pressure and cushion pressure,
it bleed port pressure, turbine inlet
i pressure, fan speed.

F. TAXI TESTS
} .
e Release tether with engine RPM at 87%
| Accelerate to test velocity (see below)
b Release drogue chute
Back throttle slowly to 504 RPM

Test Velocity 10 Kuots

Test Velocity 20 Xnots

Test Velocity 30 Knots

Test Velocity 40 Knots
- Test Velocity S0 Knots
: Test Velocity 60 Knots
Test Velocity 70 Knots

RECORD: Time to accelerate to test velocity,
trunk and cushion pressure, fan speed,
bleed port pressure, aircraft pitch
time history.
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APPENDIX D

EVALUATICON OF YAW THRUSTER CAPABILITY TO

MAINTAIN DIRECTIONAL STABILITY
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A simplified feasibility analysis was made of the potential use
of the yaw thrusters to alleviate the directional instability
discussed in Section 4. The analysis shows that the yaw
thrusters are inadecuate to perform the task. A description of
the analysis technique is given below.

First, it was assumed that side thrust could be generated as a
linear function of sideslip. A maximum side thrust of 20 pounds
was assumed (typical of an approach condition), to be reached at
a2 sidslip angle of S degrees. Five degrees was chosen by
reference to Figure 97, which shows that the yawing moment curve
is about neutrally stable at sideslip angles near 5 degrees.
Figure 97 was used because it is the worst case. A sketch of
the assumed thrust variation is shown below:

SIDE THRUST
(Ftv)' POUNDS

W-——— —— - -

l
|
I
l
l
|
l
5

SIDESLIP (8), DEGREES

Figure D-1, Assumed Side Thrust Versus
Sides1ip Characteristic
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The thruster was estimated to be 10.6 feet aft of the center of

gravity. Hence, the yawing moment generated by the thruster 1s

10.6 times the thrust in pounds. The increment to directional

stabilility oroduced by the thruster is then

THRUST x 10.6
qsSb

AcC
ry
where g = dynamic oressure, osf
S = wing area, so. ft.
b = wing svan, ft.

Substituting the various constants and convertinag dearees to

radians, we have

20 x 10.6 x $7.3

Cn, T T BN (I0.75) (5)

or

AC = l;%i per radian

"3
The contribution to stability is seen to be inversely
proportional to dynamic pressure, as shown in Figure D-2. The
effectiveness of the yaw thruster can be determined by reference
to Figure 87. This figure is used because the flap deflection
is the same as Fiqure 97, where the 5° sideslip angle was
selected. To bring the trunk-on configuration (circle symbols)
up to the basic Jindivik stability (single diamond symbol),
requires approximately an incremental Cn of .07 per radian.
Figure D-2 shows this large an incrementels not obtainable from
the thruster at low engine thrust conditions. For example, at an
approach speed of 130 knots, the available increment of Cn is
only .025 compared with the requirement of 07. Thus the8
concept of using the yaw thruster to stabilize the vehicle is
not feasible.
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