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FOREWORD
F .
by This report presents the results of the second phase of a two phase program to

study and demonstrate methods and techniques to improve the operating
efficiency of hydraulic systems in advanced Navy aircraft. The results of
Task I (study phase) are presented in Volume I of this report. The results of
Task 11 (demonstration phase) are presented herein.

The study phase consisted of the following:

Determination of study methodology

Definition of baseline vehicle

Establishment of baseline hydraulic system

Evaluation of candidate energy saving techniques
Application of the most promising techniques to a target

AP g recniiiegy

© ©0 O O ©

system
o Determination of weight and energy savings of the target
system over the baseline.

P
>

The hardware demonstration phase consisted of the following:

Ay - r— e g

o Design test parts

actuator modification
test fixture modification

6 Procure demonstration hardware

{ Direct drive control valves and electronics
Dual pressure pumps

0 Analyze test results

o Summarize results
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1.0  HARDWARE DEMONSTRATION PHASE (TASK II)

1.1 APPROACH
1.1.1 Introduction

The study phase, reported in Volume I, determined that certain energy
conservation techniques can significantly reduce aircraft fuel consumption.
Techniques considered to be effective in reducing losses and selected for
laboratory demonstration testing were:

o Control valves with overlap and shaped orifices
o Dual pressure level systems

Specially designed hardware were fabricated to validate the potential of these
energy saving techniques. Tests were then conducted to determine the energy
consumption of the different techniques. In addition, dual pressure level
switching transients were investigated, and actuator performance changes
resulting from the use of the special control valves were examined. Section
1.1 describes the demonstration hardware, tests performed, and instrumentation
used. Test proceadures and results are presented in Section 1.2. A summary is
given in Section 1.3.

1.1.2 Demonstration Hardware

1.1.2.1 Control Valves. Quiescent leakage in control valves causes
appreciable power loss. Most of this internal leakage occurs at the spool
null position and is a function of valve size, spool/sleeve clearance, and
orifice geometry. Total internal leakage is the sum of the dynamic leakage
that occurs when the valve is operating plus null leakage when the spool is
statfonary. Two approaches were investigated to determine potential energy
savings: overlap and shaped orifices (see Section 2.4.5 in VYolume I).
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Valve design and performance requirements were established by a specification
prepared to procure the valves. This specification is presented in

Appendix A. Considerable latitude was permitted for deviating from the
specification requirements providing the basic goals of the test program could
be met with the proposed design. Cost was an important consideration in
supplier selection.

Two companies were chosen to provide the test valves: Bendix Electrodynamics
and E-Systems. Bendix provided both the valves and electronics on a
consignment loan basis. E-Systems provided the valve electronics on a
consignment basis. Descriptions of the test valves are given in the following
paragraphs.

Bendix Electrodynamics. The test valve is a modified version of a 5,000 psi
unit built for a prior Bendix project. The valve has separate motor and
spool/sleeve assemblies that combine in one housing to form the valve
assembly. The motor and spool both have rotary motion. Three interchangeable
spool/sleeve assemblies provide three different configurations:

o Zero overlap with linear slot orifices
0 High overlap with linear slot orifices
o Small overlap with T-slot orifices

Spool travel is +10° (+0.0327 in.). Rated flow is 5 gpm. Multi-metering
orifices are employed to minimize the maximum chip size the spool must shear.
The maximum available shear-out force is 80 1b. Flow forces are exceptionally
low due to special design features.

The motor is a brushless DC type with samarium-cobalt magnets to provide a
high torque-to-power ratio, and is an “inside-out” design with magnets on the
rotor and windings on the stator. The motor drives the spool directly; a
torsional centering spring is attached to the opposite end of the spool. No
seals are required on the spool. An RVDT provides the spool position feedback
signal. The valve/motor assembly is shown on Figure 1.
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The Bendix electronics package drives the torque motor with an analog signal,
and provides feedback loop closure around the valve spool and actuator
piston. Loop gain adjustments are available.

NOTE: Flow gain, pressure gain, internal leakage, and frequency
response tests were completed on the zero overlap and T-slot
configurations (the high overlap valve had not yet been
received). The T-slot valve failed during the servo actuator
tests (see Section 1.2.2.2). No further tests were conducted on
the Bendix valves due to program scheduling constraints.

E-Systems. The test valve was originally designed to control two independent
systems on a dual system actuator, and has a single, linear-motion spool. The
valve design was modified so that one side has zero overlap and the other side
has 0.002 in. overlap. Rated flow is 3.5 gpm on each side. The valve
mounting block is made so that only one system can be operated at a time. A
linear motion LVDT is used to close the loop around the spool and provide a
spool position signal. Available chip shear-out force is 45 pounds. The
valve is shown on Figure 2.

The valve electronics package drives the force motor with a pulse-width-
modulated signal, provides feedback loop closure around the valve spool, and
has a manual bias control. A second electronics package provides loop closure
around the servo actuator piston and has feedforward and feedback compensation
adjustments.

1.1.2.2 Servo Actuator. The actuator was built by Vought for the LHS
Advanced Development Program, reference 1, and was designed to operate the
unit horizontal tail (UHT) on an A-7E test bed aircraft. The servo actuator .
has dual tandem cylinders and a dual tandem mechanical input control valve,
Figure 3. Feedback is accomplished with mechanical 1inkages.
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Figure 3. Original unit horizontal tail actuator

BENDIX VALVE

LOAD FIXTURE

| !
, MANTFOLD

© F/_ END FITTING
ROTATED

LVDT O
NEW :

Figure 4. Modified UHT actuator with Bendix valve

E-SYSTEMS VALVE
- ADAPTER

. : MANIFOLD
=9 SO /—

Figure 5. Modified UHT actuator with E-Systems valve
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The UHT actuator was modified to mount it in a mass load test fixture and to
accommodate the Bendix and E-Systems control valves. Changes made were:

o The FC-2 piston with unbalanced areas was replaced with
a balanced area piston. The FC-1 side of the actuator
was de-activated.

0 A new piston rod seal cartridge was made to fit the
new size piston rod.

o An LVDT was installed inside the piston rod to provide
electrical feedback.

o A new rod end was fabricated to mate with the mass load
1 fixture.

o The mechanical control valve housing was replaced with a
manifold designed to interface with the Bendix and E-Systems
test valves.

The modified UHT actuator with the test valve installations is shown on
} Figures 4 and 5. Major design parameters are:

Operating pressure: 8000 psi

! Piston diameter: 2.368 in.
Rod diameter: 1.185 in.

! Piston stroke: 6.58 in.
Extend/retract

L . piston area 3.301 in.2
Stall output force: 26,400 1b

1.1.2.3 Dual Pressure Pump. A 4000/8000 psi pressure level system offers
substantial energy savings, reference Section 2.4,.6 in Volume I. The dua)
pressure level concept employs a logic system to determine the pressure mode
used. Important advantages obtained, in addition to energy savings, are
reduced heat rejection and an increase in MTBF for hydraulic system components.

6
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The test pumps were originally procured for the LHS Advanced Development
Program, reference 1, and are a pressure compensated, variable delivery axial
piston design. The units, built by Vickers Aerospace Division, were designed
for use on the LHS simulator, and were identified as M/N PY3-047-2, S/N 346580
and S/N 346581. Rated flow is 10 gpm at 5900 rpm. One pump (S/N 346581) has
accumulated 1150 hours of endurance cycling during LHS programs; the other
unit (S/N 346580) has accumulated 227 hours.

The pumps were modified to operate at two pressure levels by Vickers. The
Statement of Work and Performance Requirements Specification Sheet are
presented in Appendix A. The modification permits switching from a high
pressure (8000 psi) to a low pressure (4000 psi) mode of operation and from
the low pressure to the high pressure mode. Control pressure is ported to the
pump compensator mechanism using a 3-way solenoid valve. Loss of electrical
power to the valve will revert the pump to the high pressure mode. The
modified pump, M/N PV3-047-4, is shown on Figure 6.

1.1.2.4 LHS Simulator. The original purpose for the simulator was to
demonstrate the concept of using an 8000 psi operating pressure to achieve
smaller and Vighter weight hydraulic components than those used in aircraft
with conventional 3000 psi systems, reference 1. The LHS simulator is a steel
structure with hydraulic component installations designed to represent a full
scale A-7E 8000 psi flight control system, Figure 7. A modular design
approach was employed. Two types of modules are used:

Power Modules Load Modules

FC-1 System Aileron, LH

FC-2 System ' Spoiler, LH
UHT, LH & RH
Rudder

Speed Brake
Leading Edge Flap
LH Inboard, LH Outboard
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Switching valve

Vickers dual pressure pump with switching valve
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Each power module contains a pump, reservoir, filters, and valving to supply
hydraulic fluid to the flight control actuators. Each actuator is mounted in
a load module that duplicates the kinematics of an A-7E installation.
Load/stroke conditions imposed on each actuator are based on specific,
individual requirements. Twelve 8000 psi flight control actuators are
installed in the simulator:

Primary Lontrol Actuators Secondary Control Actuators
Aileron, LH Speed Brake
Spoiler, LH Leading Edge Flap (4)

Roll Feel Isolation

Unit Horizontal Tail, LH & RH
Rudder

AFCS (yaw)

The simulator can be operated manually or automatically. Manual control is by
“pilot stick" or through manipulating dials and switches on a console panel.

Automatic control is by a mechanical programmer.

1.1.3 Tests Conducted

1.1.3.1 Control Valves. The primary objective was to determine the effects
of overlap on valve flow gain, pressure gain, internal leakage, and frequency
response. Flow gain is a plot of spool position versus no-load flow. Flow
gain directly affects Toop gain and therefore influences system stability.
Pressure gain is a plot of spool position versus the difference in pressure
between the valve cylinder ports which are temporarily blocked for this
measurement. Pressure gain provides servo actuators with the capability to
break away large friction loads with little error. Internal leakage is
plotted as a curve of spool position versus return line flow with the cylinder
ports blocked. Internal leakage dominates valve performance in the null
region and is a continuous power loss. Frequency response involves plotting
the output divided by the input (amplitude ratio in db) versus frequency. A
valve with good response operates with minimum overshoot and undershoot and
minimum phase lag within a required frequency band. Tests conducted were:

10
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Pressure
Test ' Levels Test Conducted By
Flow gain
Pressure gain 4000 & 8000 psi NAAO-Rockwell
Internal leakage
Frequency response 3000 psi Bendix

8000 psi E-Systems

1.1.3.2 Servo Actuator. The effects of valve overlap and dual pressure
level operation on actuator performance were investigated by detemmining
actuator response to step and sinusoidal inputs, by measuring piston position
changes and pressure transients resulting from pressure level switching, and
by comparing the energy consumption of the different valve/actuator
combinations. The dynamic operation of servo actuators is typically
characterized by the accuracy with which they track square wave commands and
their ability to follow sinusoidal inputs over a given frequency band. Lloop
gains and command amplitude directly affect performance and must be carefully
selected to provide valid test data. Switching pressure levels from 4000 to
8000 psi and 8000 to 4000 psi may produce undesirable side effects -- pressure
transients and actuator position disturbances. The extent of these
occurrences were to be determined. The energy consumption using an overlapped
valve was compared to the energy consumption using a zero lapped valve. These
measurements provided the basis for energy savings achieved.

Tests conducted on the servo actuator were:

Test Actuator Configuration Pressure Levels

Dynamic Response

Pressure Level Switching E-Systems Yalve 4000 & 8000 psi
(cycling flow) zero overlap
Energy Lonsumption 0.002 in. overlap
n
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1.1.3.3 Dual Pressure Pump. Pump performance was based on four operating
characteristics: overall efficiency, pressure ripple, transient response, and
heat rejection. Overall efficiency is delivered hydraulic power divided by
input horsepower, and is measured at rated operating conditions of speed,
flow, and temperature. Pressure ripple is caused by the stroking action of
the pump pistons. This ripple causes standing pressure waves in the pump
discharge line which can, if the right frequencies are present and amplitudes
are sufficient, cause undesirable vibration in system tubing. Transient
response is a measure of the ability of the pump to respond to rapid changes
in flow demand. Slow response causes large amplitude pressure transients --
both overshoot and undershoot. Overshoot causes high stresses in system
components; undershoot results in degraded actuator performance. Heat
rejection is the result of inte§na1 leakage used to lubricate and cool the
pump, and is caused by fluid throttling from high pressure to low pressure
which raises fluid temperature. High fluid temperatures are harmmful to seals
and increases internal leakage rates in other components. Heat exchangers are
frequently needed to remove heat added to systems by pumps with high heat
rejection.

Tests conducted on the dual pressure pump were as follows:

Test Pressure Levels

Overall Efficiency

Pressure Ripple 4000 & 8000 psi
Transient Response

Heat Rejection

Pressure Level Switching 4000 & 8000 psi
(steady flows)

12
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1.1.3.4 LHS Simulator. The LHS simulator was used to determine the effects
of overlapped valves and dual pressure levels on the operation of a full scale
hydraulic system. The overall objective was to demonstrate that overlapped
valves can be employed to conserve energy without seriously degrading actuator
performance, and that switching operating pressure levels does not cause
harmful pressure transients. The actuator was mounted in the LH UHT load
module (see Figure 7). FC-1 system was used to power the actuator. FC-1 and
FC-2 systems were operated for the pressure level switching tests.

Tests conducted on the LHS simulator were as follows:

Test Configuration Operating Mode Pressure Levels

LH UHT ACTUATOR

zero lap sinusoidal input 4000 & 8000 psi

Dynamic Response
.002 in.

E-Systems Valv;} step input
output loaded

overlap FC-T only

Pressure Level E-Systems Valve output motionlessg
Switching zero lap output moving 4000 & 8000 psi
.002 in. output loaded

overlap FC-1 only

E-Systems Valve sinusoidal outpué)

Zero lap output unloaded ( 4000 & 8000 psi
.002 in. output loaded
overlap s FC-1 only J

Energy
Consumption

SYSTEM
Pressure Level FC-1 & FC-2 A1l actuctors
Switching systems cycling
Operating modes: 4000 & 8000 psi
2%, 10%, and

50% load/stroke

13
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Test Configuration Operating Mode Pressure Levels
Pressure Ripple FC-1 & FC-2 A1l actuators 4000 & 8000 psi
' systems at null
Spectrum Analysis FC-1 & FC-2 All actuators
systems at null 4000 & 8000 psi
Pump speed sweep
-
Energy E-Systems Valve LH UHT actuator
Consumption zero lap cycling
.002 in. A1l other actuators
\ overlap at null // 4000 & 8000 psi
LH UHT unloaded
LH UHT Toaded \
FC-1 only )

1.1.4 Instrumentation

1.1.4.1 Hydraulic Test Bench. The performance of the Bendix and E-Systems
valves was evaluated using a bench designed for testing 8000 psi hydraulic
components, Figure 8. The test stand, built by Dayton T. Brown, is capable of
delivering flows up to 18 gpm at pressures up to 8000 psi. Flow is measured
by a positive displacement meter with readout in any desired units on a
microprocessor based indicator. Fluid temperature can be controlled at levels
between +100 and +200°F . The bench contains fluid per specification
MIL-H-83282; fiuid filtration is 3 microns absolute.

1.1.4.2 Electronic Data Analysis System. A multi-channel computer based data
analysis system was used to support all tests, Figure 9. A block diagram of
the system and component identification are given on Figure 10. Signal
processing is performed on an analyzer with pre-programmed waveform
analysis/manipulation functions for both time and frequency domain
measurements. Capabilities include transient analysis, spectrum analysis, and
mathematical operations from basic to complex such as fast fourier

transforms. The analyzer is also a digital oscilloscope with flexible

mul ti-trace display capabilities. Bandwidth is 100 KHz with 14 bit A/D

resolution; accuracy is 0.1%.

14
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Figure 8.

Figure 9.

8000 psi hydraulic test

£

Electronic data analysis system

15




"‘—v‘

T ey —

R

PRINTER
1

NADC-88066-60

MONITOR SOFTWARE
2 7

PLOTTER
3

MASS
STORAGE

SIGNAL
cPy PROCESSOR
5 8

TEST

DATA

COMPONENT

WDOANODOLNELWN -

Figure 10.

DATA
KEYBOARD STORAGE
9

6

PART NUMBER MANUFACTURER

2932A Hewlett-Packard
35741A " "
7475A u "
9153A " N
9000 Sel“ies 300 N "
46021A " "

EASY Entek

6100 Data Precision

681 " "

Block diagram of data analysis system

16




NADC-88066-60

Operation of the data processor is enhanced through the use of a CPU and
customized software. Soft keys located on the computer keyboard are
pre-programmed to execute special functions. Menu driven programs were
employed to make various types of graphs on an inter-active X-Y plotter,
Special data presentation capabilities include order tracking and
three-dimensional cascade displays.

1.1.4.3 Transducers. Several different types of transducers were employed in
the demonstration tests to measure pressure, flow, temperature, torque, and
speed; these are listed on Table 1. The transducers produce electrical
signals which must be conditioned; signal conditioning and readout equipment
are listed in Table 2.

A1l transducers were calibrated so that calibration factors could be developed
for use in the data analysis system. The system has provisions for entering
engineering units per volt, such as in3/sec/vo]t, psi/volt, 1b-in/volt, and
rpm/volt.

1.2 HARDWARE DEMONSTRATIONS

1.2.1 Control Valves

1.2.1.1 Procedure. Schematic diagrams of the setups used for the flow gain,
pressure gain, and internal leakage tests are presented in Figure 11. Command
signal waveforms and frequencies are also given on Figure 11. The test data
are based on spool displacement, therefore different displacement amplitudes
were employed for the Bendix and E-Systems valves. These amplitudes, given on
Figure 11, were based on the signal amplitude generated by the spool position
feedback transducer (LVDT cr RVDT). Spool displacements used in the flow gain
and internal leakage tests were the same. Spool displacement used to
determine pressure gain was approximately 25% of that used in the other

tests. All tests were conducted with valve inlet pressures of 4000 and 8000
psi; return pressure was approximately 100 psi. Test bench fluid temperature
was controlled at 120‘:5°F. A view of the flow gain test setup with the
E-Systems valve is shown on Figure 12.
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Cylinder

Flow
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Figure 12. View of flow gain test setup
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1.2.1.2 Results. Flow gain, pressure gain, and internal leakage plots made
by the data analysis system are presented in Appendix B. Examples of this
data are shown on Figures 13, 14, and 15. Results of the Bendix and E-Systems
valve tests are discussed in the following paragraphs.

Bendix. Performance values obtained from the plots in Appendix B are listed
in Table 3. Qualitative evaluations of valve operation are given in Table 4.
The flow and pressure gain curves have a null offset caused by the Bendix
electronic package. Symmetrical signals applied to the input of the package
were unsymmetrical at its output. Bias adjustments are available inside the
package; none are available outside. No attempt was made to bias the command
input signal in order to balance the output.

Performance of the zero lap configuration was affected by internal friction.
Bendix acknowledged that alignment between the spool axis and torque motor
output axis were not as good as desired because of adverse tolerance
build-ups. It should be noted that the T-slot configuration was installed in
valve assembly P/N 3335661-2; the zero lap spool was installed in valve
assembly P/N 3336730.

E-Systems. Performance values obtained from the plots in Appendix B are
listed in Table 5. Qualitative evaluations of valve operation are given in
Table 6. The flow and pressure gain plots contain small irregularities. This
was due to the pulse-width-modulation (PWM) signal of the E-Systems electronic
package. The PWM in effect imposed a small dither motion on the spool, and
was most evident on the pressure gain plots. The horizontal irregularities
are due to small spool displacements sensed by the LVDT; the vertical
irregularities are due to pressure fluctuations caused by the small spool -
displacements. Although the plots do not have a neat appearance, the "noise"
was not considered detrimental to valve performance.

PWM caused problems during the entire test program because of the “electrical
noise" it generates. Considerable effort was required to shield other test
instrumentation from conducted and radiated PWM noise so that noise-free data
could be obtained. PWM caused the E-Systems valve to work hard, and on some
occasions the motion of the servo actuator piston was observed to contain high

frequency, low amplitude irregularities.
22
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Figure 13.

Flow gain data, Bendix zero lap valve

23




psid

PC1-PC2,

psid

PCt-PC2,

NADC-88066-60

PRESSURE GARIN

1800 — E-Systems P/N 183308-100
Valve Overlap: 2.882 in.
b ’
1
f b Burly Brepnisey) o008 oo
3. Fluid:_ MIL-H-83282
4. Fluid Temp: +128 Deg F

+

+——

Spool Displacement, 8.881 in.

Valve Overlap:

— E-Systems P/N 183320-100

P.882 in.

BN
.

Sui

. Pors

. Flutd: HMIL-H-83282
Fluy

. d Temp: +120 Deg F

\y Fressure: 408087 psi
?’J Cl & C2 blocked e

Spool Displacement, 8.881 in.

Figure 14, Pressure gain data, E-Systems overlapped valve
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Figure 15. Internal leakage data, Bendix T-slot valve
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TABLE 3. Quantitative performance, Bendix valves

3rd QUADRANT NULL st QUADRANT
FLOW GAIN, in°/sec/deg
Zero Lap Valve
4000 psi 0.71 0.64
8000 psi 1.06 1.00
T-Slot Valve
4000 psi 1.63 1.27
8000 psi 2.57 1.88
PRESSURE GAIN, psi/deg
Zero Lap Valve
4000 psi 8511 1828
8000 psi 13,072 4846
T-Slot Valve
4000 psi 4250 4250
8000 psi 8016 8016
INTERNAL LEAKAGE, in°/sec/deg
Zero Lap Valve
4000 psi .057
8000 psi .105
T-Slot Valve
4000 psi 275
8000 psi .512
TABLE 4. Qualitative performance, Bendix valves
GAIN GAIN NULL AREA
BALANCE LINEARITY HYSTERESIS{ GAIN CHANGE
FLOW GAIN
Zero Lap good fair good high
T-Slot fair excellent good high
PRESSURE GAIN
Zero Lap poor poor good high
T-Sldt excellent excellent excellent none.
26
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TABLE 5. Quantitative performance, E-Systems valves

NULL

3rd QUADRANT

1st QUADRANT

“FLOW GAIN, in%/sec/in

Zero Lap Valve
4000 psi
8000 psi

.002 Overlap Valve
4000 psi
8000 psi

895
1351

918
1339

895
1351

896
1336

PRESSURE GAIN, psi/in

Zero Lap Valve
4000 psi
8000 psi

.002 Overlap Valve
4000 psi
8000 psi

[S NN
o o
H O
[, 0 )

13.4 x 106
21 x10

6

> x
—t
oo

6

13.4 x 106

21 x 10

o®
> x
— —
N Oh

INTERNAL LEAKAGE, in3/sec/in

Zero Lap Valve
4000 psi
8000 psi

.002 Overlap Valve
4000 psi
8000 psi

0.023
0.067

TABLE 6. Qualitative performance, E-Systems valves

GAIN
BALANCE

GAIN
LINEARITY

HYSTERESIS

NULL AREA
GAIN CHANGE

FLOW GAIN
Zero Lap

.002 Overlap

excellent

excellent

excelTent

. excellent

good

excellent

none

high

PRESSURE GAIN

Zero Lap

.002 Overlap

excellent

excellent

excellent

excellent

excellent

excellent

none

high
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Frequency Response. Frequency response tests were conducted by Bendix and
E-Systems; the plots are presented in Appendix B. Bendix ran their tests at
3000 psi using MIL-H-83282'flu1d, E-Systems conducted a single test at 8000
psi using CTFE fluid. A summary of results is given below:

-3 db Point
Spool
Displacement Frequency, Hz Phase angle, deg

Bendix Valves
Zero Lap 0% 50 -57

+25% 53 -59
T-Slot +10% 77 -123

+25% 81 -106
E-Systems
.002 in, Overlap  +25% 130 -43

1.2.2 Servo Actuator

1.2.2.1 Procedure. Three different types of tests were conducted: dynamic
response, pressure level switching, and energy consumption. Each test
employed different instrumentation and methods of acquiring the data. A
general setup was used, however, for all three tests. A schematic diagram of
the hydraulic system is presented on Figure 16.

The servo actuator was mounted in a fixture designed to simulate the mass load
of a horizonta) stabilizer on the RA-5C airplane, Figure 17, The fixture was
originally built to test an actuator developed for the LHS program, reference
2. Installation of the UHT actuator in the fixture required new mounting
provisions; these are indicated in Figure 17. The fixture was made very rigid
to minimize structural dynamics. The effective mass load on the actuator was
6.94 lb-secz/in. Prior tests conducted on the fixture have established

that a mass Joad/actuator natural frequency occurs in the range of 19 to 23 Hz

28
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o . (o]

\— Servo actuator

Figure 16. Schematic diagram of hydraulic system
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Mass load . D

E-Systems valve

UHT actuator

Y )
T~ N ; ‘ i.
: o

New support structure

«

Figure 17. Servo actuator/mass load fixture installation
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(depending upon the actuator and fluid being used). Operation in this
frequency region could cause physical damage to test parts. An upper limit of
18 Hz was therefore used for frequency response tests conducted with the mass
load.

Dynamic Response Tests. A schematic diagram of the instrumentation is shown

on Figure 18. The function generator signal was used as the valve input
signal in the frequency response tests because: 1) the E-Systems electronic
drive unit employed PWM; and 2) the response characteristics of the EDU would
have a negligible effect on test results. The feedback and Toop gains were
optimizea by observing actuator performance with step inputs and using
settings that produced slight ringing with operation at 8000 psi. These
selected gain values were maintained during all tests. A block diagram
showing gain values is shown on Figure 19.

The step input tests were conducted using an actuator output of 0,100 in. p-p
at 1 Hz. The frequency response test was performed using an input that
produced an output of 0.100 in. p-p at 0.4 Hz and maintaining this input
constant over the frequency sweep range. The step input and frequency
response tests were conducted with and without the mass load on the actuator.

Pressure Level Switching. The effect of switching operating pressure level on

actuator piston position was determined with the piston both motionless and
moving during the pressure level switchover. A block diagram of the
instrumentation is shown or Figure 20. All tests were conducted with the
actuator piston attached to the 1oad mass. Piston motion was sinusoidal with
0.250 in. peak-to-peak travel at 1 Hz. Data were acquired with the pressure
level switchover made at 0° and at 90° during the sinusoidal motion

tests. Loop gain values were the same as those used for the dynamic response
tests (see Figure 19).
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Energy Consumption Tests. A schematic diagram and photograph of the

instrumentation are shown on Figures 21 and 22, respectively. The heat
rejection of the pump, servo actuator, and system were determined while the
actuator was operated sinusoidaliy over a frequency range of 1 to 4 Hz. The
data were taken at the point of maximum power consumption, i.e., at the 45°
point on the output wave fonn.] This was done by using the "clock" input on
the analyzer, and applying a sinusoidal signal to this input that was 45°
out-of-phase with the actuator output. The clocking signal triggered the
analyzer to take data at each zero crossing having a positive slope (clocking
signal). The time duration of the sweep from 1 Hz to 4 Hz was limited by the
piston travel in the flow cylinder and was approximately 25 seconds. The
input amplitude was held constant over the frequency sweep range, and was a
value that produced an actuator output of 0.100 in. p-p at 0.4 Hz. Testing
was conducted with and without the mass load on the actuator. The pump,
actuator, and system heat rejections were calculated by the data analyzer
using the parameters and equations given in Table 7. Pump speed was 5400
rpm. It should be noted that pump S/N 422717 was used for these tests.
(Pumps S/N 346580 and S/N 346581 had not yet been received, see Section
1.1.2.3.)

1 Flow and pressure in the actuator were sinusoidal in form and 90°

out-of-phase. Power consumed by the actuator is: Power =

(AP « sin 8:Q - cos 8) + 1714, where AP = PC1 - PC2 in psid and

Q = flow in gpm. Maximum power occurs when 8 = 450 and is:

Power = 0.5 - AP - Q + 1714, Maximum actuator efficiency alsc occurs
when 8 = 450,
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TABLE 7. Actuator test parameters and equations
]
: TEST PARAMETERS
CHANNEL CALIBRATION
NO. SYMBOL DESCRIPTION FACTOR
1 T Pump input torque =400 1b~in/v
2 N Pump speed 5000 rpm/v
3 F Actuator frequency 13.93 Hz/v
4 P Pump discharge pressure 1784 psi/v
5 PC1 Actuator cylinder pressure 1474 psi/v
6 PC2 Actuator cylinder pressure 1456 psi/v
i 7 qQ Return flow 2.366 gpm/v
i
i TEST EQUATIONS
| HR2 = (HP2 - HP3) . K4
3 HR3 = (HP1 - HP3) . K4
i where, HR1 = Pump heat rejection, BTU/min
! HR2 = Actuator heat rejection, BTU/min
HRy = Overall heat rejection, BTU/min
i HP1 = Input power to pump, hp
! HP2 = Power delivered by pump, hp
HP3 = Power delivered by actuator, hp
K4 = 42,4 BTU/min/hp
now, HP1 = K1 + TN
HP2 = K2 - (P-90) - Q
WPy = Ky - |Pc1-Pc2|- Q
where, K1 = 1/63030
K2 = 0.96/1714
Ky = 0.98/1714
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1.2.2.2 Results

Dynamic Response Tests. Performance plots made during the step input and
frequency response tests are presented in Appendix C. Examples of the data
are shown on Figures 23 and 24. A summary of this data is given in Table 8.
Actuator performance was degraded by valve overlap. Using zero lap data as a
baseline, 0.002 in. of valve overlap resulted in the following performance

decreases:
Actuator Pressure Step Frequency Response
Load Level, psi Response (at -3 db point)
none 4000 -4% -24%
none 8000 -34% -21%
1 mass 4000 -12% -26%
mass 8000 -22% -42%

A valve failure occurred during the operational checkout tests. The Bendix
T-slot valve was selected for testing first and was being operated with 4000
psi applied. A preliminary frequency sweep from 0.4 Hz was in progress when
the motor end cover came off as the 15 Hz level was approached. The end cover
is exposed to return pressure and at thé time of failure was being subjected
to a fluctuating pressure near 400 psi. Examination disclosed no failed
parts. The motor housing has a groove in which a circular cross-section ring
‘ (2-3/8 in. dia.) is used to retain the motor end cover. This groove was
observed to have a sloped outer edge. The retainer ring apparently slid up

this slope due to approximately 1000 pounds of force imposed on the end cover
by the return pressure. The supplier was notified of the failure. The Bendix
valves and electronics were then returned for investigation of the problem.
Because of program scheduling constraints, a decision was made to proceed with
the planned tests using the E-Systems valves.
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STEP RESPONSE
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Figure 23. Actuator step response data, E-Systems zero lap valve
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FREQUENCY RESPONSE

1 E-Systems P/N 183300-109
8 Valve Overlap: ©.882 in.
o
»
o
m w—
°
3 - \§>‘
2
L S @
o
\\\ -53 _8
)
\\ -mj L
\\\ €
1. Supply Pressure: 8008 psi a
2. Mode: closed loap operation -15 °
3. Act’r Loud: B6.94 lb-sec~2/1n @
4. OQutput: 9.108 in, p-p @ .4 Hz <
S. Flutd: MIL-H~83282 L
6. Fluid Temp.: +128 Dag F _ ﬁé o
18° 18! 10t
Frequency, Hz
& E-Systems P/N [83388-12@
2 Valve Overlap: 0.082 in.
o
v
]
[+ 4
F———
§ \\Nh\\\
* \\
g
T - o
—— o
\\\\ j °
g -188 -
c
1. Supply Pressure: 4800 pst \ (S
2. Mode: closed loop operstion -15 ®
3. Act’r Load: 6.94 lb-sec~2/in "
4. Output: 0.190 in., p~p @ .4 Hz ©
S. Fluids MIL-H-83282 £
8. Fluid Temp.: +120 Dog_F -2 a
- 18" I’ 1et

" Frequency, Hz

Figure 24. Actuator frequency response data, E-Systems overlapped valve
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TABLE 8. Servo actuator dynamic performance, mass load
STEP RESPONSE FREQUENCY RESPONSE
TRANSIT M
VALVE OVERLAP ACT'R _LOAD PRESSURE TIME, SEC FREQUENCY, Hz | PHASE ANGLE, DEG
E-Systems Zero None 4000 .086 9.0 -80
8000 .062 1.3 -93
Mass 4000 .076 10.4 -86
8000 .059 17.0 -112
.002 None 4000 .089 6.8 -75
8000 .083 8.9 -82
Mass 4000 .085 7.7 -82
8000 .072 9.8 -88
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Pressure Level Switching Tests. Plots of the pressure level switching tests
are presented in Appendix C; a plot example is given on Figure 25 A listing
of the data is given in Table 9. The results are summarized below:

Pressure Level Switch

4000 to 8000 to
8000 psi 4000 psi

Yalve operating time, sec 0.092 0.052
(average) (on to off) (off to on)

Pressure level switching
time, sec (average)
3400 rpm pump speed 0.139 0.205

5900 rpm pump speed 0.070 0.148

Pressure over/under shoot, psi

(average)
{: 3400 rpm pump speed 410 (over) 290 (under)
5900 rpm pump speed 680 (over) 280 (under)

Significant findings were:

o ~Actuator position disturbance was not detectable when the piston was
" moving and was 0.001 to 0.002 in. when the piston was stationary.

0 Pressure transients that occurred during pressure level switching
were well under the acceptable 1imit of 1600 psi (maximum).

o The time required for pressure level switchover depended upon pump
speed. The average total times were: (valve + pump operating times)

Pump 4000 to 8000 psi 8000 to 4000 psi
Speed, rpm time, sec time, sec
3400 0.232 0.259
5900 0.160 . 0.199
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PRESSURE LEVEL SWITCHING

1 Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

- A ANAAAAAAA At 1.Pump Speed: S900 rpm
" || A\A!\-A } E.FlctSltgr Motion: P
a B.25@ 1in. B-p € 1 Hz
3.Switching Pt.: 98 Deg
4.Fluid T.mt: +208 deg F
S.Fluid: MIL-H-B83282
/ AN D\ /

R\ //
\

/—Suitching Valve ‘ON’
Switching Valve 'OFF'
yd 1 |

A AR

System Pressure,

-Kctuator Displacement

Time, sec

lmﬁr———————Vickers Pump S/N MX-346581 —
E-Sys. Valve: zero lap

-— J\A/\ ey ].Pump Speed: 3488 rpm
w 9 V 2.Actustor Motion:
0.250 in. p-p @ | Hz
Q 3.Switching Pt.: 8@ Deg
4.Fluid TemE: +280 deg F
- S.Fluid: MIL-H-B3282
[ 4
L 9
5 §
2]
(]
Q
(8
o 4 \
E
[
»
[
> ’/,,
)] Actuator Displacement —
Switching Yalve ‘OM* I
Switching Yalve 'OFF'
-t gt +——t

Time, sec

Figure 25. Actuator pressure level switching data, E-Systems zero lap valve
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Valve lap was not a significant factor in pressure level switchover
time,

The zero lap valve produced an excellent sine wave motion of the
actuator piston; the overlapped valve produced a slightly distorted
wave form,

Energy Consumption Tests. Heat rejection plots of the pump, actuator, and

system are presented in Appendix C. An actuator plot is shown on Figure 26,
A summary of this data is given in Table 10. Significant findings were:

0

Actuator load had a negligible effect on system (total) heat
rejection.

Energy losses at 4000 psi were approximately 53% of the losses that
occurred at 8000 psi.

Pump heat rejection accounted for 85 to 90% of the total losses.

Valve overlap reduced actuator losses from 15% (zero overlap) of
total system losses to 10% (.002 in. overlap).

System energy losses were approximately constant over the actuator
frequency range of 1 to 3 Hz. Energy consumption began to increase
above 3 Hz.
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ACTUATOR ENERGY CONSUMPTION

200——— Vickers Pump S/N MX-422717
E-Sys. Valve: ®.202 in. overlap
s&_ % ?‘:gfn‘-y n::c.urgx gee-e'Q/!n
! st 108 i € B.4 Hz
PR SUTE i a1 N
108— p
sn/_/
18 — * - 18!
Frequency, Hz
w—— Vickers Pump: S/N MX-422717
E-Sys. Valve: 2.282 in. overlap
i E:QELYL:rS"ET§4 lbglscﬂZ/tn
158~ 3. Pistg? Msn e B.4 Hz
4. Fluidi nxL-H-aE Ba
] S, Flutd Temp.: +208 Deg F
183

L_‘,//

Freéuency. Hz

Actuator energy consumption data, E-Systems overlapped ya]ve
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TABLE 10. Energy consumption data, mass load
*HEAT REJECTION, BTU/min
E-SYSTEMS ACTUATOR PRESSURE
VALVE LOAD LEVEL ,psi PUMP ACTUATOR SYSTEM
Zero lap none 4000 160 22 185
8000 298 50 350
Zero lap mass 4000 162 22 185 f
8000 287 56 350 |
Overl apped none 4000 162 14 175 |
8000 286 32 325 |
Overlapped mass 4000 158 16 170 |
!
8000 280 38 317 ;

*Heat rejection data are average values over the

frequency range of 1 to 3 Hz.
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1.2.3 Dual Pressure Pump

1.2.3.1 Procedure. Four different types of tests were conducted: pressure
ripple, transient response, pump performance, and pressure level switching. A
block diagram of the pump test instrumentation is shown on Figure 27. The
pump was mounted on a torque meter attached to a 50 hp varidrive. Controls
and monitors for pump speed, discharge pressure, return flow, and input torque
were located on a console.

Pressure ripple was measured using a piezoelectric transducer teed into the
pressure line at the pump discharge port. The c¢locking and trigger inputs of
the data analyzer were employed to enable measuring pressure fluctuations that
occurred during one revolution of the input shaft. The pulsations could thus
be correlated to shaft position and individual pump pistons.

Transient response was determined using a strain gage transducer teed into the
-8 size discharge line 10 feet from the pump and immediately upstream of a
3-way solenoid valve. System fluid volume at high pressure was approximately
125 cubic inches. Discharge flow was controlled by two pre-set needle valves;
one valve was set for 0.5 gpm with the solenoid valve "off", the other was set
for 9 gpm with the solenoid valve “on". These flow values were selected based
on the requirement to switch from 5% to 90% to 5% of rated flow, reference 3.

Pump operating characteristics in the flow cut-off range of 7700 to 8200 psi
were determined in the pump performance tests. Overall efficiency, heat
rejection, and discharge pressure were plotted versus discharge flow using the
capabilities of the data analyzer. The equations employed are given in

Table 11. Data were acquired and results calculated based on pre-selected
discharge pressures inserted into the computational program.
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TABLE 11. Pump test parameters and equations
TEST PARAMETERS
CHANNEL CALIBRATION
NO. SYMBOL DESCRIPTION FACTOR
1 [ Pump discharge pressure 1784 psi/v
2 Q Return flow 4.368 gpm/v
3 T Pump input torque =400 1b-in/v
4 N Pump speed 5000 rpm/v
TEST EQUATIONS
HP2
EFF = 7 x 100
HP1
HR = (HP1 - HPZ) . K3
where, EFF = Pump overall efficiency, %
HR = Pump heat rejection, BTU/min
HP1 = Input power to pump, hp
sz = Power delivered by pump, hp
K3 = 42.4 BTU/min/hp
now, HP1 = K1 «+T-N
HP2 = K2 « (P -90) -Q
where, K1 = 1763030
K2 = 0.96/1714
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The dual pressure level pumps were designed to operate with 90 psig suction
pressure. The minimum operating pressure is 45 psig at the pump suction

port. Reservoir-to-pump suction line losses and the suction line quick
disconnect loss must be factored in; the reservoir should therefore be
pressurized to at least 60 psig. The LHS simulator employs bootstrap type
reservoirs which provide 90 psig suction pressure when system pressure is 8000
psi. The reservoir provides 45 psig suction pressure when 4000 psi is applied
to the bootstrap port. Since this is less than the minimum 60 psig pressure,
pump performance at 4000 psi was conducted using a small auxiliary hydraulic
power unit to supply 8000 psi to the reservoir bootstrap port.

The effects of switching operating pressure level were determined at pump idle
and rated speeds with 0.5 and 5.0 gpm discharge flows. Items of interest were
the duration of the switch and pressure transients that occurred. Two
parameters were plotted versus time: discharge presssure and voltage applied
to the pressure level switching valve. Instrumentation was similar to that
used in the actuator pressure level switching tests, Figure 20.

1.2.3.2 Results.

Pump Pressure Ripple. Plots of pump pressure ripple are shown on Figure 28,

A summary of results is given below:

Pressure Pressure
Level, psi Ripple, psi p-p
4000 140
8000 320

The ripple occurred at a frequency of 885 Hz and the pumping action of each of
the nine pistons was clearly discernable. Ripple magnitude was less than the
design allowables, reference Appendix A,
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PUMP PRESSURE RIPPLE

r Vnckers M/N PV3-B47-4
S/N MX-34£581

A M.Aﬁhﬁf\vﬁ

v W VVV‘ V Wy vV

|

. System Pressure: BOBO psi
Pump Speed: 53@9 rpm
Dizcharge Flow: B 5 g m
Inlet Pressure: E

Inlet Fluid Tcms + BB deg F
_Fluid: MIL-H-83

* fﬁf * % —

Input Shaft Rotations

400, ~ Vickers M/N PV3-47-4
I S/N MX~346581
I\_/\[\!\ f\n A_AAA A[\A f\ MAA A

WO Y T

stem Pressure: 4008 ps!
mp Speed: 53988 rpm
scharge Flow: B S gp

let Pressurc E

et Fluid mg + BB deg F
uid: e

. HIL-H-8
Ly e

Input Shaft Rotations

AL WN -

Pressure,

Figure 28. Pump pressure ripple data
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Pump Transient Response. Plots of pump transient response are shown on Figure
29. A summary of results is given below:

Operating Pressure Level

4000 psi 8000 psi
5% flow pressure, psi 4125 8130
90% flow pressure, psi 4040 8040
Pressure overshoot at 5% flow, psi 520 510
Pressure undershoot at 90% flow, psi 520 970
Transient response time .023 » .017

at 5% flow, sec

The pressure compensator settings for 4000 psi and 8000 psi were slightly

out-of-tolerance; this was considered to be a minor discrepancy. Pressure
over/under shoot and transient response times were all well within design

requirements, reference Appendix A.

Pump Performance. Plots of pump performance are shown on Figure 30. A
summary of results is given below:

Operating Pressure Level

4000 psi 8000 psi
Overall efficiency at rated flow, % 83 87
Heat rejection at full cut-off, BTU/min 187 385
Pressure droop, psi/gpm 2 5

Pump performmance was considered to be satisfactory except for heat rejection
at 8000 psi which was higher than the design goal of 330 BTU/min.

Pressure Level Switching. Plots of pressure level switching are presented in
Appendix D. A summary of results is given in Table 12. Pressure level
switching time was dependent upon pump speed and flow demand. The design goal
of 0.100 sec maximum was met at rated speed for the switch from 4000 to 8000
psi which is the most important operating situation. Pressure transients were
well within design allowables. It should be noted that the observed transients
do not reflect the effect of change in pump suction pressure which would occur
if a non-isolated bootstrap reservoir were used (see Section 1.2.3.1).
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PUMP TRANSIENT RESPONSE

1 VICKERS M/N PV3-§47-4 ———
S/N MX-346581

psi

§

| Pressurs S.ttlna: 8008 psi

Pump Sgcodi 5888 rpm :
ws °

Discharge Pressure,

Mo WM
e v e
-

Fluid: HIL-H-83282
ooy 1 7 )

Time, sec

+ B Vickers M/N PV3-~-B47-4
I S/N MX~-346581

.

‘% vV v‘—vvv‘v‘vv

‘fl ﬁ¥d¢x/5/nﬂ,~umjmjazwﬂﬂfAﬁmwvv--—J

e

o

Discharge Pressure, psi

1. Pressure s.ttlna: 4000 pst
g. Pump eed: 35900 rpm
. Flow: B.5 to_9 to B.5 Sp
4. Inlet Fluid Temp.: +2@d deg F
S. Fluid: MIL-H-832
"4 ) —2

Figure 29. Pump transient response data
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PUMP PERFORMANCE

Lm0

[ Vickers M/N PV3-P47-4 —p—5&
S/N MX-346581
m —.’_d
o= /
g'" / Discharge Pressure =
—— ul
- :::~§\“‘ pd
[} ><
'8
\'\
> wooa // — g
nv.), Heat Rejection—/
%
o / J
mmﬁ h 2
= N overan Efficiency
%
L
37‘* é. Press. Setting 8880 psxf |
5 3. ?g?:g Prcssuro 98 png
4., Case Pressure: 5
S. Inlet Fluid T.m + BB deg F
6. Fluid: MI‘ -H-83 8 N
770 T T 7 T ] it
Discharge Flow, gpm
? Vickers M/N PV3-B47-4 ————
S/N MX-346581
o
éuufﬁh\— /,———“—"—ﬂ—~—“~:v .
u;' / Discharge Pressure —/' J
%
3 qoed /<:/ 3
“ / N—overant Efficiency
° | |
i” / /—-Hut Rejection ‘,.rﬁ 24
o
£
O 3808 108
v é Pressure Sottlng 4000 psij
- Speed: SS08 rpm
=) 3. énlot Pressure: 98 ps!g
4. Casge Pressure: 125 5
S. }nlet Flutd Tcms + BB deg F
6. Fluid: MIL-H-8
3 7 ? 4 14 3 g
Discharge Flow, gpm
Figure 30. Pump performance data
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1.2.4 LHS Simulator

1.2.4.1 Procedure. Five different types of tests were conducted: dynamic
response, pressure level switching (actuator tests and system tests), pressure
ripple, spectrum analysis, and energy consumption. Each test employed
different instrumentation and methods of acquiring the data. A schematic
diagram of the LHS simulator hydraulic systems is presented as Figure 31.

The test servo actuator was mounted in a fixture designed to simulate the
kinematics and load of the unit horizontal tail (UHT) installation in the A-7E
aircraft, Figure 32 (see reference 1)._ The UHT actuator load/stroke curve is
shown on Figure 33. The actuator was plumbed into FC-1 hydraulic system.

FC-1 system was used for all tests; FC-2 system was operated only during the
pressure level switching, pressure ripple, and spectrum analysis tests. The
dual pressure pump installation is shown on Figure 34,

Dynamic Response Tests. The instrumentation and procedure were similar to

those used for the tests conducted on the mass load fixture and described in
Section 1.2.2.1. Loop gains were also the same as those used previously and
are shown on Figure 19. The step input tests were conducted with a 5000 and
10,000 1b tension Toad on the servo actuator for 4000 and 8000 psi operation,
respectively. The frequency response tests were performed with a 5000 1b
tension load on the actuator for both 4000 and 8000 psi operation.

Pressure Level Switching (Actuator Tests). The instrumentation and procedure

were similar to those used for the tests conducted on the mass load fixture
and described in Section 1.2.2.1. A 5000 1b tension load was imposed on the
actuator during tne pressure level switching. This load is approximately 20%
of the maximum actuator output (at 8000 psi) and occurs when the piston is
retracted 0.62 in. from neutral, see Figure 33. Data were collected with the
actuator motionless ana with the piston moving sinusoidally. Pressure level
switching was performed at two locations on the output sine wave -- 0° and
90°,
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Figure 32. Test actuator in LH UHT load module
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Figure 33. UHT actuator load/stroke curve
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Figure 34. FC-1 and FC-2 system dual pressure pumps
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Pressure Level Switching (System Tests). FC-] and FC-2 hydraulic systems were

run concurrently during the pressure level switching tests. The primary
flight control actuators on the simulator were operated in a manner similar to
that employed during mission/profile endurance cycling (see reference 1).
Actuator load/stroke cycling modes used were 2%, 10%, and 50%. Although the
same cycling mode was used for the pitch, roll, and yaw axes during a given
test, cycling was independent and not in phase. Operation of the LH UHT
actuator was different from the other actuators during the 50% mode tests; the
unit was intentionally operated near flow saturation. Actuator cycling was
sinusoidal in form and at 3, 1, and 0.5 Hz for the 2%, 10%, and 50% operating
modes, respectively. The LH UHT actuator (alone) was cycled at 1 Hz during
the 50% mode. Pressure level switching was performed at the 90° point on

the output sine wave of the LH UHT actuator (actuator load was approximately
5000 1b tension at this point in time).

Four parameters were recorded during the pressure level switching tests:

1. Voltage to the pressure level switching valves mounted on
the pumps.
2. LH UHT actuator piston position.
3. & 4. System pressure immediately downstream of the pressure
line filters in FC-1 and FC-2 systems (see Figure 31).

Data were collected for the following conditions:

Actuator
Test System Cycling Mode Pressure Level Switching
1,2,3 FC-1 & FC-2 2%, 10%, 50% 8000 to 4000 to 8000 psi
FC-1 8000 to 4000 to 8000 psi
4,5,6 2%, 10%, 50%
FC-2 not switched, 8000 psi

maintained

Pump speed was 5900 rpm and pump inlet fluid temperature was +200°F,
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Pressure Ripple. Pump pressure ripple was measured in FC-1 and FC-2 systems

using a piezoelectric transducer teed into the pressure line at the pump
discharge port. The clocking and trigger inputs of the data analyzer were
employed to enable measuring pressure fluctuations that occurred during one
revolution of the pump input shaft (see Figure 27). A1l flight control
actuators in the simulator were motionless and at their null position during
the pressure ripple measurements. Pump speed was 5900 rpm and pump inlet
fluid temperature was +200°%F . Pump suction pressure was maintained at 90
psig for operation at 8000 psi and 4000 psi. A small auxiliary hydraulic
power supply was used to apply 8000 psi to the bootstrap port on the FC-1
reservoir when the 4000 psi pressure level tests were conducted. The
emergency reservoir pressurization circuit provided in FC-2 system (see
Figure 31) maintainea 8000 psi on the FC-2 reservoir bootstrap port when
system operating pressure was 4000 psi.

Spectrum Analysis. The frequency and amplitude components of the pressure

fluctuations in the pump discharge lines were determined using the FFT (Fast
Fourier Transform) capability of the data analysis system. A piezoelectric
transducer teed into the pressure line 1.25 inches from the pump discharge
port was used to provide the pressure signal. This location was selected as
likely to provide high amplitude components. Standing waves downstream could
possibly produce higher amplitude components, but time did not permit
searching for anti-nodes {their location and amplitude vary with pump speed).
The data provided by the analyzer are RMS values or 0.707 of the peak value.

The test was conducted by collecting FFT data while performing pump speed
scans. Ten scans were made between 3400 and 4400 rpm, and between 4900 and
5900 rpm. This data was presented in map form (3-dimensional cascade
display). The scan judged to have the highest amplitude components on the map
was then selected for detail analysis which was presented on a 2-dimensional
frequency domain plot. A1l flight control actuators in the simulator were
motionless ana at their null position during the scans. Data were obtained
for FC-1 and FC-2 systems operating at 4000 and 80J0 psi.
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Energy Consumption Tests. The instrumentation and procedure were similar to
those used for the tests conducted with the mass load and described in Section
1.2.2.1. Two flows were planned to be used in the data analysis calculations:
LH UHT actuator return flow (measured by a positive displacement flow
cylinder) and FC-1 system return flow (measured by a turbine meter). The flow
cylinder has a velocity transducer that produces a DC voltage proportional to
flow. A frequency-to-DC converter was used with the turbine meter to provide
a DC voltage proportional to flow. Unfortunately, the slight phase lag that
is inherent in all frequency-to-DC converters was sufficient that the data
collected from the turbine flowmeter was not valid. The procedure for
acquiring the data and performing the energy consumption calculations was
therefore modified.

The energy consumption tests were conducted with the LH UHT actuator operating
over a frequency range of 1 to 4 Hz while all other actuators in FC-1 system
were stationary at null, The total leakage through the control valves on the
simulator actuators plus the combined leakage of other system components such
as solenoid valves, check valves, and relief valve were essentially constant
during a test run. This tare leakage was measured with system pressures of
4000 psi and 8000 psi and a pump inlet fluid temperature of +200%F. These
power losses were then inserted as constants into the energy consumption
calculations. Since this total leakage was less than 0.3 gpm at 8000 psi, it
had negligiple effect on pump heat rejection, no affect on actuator heat
rejection, and permitted the test to be conducted without using a system
return flow meter. All tests were conducted with a pump speed of 5400 rpm.
(This speed was used in the energy consumption tests performed with the mass
load, see Section 1.2.2).

1.2.4.2 Results.

Dynamic Response Tests. Performance plots made in the step input and

frequency response tests are presented in Appendix E. A summary of this data
is given in Table 13. Actuator performance was degraded by valve overlap.
Using zero lap data as a baseline, 0.002 in. of valve overlap resulted in the
following decreases:
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TABLE 13. Servo actuator dynamic performance, force load

STEP RESPONSE FREQUENCY RESPONSE
ACT'R PRESSURE, TRANSIT -3 db POINT
VALVE OVERLAP LOAD, LB PSIG TIME,SEC FREQUENCY, Pz | PRASE ANGLE, DEG

E-Systems Zero 5000 4000 .078 5.3 -68

1& 10000 8000 .055 7.6 -77
[

i .002 5000 4000 .079 3.3 -63

'3 10000 8000 .064 4.4 -68
b
2
L
|
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Actuator Pressure
Load Level, psi
5000 4000

10,000 8000

Step Response Frequency Response
Time (at -3 db point)
-1% -38%
-16% -42%

Pressure Level Switching (Actuator Tests). Plots of the pressure level

switching tests are presented in Appendix E and sample data is shown on Figure

35. A listing of pertinent data is given in Table 14. The results are

summarized below:

Valve operating time, sec
{average)

Pressure level switching

time, sec. (average)
3400 rpm pump speed
5500 rpm pump Speed

Pressure over/under shoot, psi
(average)
3400 rpm pump speed
5900 rpm pump speed

Pressure Level Switch
(Actuator piston moving)

4000 to 8000 to
8000 psi 4000 psi
107 .0563
.118 .464
075 471
440 (over) 102 (under)
752 (over) 88 (under)
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PRESSURE LEVEL SWITCHING

Vickers Pump S/N MX-34B581
E-Sys. Valve: 8.882 in. overlap l
- A . 1 .Pump Speed: SSBB rpm
n B8 V 2.Rctuator Motion:
o 0.258 in B—p € | Hz
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4 .Fluid TcmE: +200 deg F
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3 3
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[ ]
L
O .
b E
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i 3 '
2 N SN ~—
E @ P Switching Valve 'ON* Actuator Disphcement
h 'QFF*
P Switching Vn;ve 0 J
gt — + —~+——3 ———t——t—y

Time, sec

Vickers Pump S/N MX-346581
E-Sys. Valve: 8.8B2 in. overlap l

.Pump Speed: 3480 rpm
.Actuator Mot|on

0.25@ in. B l Hz
.Swltching t. eg
Fluid Te E +ZBB deg F
Fluid: MIL-H-83282

=
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\ Actuator Displacement
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™

MAaW Nee

System Pressure,

Ve Switching Yalve °'ON*

— Switching Valve ‘OFF' [

Fa + -+ + + +
Time, sec

Figure 35. Pressure level switching data (actuator test), E-Systems overlapped valve
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Significant findings were:

o With a 5000 1b tension load applied (20% of maximum output at 8000
psi), actuator position disturbance was not detectable when the
piston was moving and was less than 0.005 in. when the
piston was stationary.

0 Pressure transients that occurred during pressure level
switching were well under the acceptable limit of
1600 psi (maximum).

o The 8000 to 4000 psi switch-over time was significantly higher
when: 1) the actuator piston was stationary; and 2) valve
overlap was used.

o The average total times were: (valve + pump operating times,
actuator piston moving)

Pump 4000 to 8000 psi 8000 to 4000 psi
Speed, rpm time, sec time, sec

3400 0.226 0.517

590V 0.182 0.525

o The zero lap valve produced an excellent sine wave motion of
the actuator piston; the overlapped valve produced a slightly
distorted wave form.

Pressure Level Switching (System Tests). Plots of the pressure level
switching tests are presented in Appendix E and sample data is shown on Figure
36. A listing of pertinent data is given in Table 15. The total time to
switch from 4000 psi to 8000 psi was fairly constant and averaged 0.173 sec.
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PRESSURE LEVEL SWITCHING

! - FC-1 Pump: S/N MX-346581
FC~2 Pump: S/N MX-34E580
«w 8o W
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Figure 36. Pressure level switching data (system test), E-Systems zero lap valve
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The total time to switch from 8000 psi to 4000 psi depended upon fiow demand
and system internal leakage; elapsed time ra~ged from 0.109 sec to 1.102

sec. FC-1 system had higher leakage than FC-2 due to the yaw AFCS actuator in
FC-1. A check valve installed in the pressure line at the RH UHT actuator
also contributed to the pressure bleed down time because 8000 psi pressure was
trapped in the actuator and could drop to 4000 psi only by throttling or
leaking through the actuator control valve. (The check valve was removed from
the LH UHT actuator pressure line to facilitate conducting the energy
consumption tests.)

Pressure transients resulting from switching FC-1 and FC-2 from 8000 psi to
400U psi to 8000 psi were minor and well within acceptable limits. No
problems occurred when FC-1 pressure level was switched to 4000 psi while FC-2
was hela at 8000 psi. Overall, the results of the system pressure level
switching tests were excellent.

The effects of overloading the E-Systems valve were examined during the
pressure level switching tests and can be seen on the plots for the 50% mode
presented in Appendix E. Operation at 8000 psi was near flow saturation as
evidenced by slight distortion in the actuator piston output wave form. At
4000 psi, the actuator output wave form was severely distorted and decreased
in amplitude. This was considered to be typical performance degradation for
the given operating conditions.

Pressure Ripple. Time history plots of FC-1 and FC-2 pressure ripple near the
pumps are shown in Appendix E and an example is presented on Figure 37. A

summary of results is given below:

Pressure Pressure
System Level, psi Ripple, psi p-p
FC-1 . 4000 124
8000 155
FC-2 4000 191
8000 249

Ripple magnitude was well under the design allowables at both 4000 psi and
8000 psi operating levels.
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Spectrum Analysis. Two types of spectrum analysis plots are presented in

Appendix E: 1) 3-dimensional pump speed scan map; and 2) 2-dimensional
detail examination of the map scan containing the highest magnitude
components. An example of this data is shown on Figure 38. The test results
are summarized in Table 16, The pressure component at the fundamental
frequency (Hz = rpm x 9) was generally the largest, and all were under

60

65 psi (RMS peak) or 184 psi p-p. No spurious frequencies were found, and no
harmonics occurred over 5000 Hz. The pressure dynamics resulting from pump
ripple appeared to be well behaved at both the 4000 psi and 8000 psi operating

levels.

Energy Consumption Tests. Heat rejection plots of FC-1 pump, LH UHT actuator,

and FC-1 system are presented in Appendix E. Sample data is shown on Figure
39. A summary of this data is given in Table 17, Significant findings were:

0

Actuator load had a negligible effect on system (total) heat
rejection.

Energy losses at 4000 psi averaged 47% of the losses that
occurred at 8000 psi.

Pump heat rejection accounted for about 80% of the total losses.

Yalve overlap reduced actuator losses approximately 20%.

System energy losses gradually increased as frequency increased
and reached a maximum between 3 and 4 Hz.
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SPECTRUM ANALYSIS, FC-2 SYSTEM
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Spectrum analysis data, FC-2 system
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TABLE 16. Spectrum analysis data
Pressure *Pump Pressure Ripple Components, psi (RMS peak)
System | Level, psi |Speed, rpm | Fundamental 1st Harmonic | 2nd Harmonic
FC-1 4000 3600 14 16 12
5800 26 22 23
8000 3900 70 38 | 20 i
5200 55 60 ! 32
FC-2 4000 35900 33 36 ! 14
5800 38 33 32
8000 3900 62 31 7 ‘
5800 36 28 20

*Speed selection based on speed scan map data.

Selected speed produced the highest magnitude pressure

puisation components
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SYSTEM ENERGY CONSUMPTION
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Figure 39. System energy consumption, E-Systems zero lap valve
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TABLE 17. Energy consumption data, LHS simulator
E-SYSTEMS ACTUATOR PRESSURE *HEAT REJECTION, BTU/miﬁ'W
VALVE LOAD LEVEL, psi PUMP | ACTUATOR | SYSTEM
Zero lap none 4000 192 37 280
8000 414 91 555
; . a
Zero lap 5000 1b 4000 194 25 240
8000 425 74 548
Overlapped none 4000 204 30 E 255 {
8000 410 71§ 530
| ' |
1 i \
Overlapped 5000 1b 4000 198 21 g 242
{
8000 429 58 i 533

*Heat rejection at 2 Hz.
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1.3 DEMONSTRATION PHASE SUMMARY

1.3.1 Control Valves

Evaluation of the Bendix valves was stopped when a failure occurred during
dynamic testing. The failure was the result of design and was not caused by a
technological problem or related to the DDV concept. Performance of the
E-Systems valves was excellent during all the hardware demonstration tests.
The zero lap and 0.002 in. overlap valves provided test data that clearly
showed the effects of overlap on valve performance.

Operating pressure level had the following general effects on valve
performance: (8000 psi data used as the basis for comparison)

Performance
at 4000 psi
Flow Gain
Zero lap valve 0.66
Overlapped valve 0.68
Pressure Gain
Zero lap valve 0.64
Overlapped valve 0.5
Internal Leakage
Zero lap valve 0.74
Overlapped valve 0.34

Valve overlap had the following general effects on performance: (zero lap
data used as the basis of comparison)
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Performance
with 0.002 in. overlap

Flow Gain
4000 psi 1.00
8000 psi .99

Pressure Gain
4000 psi .22
8000 psi 27

Internal Leakage
4000 psi .08
8000 psi A7

As expectea, pressure gain and internal leakage were affected by overlap. The
reduction in internal leakage due to overlap agreed well with estimates made
in Section 2.4.5 of Yolume I.

1.3.2 Servo Actuator

Valve overlap had little effect on actuator response to step inputs. Actuatcr
frequency response was affected by operating pressure level and overlap. The
break frequency (-3 db point) that occurred with operation at 8000 psi was
about 25% lower at 4000 psi. Fortunately, the response requirements for
operation at 4000 psi are lower than the requirements for 8000 psi. Valve
overiap (0.002 in.) decreased the break frequency an average of 28%. Methods
to compensate for this reduction are discussed in Section 2.4.5 of Volume I.

The break frequency that occurred when the actuator was force loaded was less
than one-half of the break frequency when the actuator was mass loaded. Mass
loading was relatively small during the force load test. (This would tend to
increase the break frequency.) The principal cause for the difference was
believed to be due to the high spring rate of the mass load fixture structure
compared to the relatively low spring rate of thf load fixture structure in

the LHS simulator.
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The pressure level switching tests produced excellent results:
~ 0 Actuator piston position disturbances were negligible
0 Pressure transients were minor.

o The time required for the 4000 psi to 8000 psi switch-over
was somewhat higher than desired but considered acceptable.
(The 8000 psi to 4000 psi switch-over time is not critical.)

The energy consumption tests conducted on the pump/servo actuator system
disclosed that pump heat rejection accounted for 85 to 90% of the total
Tosses. Valve overlap reduced actuator losses from 15% (with zero lap) of
total system losses to 10% (with 0.002 in. overiap).

The test system had one control valve. A realistic assessment of the
distribution of energy losses should involve the number of servo valves
employed in a typical flight control system. The test pump, rated for 10 gpm
at 7800 psi, was designed for use in an A-JE aircraft, reference 1. Rated
flow of the E-Systems test valve is 3.5 gpm; this could be considered as an
average size valve on the A-7E. The A-7E has & primary flight control dual
system servo actuators. Using this information as the basis for a
hypothetical system, the distribution of energy losses would be:

Percent of Total Losses

Yalve System
Configuration Pressure Pump 8 Control Valves
Zero lap 4000 48% 52%
8000 4% 59%
Overlapped 4000 57% 43%
8000 50% 50%
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Pump losses now account for roughly one-half of the total losses. The use of
0.002 in. of overlap reduces valve losses about 18%; this agrees well with
estimates made in Section 2.4.5 of Volume I.

1.3.3 Dual Pressure Pump

The modification to convert the test pump from a single to a dual pressure
level pump was successful. Pump operation at 8000 psi was approximately the
same as that observed during tests in prior programs, reference 1: pressure
ripple, transient response, and performance were within design requirements
except for heat rejection. Operation at 4000 psi was found to be completely
satisfactory. Pressure level switching produced only minor pressure
transients and the time required to switch from 4000 psi to 8000 psi was under
the design goal of 0.100 sec at rated speed (switching valve operating time
not included).

Dual pressure level operation in a system that has a bootstrap reservoir
requires a new design consideration: pump suction pressure will vary with
system operating pressure level. Three options are available to handle this

situation.

1. Design the pump to operate with the suction pressure provided
by the reservoir when system pressure is 4000 psi.

2. Design the reservoir to provide minimum pump suction pressure
when system pressure is 4000 psi.

3. Install a check valve and an accumulator in the line to the
reservoir bootstrap port to trap 8000 psi pressure and provide
adequate pump suction pressure when system pressure is 4000 psi.

A 2-way solenoid would be required to release the trapped 8000 psi
pressure for maintenance purposes.

Options 1 and 2 would add about one pound to component weight; option 3 would
add about 4 pounds to the system,
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1.3.4 LKHS Simulator

Valve overlap had a minor effect on actuator response to step inputs.
Actuator frequency response was affected by operating pressure level and
overlap. The break frequency that occurred with operation at 8000 psi was
about 27% lower at 4000 psi. Valve overlap (0.002 in.) reduced the break
frequency an average of 32%. Methods to compensate for this decrease are
discussed in Section 2.4.5 of Volume I.

Pressure level switching tests conducted on the servo actuator and system
produced excellent results. Pressure transients were minor. Switching time
(valve operating time + pressure level switching time) averaged 0.180 sec for
the 4000 psi to 8000 psi switch., This was considered acceptable.

System pressure dynamics were excellent. Operation of the dual pressure pump
did not introduce spurious frequencies or undesirable pressure pulsations.

Energy consumption tests conducted on the LHS simulator showed that losses at

4000 psi averaged 47% of those that occurred when operating at 8000 psi. This
clearly demonstrated the advantage of switching to 4000 psi to conserve energy.
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2.0 HARDWARE DEMONSTRATION PHASE CONCLUSIONS

Successful completion of the laboratory demonstration tests verified that:

o Energy savings achieved through the use of dual pressure
level systems and overlapped servo valves are substantial.

0 Hardware can be readily designed and fabricated for use in
4000 psi/8000 psi hydraulic systems.

Although the performance of the test pump was excellent, heat rejection was
higher than desired. Pump heat rejection is an area where basic changes in
pump design could have a significant impact in reducing system energy
consumption. The nybrid pump discussed in Volume I is one approach toward
remedying this condition.

As expected, overlapped valves offer important energy savings but at the price
of impaired actuator performance. This situation can be helped by the use of
an “intelligent" valve amplifier as discussed in Volume I. However, this is
an area that needs additional study and verification testing.

Results of the 8000 psi/4000 psi pressure level switching tests conducted on
the full scale dual system LHS simulator were excellent. No adverse operating
conditions were found. The possibility of using a pressure level lower than
4000 psi, such as 3000 psi, should be considered for achieving additional
energy savings.
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3.0 RECOMMENDATIONS

The study conducted in Volume I established that the top four candidates for
saving energy in aircraft hydraulic systems were:

Advanced materials
Dual-pressure systems
Pumps

Non-1inear valves

Advanced materials provide the most benefits. Two areas in aircraft hydraulic
systems that could provide the )argest savings are transmission lines and
actuators. The application of new titanium alloys and composites to these
areas should be explored further, parts fabricated, and evaluation tests
conducted.

The dual pressure level system was demonstrated to be a simple and effective
method for reducing energy consumption. This concept should be examined to
determine an optimum pressure for the lower operating pressure level, such as
3000 psi or 2000 psi.

Pumps are the major consumer of energy in aircraft hydraulic systems.
Decreasing pump heat rejection can therefore have a significant impact on
energy savings, Basic changes in the conventional aircraft pump design are
needed. Innovative concepts such as the hybrid check valve pump should be
pursued further,

Overlap in control valves was demonstrated to provide substantial energy
savings -- but at a cost in actuator performance. Methods to alleviate this
impairment have been proposed, but their potential remains to be proven.
Additional study and hardware demonstrations are recommended.
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Tests on flow augmentors were planned to be conducted in this program if an
NAAO-Columbus IR&D study progressed sufficiently. Although good progress was
made, the study was halted because of funding limitations. The application of
flow augmentation to flight control actuators has good potential for
conserving energy and further work in this area is warranted.
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A/D
AFCS
BTU/min.
c1, C2
CPU
CTFE
db

bC

DDV
deg
dia.
EDU

FC-~1
FC-~2
F.S.
gpm
hp
hr.
HR
Hz
in,
in

1b
1b-in
LVDT
/N
min.
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LIST OF ABBREVIATIONS AND SYMBOLS

analog-to-digital

automatic flight control system
British thermal units per minute
cylinder port No. 1, cylinder port No. 2
central processing unit
chlorotrifluorethylene

decibel

direct current

direct drive valve

degree (angle or temperature)
diameter

electronic drive unit

frequency

degrees Fahrenheit

flight control system No. 1
flight control system No. 2

full scale

gallons per minute

horsepower

hour

heat rejection

Hertz (cycles per second)

inch

cubic inches

kilo (1000)

pound

pound-inches (torque)

linear variable differential transformer
model number

minute (time)
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

MTBF mean-time-between-failures
N pump speed
NAAQ North American Aircraft Operations
No. number
0.D. outside diameter
P pressure
AF differential pressure
PCI pressure in cylinder port No. 1
PC2 pressure in cylinder port No. 2
p-p peak-to-peak
P/N part number
psi pounds per square inch
psig pounds per square inch gage pressure
Pt. point
PWM pulse width modulation
G flow
R return
RH right hand
RMS root-mean-square
rpm revolutions per minute
RVDT rotary variable differential transformer
sec second (time)
S/N serial number
sys. system
T torque
v volt
UHT unit horizontal tail
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HARDWARE PROCUREMENT DOCUMENTS
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Direct drive valve specification

Dual pressure pump statement of work
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HC284-5054
FSCM NO. 89372 24 November 1986

1.0 PURPOSE

This document defines hardware for use in a 1laboratory evaluation and
demonstration of energy saving techniques applied to aircraft flow control
valves, This hardware will be utilized in support of the Power Efficient
Hydraulic Systems contract between Rockwell International-NAAO and the Naval
Air Development Center in Warminster, Pennsylvania.

2.0 SCOPE

The objective of the Power Efficient Hydraulic System Prcgram {is to reduce
overall hydraulic power requirements in Navy aircraft by lowering system
demands and increasing component efficiencies. Internal leakage in actuator
control valves produce significant power loss and is an area where energy
saving techniques can be applied effectively to reduce overall energy
consumption. One approach used in the subject program to improve the
operating efficiency of flight control servo valves is the use of valve
overlap and orifice shaping. The test concept is depicted in Figure 1.

One (1) energy efficient direct drive valve assembly with three (3)
interchangeable spool/sleeves ({or spool/sleeve/housing) and one (1) valve
drive electronics package (optional) will be procured by this specification
(See Note 2, Page 5). The valve assembly will be mated with an actuator via a
manifold furnished by Rockwell.

Since the servo valve will be used for laboratory testing only, considerable
latitude will be permitted in deviating from the requirements of this
specification, providing the basic goals of the test program can be met with

the proposed design. Cost should be an important consideration in concept and_

design selection.
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3.0 REQUIREMENTS

HC284-5054
24 November 1986

The following general requirements are for a direct drive single stage
electrohydraulic flow control servo valve. Requirements specified as TBD (to
be determined) shall be established by the seller and stated in the proposal.

Mechanical

Envelope

Mechanical Interface

External Null Adjustment
Spool Diameter

Spool Travel

Chip Shear Out Force
Interchangeable Spool/Sleeves
Sleeve Rigidity

o 0 0 0 0 0 0 ©

TBD

ARP490 type modified for pressure
Required

TBD

.020 in, (minimum)

See Note 1

3 Required (See Note 2)

Sleeve rigidity shall be sufficient to prevent
distortion (due to pressure) from affecting valve

performance.
Electrical

o Valve Drive Motor Cofl(s)
+ Quantity
+ Current
+ Resistance
+ Inductance
o Electrical Connector
o Spool Position Transducer
+ Redundancy
+ Excitation Voltage
+ Excitation Frequency

2, 3, or 4 coils
.5 to 1.5 Amp/Cofl
TBD

TBD

T8D

T8D (compatible with No. of coils)

TBD
TBD
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’l‘ Rockwell International
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HC284-5054

FSCM NO. 89372 24 November 1986
Hydraulic
o MNumber of Hydraulic Systems 1
o Operating Pressure 8000 psi
o Proof Pressure See Note 3
o Burst Pressure See Note 4
o Fluid MIL-H-83282
o Internal lLeakage Figure 2
o Orifice Shape” Figure 2
o lap Figure 2
o Temperature Range (Design) -40° to +275%
o System Fluid Cleanliness 5 Micron Filtration
Performance
o Rated Conditions
+ VYalve Pressure Drop 7000 psi
+ Inlet Fluid Temperature +150°F
o Static Performance
+ Rated Flow 3.6 to 5 gpm
+ Linearity _ TBD
+ Symmetry ~ TBD
+ Hysteresis T8D
+ Threshold TBD
+ Flow Gain Figure 3
o Null
+ Lap Figure 2
+ Null bias 5% (of rated current)
+ N shift ‘ 23 (of rated current)
+ Null Pressure Gain Figure 4
o Frequence Response Figure 5
4
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HC284-5054
FSCM NO. 89372 .24 November 1986

Electronic Unit (Optional)

o

© © o ©o

NOTES:

Yaive Drive Electronics (See Note 5)
An electronic unit to provide actuation loop closure and to operate
the valve drive motor shall be provided. The unit should be capable
of providing closed loop performance for each of the three
spool/sleeve valve designs. A single-channel unit is accebtab1e.

Actuation Performance Figure 6

Actuation Reference Data Figure 7

Current Timiting shall be provided to protect the valve drive motor.
Preferred supply power 400 Hz 115 vac or 28 VDC

. The valve drive motor shall be capable of shearing a hard steel

particle (130,000 psi shear ultimate) with a cross sectional area equal
to 67 percent of the largest single valve orifice area with all coils
operating.

Where interchangeable sleeves or bodies are not practical, separate
valve assemblies with identical valve drive motors may be provided.

Proof pressure values:

Pressure and cylinder ports: 12,000 psi.

Return port: 8000 psi.

In order to utilize available valve drive motor designs and minimize
costs, lower return port proof pressures will be considered.
(Approval required)
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.

4, Burst pressure values: .
Pressure and cylinder ports: 16,000 psi
Return port: 12,000 psi
In order to utilize available valve drive motor designs and minimize
costs, lower return burst. pressures will be considered. (Approval
Required)

5. Laboratory Breadboard type electronics are acceptable.
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North Americsn Aircraft Operations

HC284-5054
FSCM NO. 89372 24 November 1986

4.0 ACCEPTANCE TESTING

Acceptance tests shall be conducted on each of the three (3) valve
configuratfons by the seller prior to delivery of the hardware to Rockwell,
Recommended acceptance test procedures to establish baseline performance
characteristics shall be prepared by the seller and approved by Rockwell

‘The tests shall include as a minimum:

‘Proof pressure
Flow gain
Pressure gain
Internal leakage
Frequency response

o © 0 © o©o
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DEMONSTRATVION- HARDWARE

VALVE

DRIVE
ELECTRONICS
PACKAGE
(OPTIONAL)

ol arty

. Spool/Sleeve No. 3 Q
{V-Shepe)
. X
Pump ‘ 0 .
. X | Spool/Sieeve No. 2
. (High Overlap) -

Y : ’
; | X Spoo'llsm Ne. 1
. — — e e e, e -—l {Bssaling)
1 DIRECT ORIVE FLOW
=] Conrotr i . © CONTROL SERVD
! {: —J | VALVE DRIVE hoToR  YALVE ASSEMBLY

7——- » ° ~~— LOAD ~
/.vo-r - Wss
Actustor

FIGURE }
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JNTERNAL LEAKAGE m
VALVE TYPE LEAKAGE* - v ) W%iu”
A | zerouw il b3 e (wax) U T
B meiowwld T b b
Ll yswwe - g Teo ¢ °

"STEMPERATURE EFFECTS TO BE ESTIMATEQ |

VALVE A VALVE B VALVE €

(TYPICAL, YARIATIONS ACCEPTABLE)

FIGURE 2 VALVE TYPES
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FLOW
)
p
E V-SHAPE
HIGH OVERLAP
1 . ZERO OVERLAP
- — >
‘s . SPOOL, DISPLACEMENT
? 1
[
;
3
4
i
l
|
} FIGURE 3 TYPICAL FLOW GAIN CMARACTERISTICS
10
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NULL PRESSURE GAIN (X ), PSI/IN

MINIMUM
VALVE, | 3000 | 8000, ”
ps1 | psi
A" |2 x 1084 x 108
' | aeog | .o
.. J‘ i X
...... — - .v.
c T8D, | T8O, T
VALVE A,
4
4L
1 &P : -89,
i
4 . / u v _J - x
| /J " ’ " |
VALVE C VALVE B

FIGURE 4  TYPICAL PRESSURE GAIN CHARACTERISTICS

1
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Actuator Type
piston Diameter
Rod Diameter
Piston Area
Stroke

Design Pressure
Load Inertia
Moment Arm
Load Weight

North American Aircraft Operations

FSCM NO. 89372

FIGURE 7

ACTUATION REFERENCE DATA

-
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Balanced
2.368 in.
1.185 in.
3.301 in.
6.58 in.
8000 psi

1000 in-'lb-sec2
12 in.

2000 1bs.
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1.0 SCOPE

This statement of work defines the tasks required to modify a variable
displacement 8000 psi hydraulic pump to demonstrate dual pressure level
system operation. The pump to be modified is a Vickers Model PV3-047-2
developed for the Lightweight Hydraulic System Program. The program schedule
is included as Attachment 1 hereto.

This work shall pe accomplished by an aircraft hydraulic pump supplier,
hereinafter referred to as the Seller, for Rockwell International
Corporation, hereinafter referred to as the Buyer.

2.0 PROGRAM TASKS

2.1 Design. - The Seller shall design the modification of a Vickers kodel
Number FV§-047-2 pump to provide the capability for dual pressure operation
at 800G psi or 400C psi. The modification will permit hydraulic switching
from the high pressure (8000 psi) to the low pressure (4000 psi) mode of
operation and from the low pressure to the high pressure mode. Control
pressure shal)l be ported to the purip compensator mechanism using an 800G psi,
3-port, 2-position, normally closed, pilot operated selenoid vaive (Sterer
P/N 15390-1). Lloss of electrical power to the valve will revert the pump
output to the high pressure (8000 psi) mode.

Requirements for documenting the modification design are specified on the
SDRL, Attachment z hereto.

2.2 Performance Requirements. - The original pump design, in general, meets
the performance requirements of Specification LHS-8810. The modified pump
shall meet the requirements of the Specification Sheet, Attachment 3 hereto.

2.3 Fabrication/Modification. -~ The Seller shall fabricate the hardware to
modify two (2) vickers Moael Number PY3-047-2 pumps and perform the
modifications in accordance with the design developed under 2.1.

2.4 Checkout Tests. - The Seller shall concuct inspection and checkout tests
on the modified pumps to verify dual mode pressure operation in accordance
with the Seller-preparec Buyer-approved test procedures (See SURL, Attachment
2). The tests shall include as a minimum:

a. Examination of Product
b. Pump run-in and dual pressure operation to total two (2) hours.
¢. Determine at high and low mode pressure operation:

1) Efficiency

2) Heat Rejection

(3) Ripple

(4) Switching pressure transients and time.
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The Seller shall notify the Buyer at least two (2) weeks prior to the start
of testing so that a Buyer representative may witness the testing, if desired.

2.4.1 Redesign and Retest. - In the event a modified pump should
malfunction, the Seller shall notify the Buyer for resolution of any problem
prior to proceeding with any design change or retest.

2.5 Buyer Provided Hardware. - The Buyer shall deliver to the Seller at
contract go-ahead, two (2) Vickers Model Number PV3-047-2 Pumps, Serial
Numbers 3456581 and 346580, and one (1) Sterer valve, P/N 15390-1, Serial
Number 2, to be utilized in the performance of the effort herein.

2.6 Delivery. - The Seller shall deliver the modified pumps and valve of
2.5, Tollowing the checkout tests of paragraph 2.4, to the Buyer's facility
not later than seven (7) months after contract go-ahead. The Seller shall
preserve and package the items fn accordance with good commercial practice in
a2 manner that will provide protection from damage during delivery to the
Buyer by common carrier.

2.7 Data and Reviews. - The Seller shall prepare and provide data to the
Buyer in accordance with the attached SDRL, Attachment 2 hereto.

The Seller shall host a program review five (5) months after contract
go-ahead at which time program status will be discussed.

108




NADC-88066-60

‘l‘ Rockwell International Attachment (3)
North American Aircraft Operations to NA-86-0061

PERFORMANCE REQUIREMENTS SPECIFICATION SHEET

1. BASIC INFORMATION

Pump Type: variable delivery, pressure compensated, axial
position

Hydraulic Fluid: MIL-H-83282

Fluid Filtration: 5 micron

Rated Speed: 5900 rpm

Operatin; Speed Range: 3400 to 6000 rpm

Maximum Discharge Pressure: 8000 psi

Rated Discharge Flow: 10 gpm

Rated Operating Temperature: +200°F (Inlet Fluid)

Transient Response Time: 0.050 sec (max)

Suction Pressure: S0 psig

2. MODIFIED PUMP PERFORMANCE GOALS

High Pressure Low Pressure
_ Mode Mode
Full Cut-off Pressure: 8000 + 100 psi 4000 + 150 psi
Maximum Full-flow Pressure: . 7850 + 150 psi 3750 + 200 psi
Maximum Pump Ripple (peak to peak):  + 200 psi + 250 psi
Operating Efficiency (min): 85% 85%
(full flow)
Heat Rejection (max): 330 BTU/min 200 BTU/min
(at 0.5 gpm discharge flow) . .
Mode Switching Time: 0.100 sec (max)
Mode Switching Pressure: 9600 psi (max)

Transient (1251n3 system)
3. DEVIATIONS

Deviations to these requirements require approval by Rockwell.
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APPENDIX B

CONTROL VALVE TEST DATA

Contents Page
Flow gain, Bendix zero lap valve 112
Flow gain, Bendix T-slot valve 113
Flow gain, E-Systems zero lap valve 114
Flow gain, E-Systems overlapped valve 115
Pressure gain, Bendix zero lap valve 116
Pressure gain, Bendix T-slot valve 117
Pressure gain, E-Systems zero lap valve 118
Pressure gain, E-Systems overlapped valve 119
Internal leakage, Bendix 2ero lap valve 120
Internal leakage, Bendix T-slot valve 121
Internal leakage, E-Systems zero lap valve 122
Internal leakage, E-Systems overlapped valve 123
Frequency response, Bendix zero lap valve 124
Frequency response, Bendix T-slot valve . 125
Frequency response, E-Systems overlapped valve 126
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Flow,
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Flow,
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FLOW GRIN

! Bendix P/N 3336730
Configuration: Zero

Lap

—

. Ports C

NN —

qply Pressure 8880 psi
ve Load none

Fluid: MIL-H-83282
Fluid Temp: +128 Deg F

o

1 & C2 interconnected

Spool Displacement, degrees

Configuration: Zero

Bendix P/N 3336730

Lap

|

|

"

. Fluid:

Spool Displacement, de

112

gply Pressure 40008 psi

none
MIL-H-B3282

1
2.
3. Ports Cl & C2 interconncctcd
S. Fluid Temp: +120 Deg F

e B S e I

grees
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FLOW GRIN

Bendix P.'N 3335661-2

Configuration: 7T-Slot

2

A’—”‘g/%y/r

1. Supply Pressure: 8000 psi
2. Valve Load: none
7 3. Ports: Cl & C2 interconnected
4. Fluid: MIL-H-B83282
S. Fluid Temp: +128 Deg F
" o b o " e "
) DU S S U

Spoo! Displacement, degrees

Bendix P/N 3335661-2

Configuration: T-Slot

lve Load:

uid Temp:

—_—

pply Pressure:

none

1. S
2. Vv
3. Ports: Cl & C2 interconnected
4. Fluid: MIL-H-83282

S. F1 +120 Deg F

4000 psi

r?ﬂ

7

Y
*

Spool Displacement, degrees
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FLOW GRIN

E-Systems P/N 183388-100
alve Overlap:

zZero

e

/

-1

Spool

E-S

e 4

Displacement,

NAWN -

Supply Pressure:

Valve Load:

Fluid:
Fluid Temp:

0.0601

stems Ps/N 183388-180
alve Overlap:

zZero

: C1 & C2 interconnected
MIL~H-83282

8080 psi
none

+120 Deg F

in.

‘a"/’/”'

Spool

Displacement,
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VD WN—

Supply Pressure:
Va?p Y

ve Load:

Ports: Cl & C2 interconnected
Fluid:
. Flutid Temp:

0.06081

MIL-H-83282

4008 psi
none

+120 Deg F

in.
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FLOW GARIN
! E-Systems P/N 183300-1002
]_-Va]ve Overlap: 0.082 in.

Jffj‘ézr . Supply Pressure: 8000 psi

Valve Load: none

: Cl & C2 interconnected
Fluid: MIL-H-83282

. Fluid Temp: +120@ Deg F

NaWwWNe—
v
[}
3
[
”

Spool Displacement, 8.881 in.

E-Systems P/N 183380-1080

lﬁ_

% Valive Overlap: @.882 in.
1 ——

T

+

| //’ d
rd

Supply Pressure: 4800 psi
Valve Load: none

Ports: C1 & C2 interconnected
Fluid: _ MIL-H-83282

Fluid Temp: +120 Deg F

MW

-1 1

Spool Displacement, 8.801 in.
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PRESSURE GAIN

Bendix P/N 3336730
Configuration: Zero Lap

L

dﬂf!f’/’——”'> . Supply Pressure: 8800 psi

1

2. Parts: Cl & C2 blocked

3. Fluid: MIL-H-83282

4. Fluid Temp: +120 Deg F
. ' ™ P A

_— & o _— P S &
L * v v v - A l' v A g

"

- - .
v

<
<

Spoo!l Displacement, degrees

1 Bendix P/N 3336730
Configuration: Zero Lap
l

| ;
|
-_— I ——~—_’——-——J

e s

psid

//

- PC1,

N_ /
O .
o s
1. Supply Pressure: 4088 psi
2. Poris: Cl1 & C2 blocked
' 3. Fluid: MIL-~-H-83282
4. Fluid Temp: +120 Deg F
-1 At %:4%..,1%

Spool Displacement, degrees

116




- PCl, psid

PC2

- PCl, psid

PC2

NADC-88066-60

PRESSURE GAHIN

Bendix P/N 3335661-2
Configuration: T-Slot

/ ‘

"

+ 2wn~

. Supply Pressure: 8008 psi
Ports: Cl & C2 blocked
Fluid: MIL-H-83282

Fluid Temp: +128 Deg F

o ry & e .
— 1 - ' '™ e

Spool Displacement,

N
v

Bendix PN 3335661-2
Configuration: T-Slot

S b emomn & -
v L4 l — r— v

degrees

4+ AN~

Supply Pressure: 4080 psi
Ports: Ci! & C2 blocked
Fluid: _MIL-H-83282

Fluid Temp: +120 Deg F

4 " 4 A &
™ 1 g g -y "y

Spool Displacement,
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P Y b Y e P &
v s . l v - v g

degrees




psid

PCl1-PC2,

psid

PCi1-PC2,

NADC-88066-60

PRESSURE GRIN

E-Systems P/N 183300-100 -
Valve Overlap: zero
| .

Spool Displacement, 8.801 in.

E-Systems P/N 183300-1080
Valve Overlap: zero

Supply Pressure: 4000 psi
Perts: C1 & C2 blocked
Fluids  MIL-H-83282
Flut +120 Deg F

————y] i
Spool Displacement, 8.881 in.

W e
P

d Temp:

118




psid

PC1-PC2,

psid

PC1-PC2,

NADC-88066-60

PRESSURE GRIN

E-Systems P/N 183300-108
Valve Overlap: 8.882 in.
{
| |
2. PorRaY Ciob s kiocked &
30 Fluid:_ MIL-H-83282
4. Fluid Temp: +120 Deg F
e

Spool Displacement, 0.881 in.

Spoal

119

E-Systems P/N 18330@-~-10@2
Valve Overlap: @.882 in.
I
2. Portay CITa¢2"biocken
3. Flutd:  MIL-H-83282
4. Fluid Temp: +120 Deg F
Displacement, 8.801 in.




NADC-88066-60

INTERNAL LERKAGE

Bendix P/N 3336730

Configuration: Zero Lap
i |
- 1. Supply P : 8808
~ 2. P:egs):( C'ie:szgeblocked Pt
v 3. Fluig: MIL-H-83282
N m\ 4. Fluid Temp: +120 Deg F
™
<
/ / \J \
[}
o
o
X
] {
o .
.|
- is#—‘—'—"—ﬁ g *ia.‘ij
Spool Displacement, degrees
Ap————— Bendix PN 3336730
Configuration: Zero Lap
U 1. Supply Pressure: 4000 ps:
3 2. Portsz Cl & C2 blocked
3. Fluid: MIL-H-83282
AN 4. Flutd Temp: +128 Deg F
™m
<
c
o -
o
¥ 4/“{xﬁ
X
m \A

—eab b3 et a
e e o e e e T — 1
] e. S. e.

Spoo! Displacement, degrees




—~———

inr3-sec

Leakage,

in~A3/s5ez

Leakage,

~————— Bendix P/N 3335661-2
]

NADC-88066-60

INTERNAL LEAKAGE

Configuration: T-Slot

‘ [

Supply Press
. Ports{ Cl &

AWN —~

. Fluid Temp:

I

ure:
C2 blccked

Fluid: MIL-H-B83282

+120 Deg F

80208 psi

VN
A

4T

_‘________——-4

L

=t e

Spool Displacement, degrees

Bendix P/N 3335661-2

T T

?

Configuration: T-Slot

i

l

T |
i Suppl!y Press
Poggs{ Cl1

S WN -~

ure:

& C2 blocked

42809 ps.

Spool Displacement, degrees

121

Fluid: MIL-H-83282 {
Fluid Temp: +120 Deg F
1
—
_ ya
- \
¢ = 7. . AN EES 3 g
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T W

inr"3/sec

Leakage,

inr3/sec

Leakage,

.
o

NADC-88066-60

INTERNAL LERKAGE

— E-S

stems P/N 1833808-180

alve Overlap:

Zero

LWN -~

. Supply Pressure:
. Ports: Cl & C2 blocked
. Fluid:
. Fluid Temp:

8000 ps:

MIL-H-83282
+120 Deg F

—

| ————

A

Spool Displacement, 8.0881 in.

— E-S

stems P/N 183388-100

alve Overlap:

Zero

HWN -

pa—

Supply Pressure: 4000 psi
Ports: Cl! & C2 blocked
Fiuid: MIL-H-83282
Fluid Temp: +120 Deg F

-16.

Spool Displacement, B8.001 in.

122
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in~"3-/sec

Leakage,

in~r3/sec

Leakage,

-18-86

NADC-88066-60

INTERNAL LERAKAGE

— E-Systems P/N 183380-100
Valve Overlap: 0.

BB in.

LW —

+-

. Supply Pressure: 8008 psi
. Ports: Cl & C2 blocked
. Fluid: MIL-H-B83282

. Fluid Temp:

+128 Deg F

S~

@
Spoo! Displacement,

=

- E-Systems P/N 183388-100
Valve Overlap: 0.

. 1d.
B.001 in.

B2 in.

|

B WN —

|

Supply Pressure: 4008 psa
Ports: Cl & C2 bloucked
Fluid: M™MIL-H-B3282

Fluid Temp:

+120 Deg F

123




AMPLITUDE RATIO (dB)

AMPLITUDE RATIO (dB)

NADC-88066-60

INPUT WLTAGE = . F595 VNS

dobbor
FREQUENCY RESPONSE
0 f———f—+ T T T .
Bendix P/N 3336730 el
Configuration: Zero Lap T
10 — — — — 0
o N ary R
4‘*\*3\*\ é
-20 as M
N >
ROCKWELL DDV 006 AN S
FREQUENCY RESPONSE R M
-30 SLIDE POS. vs. Vin. \-gg
DISPL +/- 10X F.S. 8
INLET 3000 PSIG . , ‘gi
TE 151126 2A/V) 1 K1=1. }1 K2=3. D
-40 -135
-50 -180
= NoomoS neREes ~oomov noree 8 8 9 RERss8

FREQUENCY (Hz) T

INPUT VOLTAGE ~ . 083 vaws
FueL « BocCd%t

FREQUENCY RESPONSE

10 a5
Bendix P/N 3336730
Configuration: Zero Lap

) BRI S " ¢ ¢ g

S
o

DISPL +/- 25% F.S.

INLET 3000 PSIG .

’ - ~ e
(7]
- , N e M
10 » h\’ 45 >
ROCKWELL DDV 006 AN 5
FREQUENCY RESPONSE N .

20| SLIDE POS. vs.Vin, ™ _ao
a
3

TE 151126 2A/V) 4 Ki=1.11%2=3.0

-30 l
-40 .

- 1.
L N m = N OO N m w 1N Oe~oMd
. . . . o s e 0 -

-135

———— = ._.-..J J USSR SU S R PN ..J--J -180
R 8 ¢ 33285

FREQUENCY (Hz) Y
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il
Ruia¥

AMrLITUIE RATIG

NADC-88066-60

INPUT VOLTAGE = . 3538 WS
LTS L IEXTTY

FREQUENCY RESPONSE

ic &s
Bendix P/N 3335661-2
Configuration: T-Slot
D e o o o = < 4 L(H 0
T b U
\ N <
RN @
-0 l -85 ~.
ROCKYELL DDV 007 N =

FREGUENCY RESPONSE ,f;

20 SLIUL‘. ?0S. VS..Vin. \‘ -g¢ )
UISPL +/- 10 7% F.S. \ &

]
INLET 3000 PSIG. \ u2,

TE1S1107 G 15A/Y) K1=1.3; K2=3. 0

-30 \ -125

=40 -180

T N m yweRme  ~ m vwerses R R 9 RERESE
1 IR N A - BATE,Z: FER 1080
~REGUENCY  (Hz) b

OATA TAKEN 8Y,T.1.7

INPUT VOCTAGE = . 004 VNS
At . Besdel

FREQUENCY RESPONSE

10 45
Bendix P/N 3335661-2
Configuration: T-Slot

0 Yo 3 4te b o
\ B 5
RN @0
-i0 N ~5
=
ROCKWELL DOV Q07 N &
FREQUENCY RESPONSE N\ L

-20 ?-— 10E P;Jﬁ: VS, Vl_n. a -0

DiSP. +/~ 25 % F.S. \ a
. N 0
INLET 3000 PSIG. \, Q,

TE151307 (. 35A/7) Ki=i.3,K2~4.0 : ]

-3t -135

~30 -~180

> Noomo s nenges o~ M v inoeeg 8 R 9 BBRssS
L g ~1IrT .\T/ - l_}\ DATEs 27 FEB 1908
~EQueNCY  (Hz s
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r,—'f_-ﬁ— 2 4 L
!

NADC-88066-60

— v -

FREQUENCY RESPONSE _
‘ E-Systems P-N 183300-100 § ]:ﬁix
Vn'l'v'e.tv).:/e'rlnpzl :::&.5982 ‘:.r-‘:, T f

]
]
]
| -: . m [
* 25% - Caccwes Varu
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3 NADC-88066-60

APPENDIX C
SERVO ACTUATOR TEST DATA

ooiipgreney

Contents

Dynamic Response Tests

Step response, E-Systems zero lap valve, no load

Step response, E-Systems zero lap valve, loaded

Step response, E-Systems overlapped valve, no load

Step response, E-Systems overlapped valve, loaded
Frequency response, E-Systems zero lap valve, no load
Frequency response, E-Systems zero lap valve, loaded
Frequency response, E-Systems overlapped valve, no load
Frequency response, E-Systems overlapped valve, loaded

1 Pressure Level Switching Tests

Actuator Piston Motionless

E-Systems zero lap valve, 3400 rpm pump speed
4 E-Systems zero lap valve, 5900 rpm pump speed
¢ Actuator Piston Moving
E-Systems zero lap valve, 00 switching point
E-Systems zero lap valve, 900 switching point
} E-Systems overlapped valve, 00 switching point
E-Systems overlapped valve, 900 switching point

Energy Consumption Tests

1 E-Systems zero lap valve

Pump, actuator not loaded
Actuator, actuator not loaded
System, actuator not loaded
Pump, actuator loaded
Actuator, actuator loaded
System, actuator loaded

E-Systems overlapped valve
Pump, actuator not loaded
Actuator, actuator not loaded
System, actuator not loaded
Pump, actuator loaded
Actuator, actuator loaded
System, actuator loaded

127

128
129
130
131
132
133
134
135

136
136

137
138
139
140
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142
143
144
145
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148
149
150
151
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in.

Piston Displacement,

in.

Piston Displacement,

.IT

NADC-88066-60

STEP RESPONSE

E-Systems P/N 183308-100
Valve Overlap:

zZero

|

J

NaWN e
o

.« Suppl
. Mode:’
« Ret’r Load:

Fluid:

Pressure: 0002 psi

closed lcop
none
MIL-H-83282

opearation

. Flufd Temp.: +120 Deg F

E-Systems P/N 183300-1008
Valve Overlap:

1.0

Time, sec

Zero

0.08-

P’

REWN -
P ..

Supply Pressure:

Mode:

. Ret‘r

Flutd:
Flut

closed loop
Load: none
MIL-H-83282

d Temp.: +120

4000 psi

operation

Deg F

~ i

Y - 3

1.0

Time, sec

128
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in.

Piston Displacement,

in.

Piston Displacement,

NADC-88066-60

STEP RESPONSE

E-Systems P/N 183300-100

Valve Overlap:

Zero

b i | [
8.04—
_ . L\.WJ
{ 17A7A anan V\nr
1. Supply Pressure: 8028 psi
1 2. Mode: closed loop operation
3. Ret‘r Loesd: 6.94 lb-sec~2/1in
4. Fluid: MIL-H-83282
S. Flufd Temp.: +120 Deg F
-.1 e
e 1.0 2.0

Jg————— E-Systems P/N 183300-100
Valve Overlap:

Time, se

C

zero

I T

e

1. Supply Pressure: 4800 psi
2. Mode: closed looq operation
3. Act‘r Load: 6.94 lb-sec~2/in
4. Flutd: MIL-H-83282
S. Flutd Temp.: +120 Deg F
-1 —
J?b 1.0 2.0

Time, se

12°

c




in'

Piston Displacement,

in.

Piston Displacement,

-
—

NADC-88066-60

STEP RESPONSE

E-Systems P/N 183382-108
Valve Overlap: 0.882 in.

TN T —————

NAWN —

Supply Pressure:
Mode:  closed loop operation
Ret’r Load: n
Fluid: MIL-H-8
Fluid Temp.: +120 Deg F

one
3282

8000 psi

1.0
Time, sec

E-Systems P/N 183300-100
Valve Overlap: 8.082 in.

hatN

Act‘r L

RAWN -
e e o o 6

Supply Pressure:

Mode:  closed loop operation
oad: nones

Fluid: MIL-H~83282

Fluid Temp.: +120 Deg F

4000 psi

1.0
Time, sec

130
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2.0




in.

Piston Displacement,

in.

Piston Displacement,

e T — - -

NADC-88066-60

STEP RESPONSE

18— E-Systems P/N 183388-100
] Valve Overlap: 0.882 in.

T

b e o

{. Supply Pressure: 8000 psi
2. Mode: closed loop opesration
3. Act’r Lond: 6.94 ib-sec~2/in
4, Fluid: MIL-H-83282
S. Fluid Temp.: +128 Deg F

1

gfo 1.0 2.0
Time, sec
.1 E-Systems P/N 183308-180

1 Valve Overlap: 8.882 in.

ly Pressure: 400@ psi

s closed loo? oparation
r Load: §.94 lb-sec~2/in
d: MIL-H-83282

d Temp.: +120 Deg F

Eﬂ&@!\h—
22839
CCceaD

g
.0 1.0

Time, sec

131 :

2.0




Amplitude Ratio, db

Amplitude Ratio, db

NADC-88066-60

FREQUENCY RESPONSE

Py

E-Systems P/N 183308-100
Valve Overlap: =zero

Y. e
\\ -59
F\\\ :
NG -108
1. Supply Pressure: 6008 psi \ ]
2. Mode: closed loop ocperattion ~-15@&
3. Act’r I..o.d none
4., Output: B8.100 in., p-p € .4 Hz 4
S. Fluid: HIL-H-B3282 1
6. Fluid Temp.: +120 Deg F 3
AEEAENEA A - N ~308
10° 12! 192
Frequency, Hz
1 E-Systems P/N 183308-102
Iﬁ Valve Overlap: zero
I
g = '\‘
) 8 \\\\\
1
] \ )
\‘\ 59
A ~N -108
1. Supply P 4000 \
L Sumply Prosaure: 4000 pei s
3. Aet’r Load: none
4. Output: @.100 in, p-p €@ .4 Hz i
5. Fluid: MIL-H-83262 9
6. Fluid Temp.: +120 Deg F 3
e - N L.q08
18° 19! 192

Frequency, Hz

132

Phase RAngle, deg

Phase'Rngle. deg




Amplituds Rattio, db

Amplitude Ratio, db

NADC-88066-60

FREQUENCY RESPONSE

E-Systems P/N 183300-100
Valve Overlap: zero

L e e e o

PRy
s o

T

’ g
54 &
\ ] o
™\ -1ed <
N 1 €
1. Supply Pressure: 06008 psi A o
2. Mode: cloased loop operstion -158 o
3. Act’r Load: 6.94 lb-sec~2/in P
4. Output: B8.100 tn, p—p €@ .4 H2 { ®
B Fluid rems. s 4120 Deg F 1 £
. ] amp . ke
s R -
19° 18’ 10*
Frequency, Hz
E-Systems P/N 183300-180
% Valve Overliap: =zero
1
I
—
4 \
e
\ g,
\\\\ :
N -1ed -
T \ p [
1. Supply Pressure: 4880 psi 1 €
2. Mode: closed loop operstion ‘lSd o
3. Act’r Load: 6.94 lb-sec~2/tin »
4. Output: 8.108 in. p-p . z o
S. Fluid: MIL-H-83282 £
6. Fluid Temp.: +120 Deg F 20 Q.
10° 18' 102

Frequency, Hz

133




Amp1itude Ratio, db

Amplitude Ratio, db

NADC-88066-60

FREQUENCY RESPONSE

E-Systems P/N 183308-1080
Valve Overlap: 0.8082 in.

1

N

')
-1 N
_~—Jh-__J :
\.,\ -50
‘\\\\\\ L
J
N -108
1. Supply Pressure: 8000 psi ‘\\\\ i
. 1 el
5 Ret®h Cosd:® momg CPerstion -158
4. Output: B8.1080 in. p~p & .4 Hz 1
S. Flutd: MIL-H~83282 4
6. Fluid Temp.: +120 Deg F 3
RN N A -308
18" 1g! 182
Frequency, Hz
1 E-Systems P/N 183398-100
W Valve Overlap: 0.802 in.
1?
) _— ————
. W\
-1 8
— h
T -5

Act‘r Load:

ARIWN -

« Fluid Temp.

A R WY WO W

« Output: 8.180 (n. @ .4 Hx
. Flude HIL-H-B3ZB2P-P

a:Pply Pressure: 4808 psi ‘R\\\\

de: closed loop operation

none

t +128 Deg F

-l Py r Adod

18 187
Frequency, Hz

134

Phase Angle, deg

Phase Angle, deg



db

Ampl i tude Ratio,

db

Amplitude Rattio,

NADC-88066-60

FREQUENCY RESPONSE

Valve Overlap:

E-Systems P/N 18330606-100
8.802 in.

~

* P
V\X -Sé
\\ <
\ -188
1. Supply Pressure: 8088 pst 3
2. Mode: closed lvop operation -15@
3. Act’r Load: 6.94 lb-sec~2/tn
4. Output: B8.180 in. p-p €@ .4 Hz 4
S. Fluid: MIL-H-83282 4
6. Fluid Temp.: +120 Deg F 3
i . s D O 1\
1e® 18’ 10?
Frequency, Hz
E-Systems Ps/N 183308-100
f Valve Overlap: 0.082 in.
+
g
]
‘——_ﬁ“‘~\
\\
2
— ) ;
\\ -mé
1. Supply Prestur;a 4820 pst ‘\\\\
2. Mode: closed loop operation -15
3. Act’r Load: 6.94 lb-sec~2/1n
4, Qutput: 0.100 in. p-p € .4 Hz
S. Fluid: MIL-H-83282
6. Fluid Temp.: +12@ Dasg F -20
187 187 182

Frequency, Hz

135

Phase Angle, deg

Phase Angle, deg



psi

System Pressure,

psi

System Pressure,

NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers Pump S/N MX-346581 —M8
E-Sys. Valve:

p Speed: 5980 rpm

uator Motion:

AVA,I\NV\AM~

id Temp: +2080 deg F
id: MIL-H-B83282

f\/\/\Ww——-

\\\\M—-Actuator Displacement

/{//——Switching Valve 'ON’
ve 'OFF'

/—Switching val

Time,

Vickers Pump S/N MX-34658!1

E-Sys. Valve:

v

. Pump
.Actu
LFlui
Flut

DULWN)—

peed: 3400 rpm
or Motion: none
Temtz

MIL-H-83282

S
at
d

d:

\— Actuator Displacement

/——Switching Valve 'ON'

”/r—— Switching Valve 'OFF' '7

-

Time,

136
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F—t————

+220 deg F




e S

psi

System Pressure,

psi

System Pressure,

NADC-88066-60

PRESSURE LEVEL SWITCHING

xmq————————Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap' ‘

.Pump Speed: 5808 rpm
.Actuator Motion:

I\VAANV\MMv

B8.250 in. p-p € | Hz
.Switching Pt.: zero Deg
Fluid Temp: +208 deg F
Flutd: MIL-H-B3282

NaW MNee

28
ing Valve 'ON'

/-—Switchfng Valve 'OFF' J
|

Actuator DispTacement

4 R + N N N

S + & i
+ — o t

z +— + + ng

Time, sec

Vickers Pump
E-Sys. Valve: zero lap

Ss/N MX-346581

.Pump Speed: 3402 rpm
.Actuator Motion:

0.258 in. B-p e 1 H2
.Switching Pt.: g
Fluid Temt: +280 deg F
.Fluid: MIL-H-B3282

AW e

"//- Switching Valve 'ON’

Switching Vaive 'OFF'
bl |

Actuator Ofsplacement-w—/

. | 4 + —t
A e ———t —tp————t—t

Time, sec

137




e

T —

psi

System Pressure,

psi

System Pressure,

28

NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

nl\[\/\ ANAAAAAAAA 1.Pump Speed: S800 rpm
A AR —} 2.RActustor Motion:
2.258 in. B—p € | Hz
3.Switching Pt.: 90 Deg
4.Flufd Temp: +288 deg F
5.Fluid: MIL~-H-83282
VAR\ ™\ A

g

/—Switching Vailve 'ON'

Actuator DispTacement

/—Switching Valve 'OFF' I
|

i N + N
v l - r —

Time, sec

MW

|

v

Fluid Te
Fluid: M

NAaW N
w
E-
Ul
o
¥
J

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

.: 90 Deg
Temp: +280 deg F

IL-H-83282

AN YA V4

/— Switching Valve °'ON'

Actuator Displacement —

Switching Valve ‘OFF'
e 9¢ J

l::ﬁ-ﬁzk:#

Time, sec

138
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g

psi

System Pressure,

psi

System Pressure,

NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers Pump S/N MX-3463581
E-Sys. Valve: 8.882 in. overlap

.Pump Speed: 5388 rpm
.Actuator Motion:

9.258 in. B—P e 1| Hz
.Switching Pt.: zero Deg
.Flutd TemE: +200 deg F
Flufd: MIL-H-83282

\ \ e \/ T

Actuator Disp1acement-——r//

AAASA LW\

Naw N

g Valve ‘ON’

/— Switching Valpe '°FF14J
s ] + — A.E#A, + +

Time, sec

Vickers Pump S/N MX-346581
E-Sys. Valve: 8.882 in. overlap

.Pump Speed: 3408 rpm
A‘A,A/\A-.AVA!\M-AN .Hctzatgr Motion: P

2.258 in. B-P 8 1 Hz
.Switching Pt.: 2ero Deg
Fluid Temp: +208@ deg F

Fluid: MIL-H-B3282

— E#,AA,A; + —t- r

e N

AANAN

/1 \f 3

o
Actuator Displacement <+

g Valve 'ON'

Switchi

”/FT- Switching Val ‘OFF’

ching Valje

P g valy [

—t s ‘% + + + Jﬁ,

Time, sec




NADC-88066-60

PRESSURE LEVEL SWITCHING

Vlckers Pump S/N MX-346581
E-Sys. Valve: B0.882 in. overlap ‘
— 1.Pump Speed: 5900 m
” VVA'AVI‘A‘MAAAA/\ AL N 1 4 i LA B on: re
a B.258 n. B 1 Hz
3.Swltch|ng g
' 4.Flu Tem +298 dog F
- S.Flu ld MI -H-93282
[V
'y
3
[ 2]
7]
o
'
o VQ,I\AN e, ot
€
[ V]
L
[Z]
@ //
AN € Actliator Displacement —
— Switchifg Valve 'ON
g .
— Switching Valve ‘OFF" b
~+—— —t #——-&-—A——o——iﬁiﬁ — r
Time, sec
1 Vickers Pump S/N MX-346581
E-Sys. Valve: 8.082 in. overlap [
— 1.Pump § d: 3488
- MAAAAAAAAAAASSSAA RN S
o. g.25@ B l
3.Switchlng t.
4. Fluid Tem +EBB deg F
- S:Fluid: MIL-H-83282
(]
«
3
(7]
7]
['}]
r A
o \/ vf\v FaVAVaN
£
[ ]
e
2 e
0 g Valve "ON' Aﬂtuator Displacement TL/

e'OFF'

/——S\ni tching val

i

b
2

—

2 &
v -y

T

Time,

sec
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NADC-88066-60

PUMP ENERGY CONSUMPTION

BTU/min

Heat Re jection,

BTU/min

Heat Rejéction,

Vickers Pump: S/N MX-422717
E-Systems Valve: zero

lap

Supply Pressure: 80802 pst
Act’r’Losd: none
Piston Motton:

87188 inl p-p € 0.4 Hz
Flutdi aiL-n-aSzB2

Ne WN-

LA

luid Temp.: +208 Deg F /

12

Frequency, Hz

E-Systems Valve:

zero

Vickers Pump: S/N MX-422717

lap

y Pressure: 4880 psi
{load: none

n:
in. g;gze 2.4 Hz

z’ ' Vs
#7 ’/ﬁ;7

L .

Frequency, Hz

141




BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

NADC-88066-60

ACTUATOR ENERGY CONSUMPTION

Vickers Pump:

S/N MX-422717

288

st

Na W

Vickers Pum
E-Systems Valve:

y Pressure: 4080 psi
Load: none

n Hot!on

E-Systems Valve: zero lap
. 1y P 8000 psi
3 E:QPr’Loiﬁf'“zin. pe
3. Piston Hotlo o
a. g-s e 2.4 Hz
4. Flutd: MIL-H-s 2
S. Fluid Temp.: +280@ Deg F
o
1
51
— .
Frequency, Hz

S/N MX-422717

zero lap

H MIL-H-B

p !
.
3 100 e 3.4 H
. . z
d 8262 '
d Temp.: +200 Deg F

el

/

Frequency,

Hz
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BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

Ma W
P . e

NADC-88066-60

SYSTEM ENERGY CONSUMPTION

E-Systems Valve:

y Pressure: 8000 psi
Load: none

Zero

Vickers Pump: S/N MX-422717

1 ap

Temp.: +280 Deg F A//’,’//

1

r

on Motion:

2.100 tn. g—s e 0.4 Hz
s: MIL-H-832B2

I

Ne W
.. R

Frequency, Hz

Vickers Pump: S5/N MX-422717
zero

E-Systems Valve:

ply Pressure: 4008 psi
‘r"Load: none

lap

8.1@0 in 'g-s € 8.4 Hz
1d: _MIL-H-83282
id Temp.: +2PP Deg F

_

Frequency, Hz
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NADC-88066-60

PUMP ENERGY CONSUMPTION

Vlckers Pum S/N MX~-422717

E-Systems alve: zero lap
c
- . Supply P e: 6080 p
€ é fic :eryLo::"gr54 Ib-s.c*&/lh
N 3. Piston Mono
= 2.188 g-s e D.4 Hz
- 4. Fluid: MIL—H-B 2
m S. Fluid Temp.: +200 Deg F ., 1
c rf//
6 N
0
v
A
v
x
»
o
o
I

o'
Frequency, Hz
6 Vickers Pump: S/N MX-422717

E-Systems Valve: zero lap - ‘
c
g Supply P 4808 p
N . Act’r yLoiﬁ"§f§4 tbovecis/in
| . Pistan Hot‘o
— Q.180 S B e 2.4 Mz

Flutd: MIL—H-B 2_ -

m 4 Fluid Temp.: +200 Deg F

,dr.__—/\v—-"'/

Heat Re jection,

-

Frequency, Hz
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BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

R

NADC-88066-60

ACTURTOR ENERGY CONSUMPTION

Vickers Pump:

S/N MX-422717

2
1 E-Systems Valve: zero lap
1. S ly Pras : 08008 psi
2. RggerYLo;d:'gf§4 lb-socaz/in
3. Piston Motion: //
158~ 0.1090 (in. g- Q@ 0.4 H2
4. Flutd: mit-n-eB2B2
5. Fluid Temp.: +208 Deg F
18— ///
!
5 "
I'N 19

Frequency, Hz

Vickers Pump:

y Pressure: 4800 psi
oa 6.9

n:
-B € 9.4 Hz
282

mp.: +208 Deg F

E-Systems Valve:

4 Ib-secEZ/ln

S/N MX-422717 —m

zero lap

Frequency, Hz
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BTU’min

Heat Re jection,

BTU/min

Heat Re jection,

NADC-88066-60

SYSTEM ENERGY CONSUMPTION

Vickers Pump: S/N MX-422717

E~- Systems Valve: zero 1ap
1. Supply P 8020 pgi
W 3 BETEGTY N0,
5 3. Pisten Motio
e.182 gs‘QBA Hz
} 4. Fluid: HIL-H-S 282
S. Fluid Temp.: 4208 Deg F
L rhv-v/
_—/\/\
2
1" 12
Frequency, Hz
880 Vickers Pump: S/N MX-422717 ————
E-Systems Valve: zero lap
1. Supply P 4008 ps i
[ 4 Burelv f wd: §.84 lb-sech2lin
668 5. Piston Motion
.18 e 2.4 Hz
4. Flulg: MIL—H-agzsz
| S. Fluid Temp.: +2080 Deg F
!
.
2 ‘7‘/

Frequency, Hz
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BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

NADC-88066-60

PUMP ENERGY CONSUMPTION

Vickers Pump:

S/N MX-422717

§08— _
E-Sys. Valve: 0.8802 in. overlap
seer Supply P 8080 psi
. H E J
3 BoRPLY Gtat none P
3. Piston Motion:
0.180 in. g-s e 0.4 Hz
4. Fluid: MIL-H-83282 "
498 5. Fluid Temp.: +200 Deg F %
208
1
B, — A e
10’ 18
Freguency, Hz
seg—— Vickers Pump: S/N MX-422717
E-Sys. Valve: 8.882 in. overlap
sear Supply P eo
1. s 4 1
1o erely Drgesre;, 4000 e
3. Piston Motion:
2.100 in. p-p @ B.4 Hz
4. Fluid: MiL-n-83282
493 5] Fluid Temp.: +208 Deg F
3 /
" /
] M/
108-
’, e
18 10

Frequency, Hz
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BTU/min

Heat Re jection,

BTU/min

. Heat Re_jection,

NADC-88066-60

ARCTUATOR ENERGY CONSUMPTION

20— Vickers Pump: S/N MX-422717
E-Sys. Valve: 8.882 in. overlap

Pressure: 8008 psi
® yLond: none P

1
r
3 108 lnn= -p @ 0.4 Hz
d;_miL-n-a32Bz2" -
d Temp.: +280 Deg F

s ~

Frequency, Hz

2 Vickers Pump: S/N MX-422717
E-Sys. Valve: 8.882 in. overlap
. t 4
3. Bumely Plgtsunan, 4000 pei
3. Piston Motion:
I8 @.188 in. B3 @ 0.4 Hz
4. Fluid: miL-n-s32B2 __T
S. Fluid Temp.: +280 Deg F
1
3
5
b
187 12

Frequency, Hz

148




T,—.'— v - S T T T e
4

NADC-88066-60

} SYSTEM ENERGY CONSUMPTION

08— Vickers Pump: S/N MX-422717 EE———
E-Sys. Valve: 2.802 in. overlap
; c
E 1. Supply Pressure: 8000 psi
4} S 600- g Pa?:tsnlggglo P e 0.4
a . Frued; 89 ingese, Hz
S, Fluid Temp.: +208 Deg F s
“' E ///4
o
— 408
b /’/r\w////
0
%) /\'/\/-
=)
} o
(04
b .
©
)
] T
| .
18 - BTE
1 Frequency, Hz
seg——— Vickers Pump. S/N MX-422717
3 E-Sys. Valve: 0.882 in. overlap
¢ c
1 -
$ o b BBRDLELITRS, 1000 P
e} 608 3. Pist%nxl‘lotlo @.4 H
~ = 4. Flutdi MIL—H-BSZBZ -t e
H 5. Fluid Temp.: +288 Deg F
1 -
c
) o .
- 4P
‘ o
e, /
| o -/
2 4
+ 268 /\——7
© —
)
I
$r* * 18
Frequency, Hz
t
1 149 .
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BTU/min

Heat Re_jection,

BTU/min

Heat Re jection,

NADC-88066-60

PUMP ENERGY CONSUMPTION

Vickers Pump:

1. Supply Pressure: 8088 ps!
2. Act'r'Load: 6.94 lb-sec~2/in
3. Piston Motion:
8.108 in. 5- e 8.4 Hz
4. Fluid: MiL-n-g32Ba
4 S. Fluid Temp.: +2808 Deg F

/A

S/N MX-422717

E-Sys. Valve: B8.882 in. overlap

o

=

Frequency, Hz

Vickers Pump:

ply Pressure: 4000
r Lo
n:
.109 1n. g-s
1d: MIL-H-83282
id Temp.: +20@ Deg F

e W~
S PP

psi
Load: 6.94 lb~sec~2/in
e 8.4 Hz

S/N MX-422717

E-Sys. Valve: 8.882 in. overlap

-

Wi

P

Frequency, Hz
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BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

s e o

NADC-88066-60

ACTUARATOR ENERGY CONSUMPTION

20— Vickers Pump: S/N MX-422717
E-Sys. Valve: 08.882 in. overlap

Sugply Pressure: 880808 psi
Act’r’Load: 6.94 lb-secA2/in
Pistan Motion:

150

2.108@ 1n. g- € B.4 Hz
Fluid: MIL-H-B 252
Fluid Temp.: +200 Deg F

N W
P

e, .

e’ )
Frequency, Hz
2 Vickers Pump: S/N MX-422717
E-Sys. Valve: 8.882 in. overlap
5: Bupely Freteetgi 18228080 in
s 20 Preren Rt A e @ 2.4 Hz
4. Flurd: MIL-n-aSzB2" =
5. Flutd Temp.: +200 Deg F
1
58— r
i:,————”/—d/T_-—\v’//f////

Frequency, Hz
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BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

NADC-88066-60

SYSTEM ENERGY CONSUMPTION

L Vickers Pump S/N MX-422717 —

E-Sys. Valve: 8.802 in. overlap

Supply Pressure: 8000 psi
Hct r'lLoad: 6. 94 lb~sec~2/in
Piston Hotla

8.100 . 5 B e B.4 Hz
Fluid: HIL—H-B 282
Fluid Temp.: +288 Deg F

na w—
P PR

) /I
S AV

4 N M -

Frequency, Hz

8 Vickers Pump: S/N MX-422717
E-Sys. Valve: 8.882 in. overlap

ly Pressure: 4888 s1
y Fr E H P

1. Supp
2. Rct’r’Load: lb~3ac~2/1n
& 3. Piston Hotlon
8.12 g E Q0.4 Hz
I 4. Fluid: HIL—H 83282
S. Fluid Temp.: +208 Deg F

Frequency, Hz
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NADC-88066-60

APPENDIX D

DUAL PRESSURE PUMP TEST DATA

Contents

Pump pressure ripple

Pump transient response

Pump performance

Pressure level switching at 0.5 gpm

Pressure level switching at 5.0 gpm
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psi

Pressure,

psi

Pressure,

480.

~n
8

&
8

40&

NADC-88066-60

PUMP PRESSURE RIPPLE

Vickers M/N PV3-847-4
S/N MX-346581

,‘{\j‘ A W‘I\/J!\AAMAMJ\AAMM

VYV ATV VT Y
| | |

R e ]

— — * : + T

Input Shaft Rotations

Vickers M/N PV3-047-4
S/N MX-346581

il

AA/\

AAAnAAAAA
W

(vavwvvv

tem Pressure: 4000 psi
p Speed: 5888 rpm :
harge Flow: 8.5

Sys
PZm
. Dis
Inlet P
Inlet F
Fluid:

DANAWNI--

c
e
e
i

+

* K, :
Input Shaft Rotations
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psi

Discharge Pressure,

Discharge Pressure, psi

NADC-88066-60

PUMP TRANSIENT RESPONSE

VICKERS M/N PV3-B47-4
S/N MX-346581

prasmi

seed

1. Pressure Settin 8000 psi
g. Pump Eead 59 B rpm
. Flo 9 to a
4. Inlct Fluid Tomg +ZB deg F
S. Fluid MIL-H-83282
1 F4 3 [

Time, sec

Vickers M/N PV3-B47-4

S/N MX-346581

!

ﬂgk/vxﬂvavqﬂvgpvmﬂmvmﬂNvav*w

. Pressure §otting 4000 pst

rpm
: 9.5 to_9 to @. g R
Inlet Fluid Tems i +ZB deg F
Fluid: MIL-H-§328R

RS-
"
-]
€

Y

) ) ) 7
Time, sec '
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%

Overall

Efficiency,

Overall

Efficiency,

F 3
i,

~

o [ 2]
- S

~n
——

o

L
-~

82

efig

NADC-88066-60

PUMP PERFORMANCE

— Vickers M/N PV3-B47-4
S/N MX-3486581

/

I

—

Soa-

]
yd

o

L— Discharge Pressure

!

J

{/ Heat Rejection —/

N
\\\\—— Overall Efficiency

Discharge Pressure,
... . &
NN

1
1. Press. Setting: 8882 psi 9
2. Speed: 53988 rpm
3. Inlet Pressure: 98 psi
4, Case Pressure: 125 psig
S. Inlet Fluid Temp: +EBB deg F
’ 6. Fluid: MIL-H-83282 -
7o ? ¢ 7 T T g
Discharge Flow, gpm
@ Vickers M/N PV3-847-4 — 508
S/N MX-346581
o
— el
“4m:—\\__ ““*J N 44
Q -
-
ﬂ; """—””/ Discharge Pressure ——-””A
| &
S ok /<:/‘ ﬂ_
4 3
© ~
« / ~—Overall Efficiency
0 I
<
a //// Heat Rejection
49 / ./ 24
] /’ —
o —— T
|
o
L
O 38 10&
7] . Pressure Setting: 4000 psi
- . Speed: 59080 rpm :
(] Inlet Pressure: 90 psig

. Case Pressure: 125
. Inlet Fluid Temp:
. Flufd: MIL-H-83282

"

DN D W
.

si
SBBgdeg F

[y b i 1€
Discharge Flow, gpm
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BTU/min

Heat Re jection,

BTU/min

Heat Re jection,




wrigrris
psi

g

System Pressure,

>

D L

psi

System Pressure,

NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers M/N PV3-847-4
S/N MX-346581

Speed: 5980 rpm
phagge Flow P

c
‘gp EGBBBBEsdeg F
id: ~H-83282

2 N
ﬂ'ﬂml:l':ﬂ
cCun3g

/—Switchﬁg Valve 'ON®

/—S\dthng Valve ‘'OFF' ]

" + 4 —t N " + + + 4 +
S m— 1 —4- + R + + —t + -4

Time, sec

Vickers M/N PV3-047-4
S/N MX-346581

Speed: 3480 rpm
harge flow:
gpm e BBB s

Tem +2 deg F
d: MI -H 83282

/—Switchhg Valve 'ON*
e Switching Valve ‘OFF" J

+ ¢ < & N 4 + + + N
* T + + + -+t + -

Time, sec
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PRESSURE LEVEL SWITCHING



NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers M/N PV3-847-4 ,
S/N MX-346581
- .P S 5308
o s s T 3 114 S
5.0 gpm € eaaa
o 3. Flulg Tem +20 deg F
4.Fluid: MIL-H-83282
o
[ %
3
7
0
o
[ 5
AIAAAN Ay
o vﬂ;&ﬂ!U\
€
o
ey
7
S
o SwitcHing Valve 'ON'
/— Switching Valve 'OFF' r
ﬁ 1 + + + 4 + 4 J -+
L Time, sec
]
{ 1 Vickers M/N PV3—-047-4 !
S/N MX-346581
- : 1.P Speed: 34aa
s w 8 PABAAAN Aty 5 D{sharge Flow: T
5.0 gpm @ BBBB si
b Q 3.FjuiS Temp: +20 deg F
4.Fluid: MIL-H-83282
4‘ o
[ 9
3
7
)
()
[
o VTA'
€
)
+»
®»
>
n Ing Valve °‘ON'
/— Switching Valve'OFF' Ji

Time, sec
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NADC-88066-60

APPENDIX E

LHS SIMULATOR TEST DATA

Contents

Dynamic Response Tests

Step response, E-Systems zero lap valve

Step response, E-Systems overlapped valve
Frequency response, E-Systems zero lap valve
Frequency response, E-Systems overlapped valve

Pressure Level Switching, Actuator Tests

Actuator Piston Motionless, 5000 1b tension load
E-Systems zero lap valve
E-Systems overlapped valve

Actuator Piston Moving, 4000 to 6000 1b tension 1oad
E-Systems zero lap valve, 0° switching point
E-Systems zero lap valve, 900 switching point
E-Systems overlapped valve, 00 switching point
E-Systems overlapped valve, 900 switching point

Pressure Level Switching, System Tests

Actuator operating mode, 2% load/stroke
Actuator operating mode, 10% load/stroke
Actuator operating mode, 50% load/stroke

Pressure Ripple Tests

FC-1 System
FC-2 System

Spectrum Analysis

FC-1 System, 4000 psi, low pump speeds
FC-1 System, 4000 psi, high pump speeds
FC-) System, 8000 psi, Tow pump speeds
FC-1 System, 8000 psi, high pump speeds
FC-2 System, 4000 psi, low pump speeds
FC-2 System, 4000 psi, high pump speeds
FC-2 System, 8000 psi, low pump speeds
FC-2 System, 8000 psi, high pump speeds

159

161
162
163
164

165
166

167
168
165
170

A
172
173

174
175

176
177
178
179
180
181
182
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NADC-~-88066-60

APPENDIX E

LHS SIMULATOR TEST DATA (Continued)

Contents Page
Energy Consumption Tests

E-Systems zero lap valve, no load

Pump 184

Actuator 185

System 186
E-Systems overlapped valve, no load

Pump 187

Actuator _ 188

System 189
E-Systems zero lap valve, 5000 1b tension load

Pump 190

Actuator 191

System 192
E-Systems overlapped valve, 5000 1b tension load

Pump 193

Actuator 194

System 195
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in.

Piston Displacement,

in.,

[~-]
—— e

Piston Displacement,

NADC-88066-60

STEP RESPONSE

.lr——————-E—S stems P/N 183388-180
y Vglve Overlap: -.zero

J

1. Supply Pressure: 880D psi )
2. Made: closcd loop operatlon.
3. Act’r Load: 10000 |
(tension forca) }
; 4. Fluid: MIL- H-93282
S. Fluid Temp: +128 Deg F AJ
- 18— i
0.0 1.0 2.0
Time, sec
A E~-Systems P/N 183308-100 ,
Valve Overlap: zero l
|
| |
|
\ |
p.e8—
w
1 L~———‘——\¢
1. S ly Pressure: 4008 {
2. H:pz:y cl: : loo? opergtion
3. Act’r Load: 5008 1b
(tonsion force)
4, Flut MIL-H-B3282
, 5. Flut Tcmp: +120 Deg F
"0.0 1.0 2.0

Time, sec
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in.

Piston Displacement,

in.

Piston Displacement,

NADC-88066-60

STEP RESPONSE

E-Systems P/N 183300-1080

Valve Overlap: 0.882 in.

9.88-

UHIIENS

1

Supply Pressure: 8000 psi

Mode:” closed loop operation

Rct’r Load: 10800 b
(tension force)

Fluid: MIL-H-83282

Fluid Temp: +120 Deg F

A WN-

oz
(=]

1.0 2.0
Time, sec

E-Systems P/N 183300-100

.
e

Valve Overlap: 08.802 in.

P S

ly Pressure: 4000 psi

:" closed loop operation
r Load: 50808 1b

tensjon force)

d: MIL-H-83282

d Temp: +128 Deg F

ua W~
M DIV

1.0 2.0
Time, sec
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db

Amplitude Ratio,

db

Amplitude Ratio,

)
—

1
L—

NADC-88066-60

FREQUENCY RESPONSE

E~Systems P/N 183300-100

Valve Overliap: =zero
EP
+
! ™
s:r
I
I )
\\‘~\\\ \\ E
k. -50
N :
\ -108
1. Supply P : 8820 psi \ ]
2. M3§§=y c?::::r?oo ogerﬁtion -158
3. Act’r Load: 5000 tension
4. Output: 0.182 in. p~p € .4 Hz ]
S. Fluid:_MIL-H-83282
€. Fluid Temp: +120 Deg F -205
4 A PR T U W § e PR 'Y £k b b W '
12° 18! 1g°
Frequency, Hz
E-Systems P/N 183300-100
% Valve Overlap: zero
T
5
4
1 N\\
! .
3 ‘\\\
T N )
B ._-‘.\'\1 \ ]
-58
\ 'laé
1. Supply Pressure: 4080 psi ]
2. Mode:” closed loo? operation -190
3. Bet’r Load: 5008 b tension
4. Qutput: 0.180 in. p-p & .4 Hz 4
HHERGTS ‘
. ] emp: eg 200
i, e e -208
10° 10! 102

Frequency, Hz

163 -

4

Phase Angle, deg

Phases Angle, deg



Amplitude Ratio, db

db

Amplitude Ratio,

NADC-88066-60

FREQUENCY RESPONSE

E-Systems P/N 183300-10@

‘% Valve Overlap: 0.882 in.
1
-+
+
1
1 N
I \
T )
- ., \
: . ]
S~ -58
| \T\\\ :
N -109
‘ L
1. Supply P : 880D pst ]
L: fumply Prezzyrs: oooe pri RN 15
3. Aet’r Load: 5600 1b tension
4. Output: 0.180 in. p~p €@ .4 Hz 1
5. Fluid: MIL-H-B3282 ]
Bl e N et L 309
1g® 18 18%
Frequency, Hz
18 E-Systems P/N 183300-100
? Valve Overlap: 8.2082 in.
1
1
4
4
) “\\\\\\
X 1 N\ 8
1 '\ ;
\ "58
\ 4
\5 -198
< ]
1. S ly P t 4000 i 4
2. M:QZ:y er:::ur?ooq op.rg:ion -158
3. Act’r Load: S00D 1b tension
4. Qutput: 0.188 In. p-p & .4 Hz b
S. Fluid: MIL-H-83282 1
6. Fluid Temp: +128 Deg F _ Qé
s TR =3
19° 1a! 182
Frequency, Hz

164
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Phase Rngile,

deg

Phase Angle,
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psi

System Pressure,

psi

System Pressure,

NADC-88066-6C

R e e P =~ — — = - == — -
+

PRESSURE LEVEL SWITCHING

yS.

Valve:

Zero

Lg

ViEkgrs Pump S/N MX-346581

o

lap

]

Speed: 5908 rpm
g tgr Motion: ngne

Temp: +288 Deg F
MIL-H-63282

\x Actuator Displacement

/— Switching Valve ‘ON'
|

— Switching Valve 'OFF' ,

&

- "

A

i
ll

I

- &
+

Time,

Valve:

sec

Zero

Vickers Pump S/N MX-34658!1
E-Sys.

lap

Pu

.Actuator Motion: none
Fl TemE: +200 Deg F
Fluid: MIL-H

-83282

A0SO YOGS,

\ Actuator Displacement

/— Switching valve 'ON'
|

P Fwitching Valve 'OFF

+—

&
—t

"
—t

lI

Time,

165
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sec




NADC-88066-60

PRESSURE LEVEL SWITCHING

188 Vickers Pump S/N MX-34£581
E-Sys. Valve: 8.882 in. overlap

}
y - k 1.Pump S d: 53980

w B8 Aol Z.Hgtﬁatg:ar‘lotion: ;g:e

a 3.Fluid Te +288 Deg F

4.Fluid: M '-H 83282

[
. s
3 3 b!

%]

«\

)]

0 \
] o

£

[V

+ Actuator Displacement

(2]

>

u Switching Valve 'ON'

Switching Valve 'OFF'
S g i |
+ -t + 1 g 5#— —t + 7
Time, sec
! Vickers Pump S/N MX-3486581
E-Sys. Valve: 8.882 in. overlap

— 1.Pump Speed: 34@8

, “ P gittaseR boelagy pETe,
. ¥}

; Q. 4.Flutd: MI E -H~-B3282 °8

\— Actuator Displacement

System Pressure,

/—~ Switching valve 'ON'

Switching Val 'OFF!
- § Yalve "OFF" |

" PO PR | e, —t " +
-+ 1 —t r—t ? + + —t

+

Time, sec
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psi

System Pressure,

psi

System Pressure,

40!

NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers Pump
E-Sys. Valve:

S/N MX-346581

zero lap

Speed: 53888 rpm
5ntgr Motion: P

\J

Switching valve 'ON'

~— Switching Vaive 'OFF' l
l

N
\./\_ NS
Actuator Displacement

Y —, —t -
+ * +

-+ i + + + 2,
Time,

E-Sys. Valve:

+

secC

Vickers Pump S/N MX-346581
zero lap

1.Pump Speed: 3480 rpm

2.Actuator Motion:

0.258 in. -P, ® 1 Hz
.Sw\tch\ng t.: zero

.Fluid TemE +28@ deg
. Fluid: MIL-H-B83282

AWA

\/

S
//f—-Switching valve 'ON'

/—Switching Vla!ve 'OFF! f

S
‘\\—— Actuator Displacement
|

-+ —

o E——— 1._+__+__h_1

4
+ -t -+

Time,

167

sec

S in. B-p € 1 Hz
tching Pt zero Deg
td Tem +202 deg F
td: —H -8328¢

De
FQ



NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

e

.Pump Speed: 5902 rpm
.Rctuator Motion:
in, p=p € | Hz

psi

System Pressure,

N N
S AL A

L/ N4
,/—Switching Valve 'ON' \ Actuator Displacement
Switching Valve 'OFF'
am 9 i f

& " N - 4
e ¥ ? + + -+

Time, sec

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

I - L . : 34080

7 Afvw =X 2.Rctuator Hotiog:lr:m
: Q .90 De

+200 deg F

) - H-83282

[ V]

.

3

(7]

(%]

Q

[

o \ A~

€

[}

ey

[ 2] .

> AN A\

0 N/ N ~/

Switching Valve ‘ON' Actuator Displacement
Switching Valve 'OFF'
- . i
+ = et + JJF —t + r

Time, sec
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NADC-88066-60

PRESSURE LEVEL SWITCHING

———— Vickers Pump S/N MX-346581
E-Sys. Valve: 0.882 in. ovirlap

- 1.Pump Speed: 5980 rpm
v P\“‘ 4 eon coabe— 2, RgtSutgr Motion: P
0.250 {n. p-p @ | Hz
Q 3.Switching Bt zero Deg
4.Fluid Tem +209 dag F
- S.Fluid: MIL-H-83282
(1]
<
)
7]
[ 2]
o
<
o
£ \ G
(V]
)
2]
>\ N A
n \
1 ya Switching Valve "OH' Actuator D'isphcement
1 ‘ ya Switching Vallve OFF l
g ]
Time, sec
Vickers Pump S/N MX-346581
E-Sys. Valve: B.882 in. overlap l
- ' 1.Pump Speed: 3488 r
7] I\VAW 2 Rethator Motion:
0.250 in. B—p € | Hz
Q 3.Switch1ng t.: zero Deg
¢.Fluid Tom +200 deg F
- “Fluid: MIL-H-83282
[}
<
3
©
14
o
<
a \I\l\
e \ \ \ \
o
-
[ 2]
U? T St S TN s
/— Switching Valve ‘ON' Actuator Displacement
s — Switching \Elve 'OFF* r
-+~ -+ + + + +——t —

Time, sec
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oy

psi

System Pressure,

psi

System Pressure,

NADC-88066-60

PRESSURE LEVEL SWITCHING

E-Sys.

Valve: 9.

82

Vickers Pump S/N MX-34B6581

in. overlap ‘

1.Pump Speed:
2.Rctuator Motion:

0.25@ in. g- e 1 Hz
3.5wit hing t e
4.Flui
S.Flui M1

A

A
VRN

Switching valve 'ON'
/_ q
— Sw'itching Va;ve 'OFF' [

\\¥—— Actuator Oisplacement

Time,

- ——t 2

-¥

sec

Valve: B.0882

AJ\I\ A Lot e,

.Pump Speed:

in

uuw N--
mo
E
f.

0
¥
J

Vickers Pump S/N MX-346581
E-Sys. 1 in. overlap

3408 rpm

Rctuntor Motion:

\la
I8 \/\

S Switching valve 'ON’

Actuator Displacement

o

Ve Switching *j;ve OFF Ajff l

4 4
+ v

4
— ——

Time

FJ

170
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psi

System Pressure,

psi

System Pressure,

PRESSURE

! - FC—1 Pump:
FC-2 Pump:

NADC-88066-60
LEVEL SWITC

S/N MX-34

S/N MX-34658
4658

HING

1
%)

1A

8 T TSI RS Y

FC-2 System Pnssurex

41 .Pump SB 5900 rpm
[2.Act * porltlon

I 2% Load & Stroke
43.Fluild Temt +200 F
+4 Fluid: -H-83282

FC-1 System Pressure

AN, A AN .V

Actuator
J / Displacement
.. i

4

1/
1avay

'R TRV

/
VV YV VY

\— Switching Valve 'ON' \

VARVARVERVARY

-f——————— A ————+
Time, sec
108 r FC—1 Pum SN MX-3465581
FC-2 Pump S/N MX-346580

/— FC-2 System Pressure

/440 S S ay) A0 o VY

. Pump SB 5900 rpm
.Act” perutlon

e Loud & Stroke
.Fluid Tem

F
3 F1oig. AT L8905

N
/—\ FC-1 System Pressure
\

/— Actuator Displacement

L Switching valve ‘ON’ ‘

RV

by —— 4—
+—t—t

+— T
Time, sec
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ik}

psi

System Precssure,

psi

System Pressure,

)

~N

NADC-88066-60

PRESSURE LEVEL SWITCHING

- FC-1

Pump:
FC—-2 Pump:

S/N MX-3

S/N MX-346581
46580

6

FC-2 System Pressure-&

b
ol Ne—

. Pump SB sspe rpm
fAct’r eration:
18% Loud & Stro«e
F +200

m
cco

FC-1 System Pressure

\— Actuator Displacement

/\

Ao,
2 A

VAR

Y Switching Valve ‘'OFF'

k Switching Valve ‘ON'\

-

PPN RS
T

Time, sec

FC-1
{ FC-2

\/— FC-2 System Pressure

\

Pump S/N MX-346581
Pump: S/N MX-346580
(VORI
\

FC-1 System Pressure

y)

.Pump Sp.: 5980 rpm
.Act” Bperat\on
19% Lo d & Stroke
JFluid Tem +2B88 F
JFluid: H 83282

ARAVARAN

\

ARV

\— Switching Valve 'OFF'

L Switching Valve 'ON'

i

—

Time, sec
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psi

System Pressure,

psi

System Pressure,

NADC-88066-60

PRESSURE LEVEL SWITCHING

FC-2 System Pressure\

1 Pump S/N MX-346581 —
Pump S/N MAK~-346580
N e "rv-w S G en

/— FC-1 System Pressure

AA‘AvA e A

r Actuator Displacement

A A A adm 4 SV

v\

T /— Switching Valve 'OFF'
4 l

i i L -’
¥

L Switching Valve 'ONj

ﬁv*ll'—vi

+ + 7 + + —
Time, sec

—rC 1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-345580
\
\ FC-2 System Pressure
Y/r—

1.Pump Ss.: 58028 rpm \
2.8ct’r Operation:
g?sil_o ad & Stroker \r— FC-1 System Pressure Actuator Displacement
2 Fluid. TRIP:L285%5 | I\
AAMA A rcamnn An

L' Adid -~ — e o W, Sl

1

NV

Y\

v Switching Valve 'OFF'
)

L Switching Valve ‘ON—"

/

v/

—2

Time, sec
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psi

Pressure,

psi

Pressure,

PUMP PRESSURE RIPPLE,

NADC-88066-60

FC-1

Vickers M/N PV3-24

N - T T

SYS.

7-4
S/N MX-346581

“\;‘Wﬂ\;""\/\v"”\/”\fv

Pressure; B000 psi
eed: Sgég rpm

ng Mode: at rs @ null
? ssure

M

%1 msé +5§8 deg F

1 + 1 4 #t
4 .6 .

Input Shaft Rotations

Vickers Ms/N PV3—-DP47-4
S/N MX-346581

WmﬂNAA

é. gysteg Pressure 4000 psi

3. ;?gatgee Mode: tprs € nutl

g E"IS Flgta Teme: +380%eg F

2: Tu¥d: Y L-H —5359 8 J
¥ i 73 * f# M

Input Shaft Rotations
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psi

Pressure,

psi

Pressure,

NADC-88066-60

PUMP PRESSURE RIPPLE,

M/N PV3-
S/N MX-3

Vickers

FC-2 SYS.

Ba7-4
46580 |

nﬁA&n AA AAAAAAQN A%N&\%N
V\}VV vv V V \/ |
! ]
. System Pressur 8000 psi
é: 8::?;%?:;dﬂodegé tprs € nulﬂ .
4. Inlet Pressure S%

) &nlgt Flui +200 deg F
B: FTuSE: HY%hl 535 82 ‘J
—————————————.

Input Shaft

400. 6

Vickers M/N PV3

~B47-4
S/N MX-346580

Rotations

175

System Pressurg 4888 psi
é. Pump Speed:

. Operating Mode: ct rs € nul
3 ?:{°§ ??gfﬁu? 0, 885%eg F
2: FRSS. el 9y SSSQ s

+ & * i

4

Input Shaft Rotations




NADC-88066-60

SPECTRUM ANRLYSIS, FC-1 SYSTEM

Vickers Pump M/N PV3-847-4
S/N MX-346581

. [ #n\__ /
[~ [ ]
AN / JHL 7
N ] N 7
/J\ 7 N j
.. 2oe [JA‘ / e Al
;e 7= P P
; 1e L /JL / VAN
s se N A [~
o —7 ]
a %) r g 4 - f g R
500 leao 15ea
Frequency, Hz
1. System Pressure: 4080 psi
2. Pressure Transducer Location:
1. in, from pumB
3. Inlet Fluid Temg: +2B@ deg F
} 4. Fluid: MIL~-H-B3282
2 108 Vickers Pump M/N PV3-047-4 ———
1 1 S/N MX-346581 |
. t re: 4
| - b BYaseE Cigrsusese 1000 Pe
{ o 1 . Pre?suge. ra?sducer Location: !
[ e 7 4. gnleizFl‘?d Tempi 4200 deg F ‘
! o 5. Flufa: mILZH-B3882 |
{ > 1 l
3 v 4
: :
Qo
o :
L A
>
0 1
[ V]
<
a 1
2 408 3 8000

Frequency, Hz
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NADC-88066-60

SPECTRUM ANALYSIS,

FC--1

Vickers Pump M/N PV3-B47-4

S/N MX-346581

SYSTEM

~eee

Pressure, ps!

psi (RMS peak)

Pressure,

N[ .
I~ ~ [
158 [ N N Tcgsaeo
AN |/ AN / z>\_ ]— 3
108 / Z, [_ §
— N N 4 5100
50 oA 7L [
) A A S S e
590 1880 1508 2888
frequency, Hz
1. System Pressure: 40020 psi
2. Pressure Transducer Location:
1.25 tn. from pums
3. Inlet Fluid Temp: +280 deg
4. Fluid: MIL-H-83¢282

& ——— Vickers Pumb M/N PV3-B47-¢ ————
S/N MN-346581

-~

|
5¢|
|
j

177 .

. System Pressure; 4080 psi
é. PZmp Speed? uSﬁGB rem e 1
. Pressure Transducer Location:
1.25 in. from pums
4. Inlet Fluid Temp: +2008 deg F
5. Flufd: MILZH-83382
2 480d 3 8
Frequency, Hz



i & AANEEL  aama WP T T

Pressure,

psi (RMS peak)

Pressure,

/ N
- 200 [N\ %
/

NADC-88066-60

SPECTRUM ANALYSIS, FC-1

Vickers Pumo M/N PV3-847-¢
S/N MX-346581

SYSTEM

T
7
\\—

/
|
/

|

spe 12032 1590

Frequency, Hz

1. System Pressure: 80808 psi
2. Pressure Transducer location:
.23 in. from pum
3. Inlet Fluid Temp: +256 deg F
4. Fluid: MIL-H-83282
i————— Vickers Pump M/N PY3-B47-4
S/N MX-346581
. System Pressure 8008 psi
l é. szp Speed: 4 0 rpm ps ;
{ 3. Pressure Transducer lopcation ;
1.25 in. from pum
e 4. Inlet Fluid Tems: +2Bo deg F
. S. Fluid: MIL-H-83282
4
1
sa-

z 4 (3] L

Frequency, Hz
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ps!

Pressure,

psi (RMS peak)

Pressure,

SPECTRUM

ANALYSIS,

NADC-88066-60

FC—1

Vickers Pump M/N PV3-847-4

S/N MX-346581

/\ / !

SYSTEM

)

/
N ] /

1

, S5086
T
2092 J 4
I [ &
158 ! / ] ¥ 5380
L‘ﬁ" 1 I g
120 |- jl \» 5
RSN J J J/ i
8 o ———f———— !i 43080
4] SBZ 18@8 1580 2088
Frequency, Hz
1. System Pressure: 8008 psi
2. Pressure Transducer Location:
S in. from
3. Inlet Fluid Tem SB deg F
4. Fluid: MIL-H-B3 2
108 Vickers Pump M/N PV3I-047-4 —————
[ S/N MX-346581 |
4
. Syst P : BB i
4 é. Pﬁipegpeééfsugﬁz rpgB ps?
. Pressuge ransducer location: !
? 4. In1et®P1uTa o0 PYZBG deg F ‘
RS VAT ML - 9 |
|
1 i
54 4
2 {
U‘
\V'
488 3

Fregquency, Hz
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Prassuf‘a » ps‘

psi (RMS peak)

Pressure,

NADC-88066-60

SPECTRUM ANALYSIS, FC-2 SYSTEM

Vickers Pump M/N PV3-047-4
S/N MX-346580

i J\ Ll J.L ' A 442P
=
N\ ' 4200
NN N g
b 4 - 40ee
//\ AN : g
200 A\ JAN A 4 3800
1s@ AN A\ ~ / 2
128 N AN A 2 3802
sa L. J/L IVN TJ
/ /
° "sdo 1@0e ‘1s@e Zo00 ¢%°
Frequency, Hz
1. System Pressure: 4000 ps
2. Pressure Transducer Location:
1.25 in, from p
3. Inlet Fluid Tcms +508 deg F
4, Fluid: MIL-H-8 2
X Vickers Pump M/N PV3-D47-4 —————
P /N Mx2346580 l
. ste ssu 4000 pst
g: §§2§. a fgmc:r Pocation:
£ L0 FAlT, Siain 8o seo £
1
{
1
L il

Frequency, Hz
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Poiuttng: o~

psi (RMS peak)

Pressure,

Pressure, PS!

NADC-~88066-60

SPECTRUM ANRLYSIS, FC-2 SYSTEM

Vickers Pump M/N PV3-247-4
S/N MX-346580

/ ; AN , N
I — r
[ / AL f .
N T A ¢
! J\__ ) R S
200 — I Aj\L 7 ]7/\, [—g
158 -~ ‘ N N | &5
N TN [ e
109 L A }L Ta,m
R A\ /[g |
0 }—v———r — T 43800
o 500 1eep {see 2000
Frequency, Hz
1. System Prgssure: 4080 p
2. Pressure Transduc.r Locut!an:
1.25 _tn. from p s
3. Inlet Fluid Tomg +200 deg F
4. Fluid: MIL-H-83282
1% Vickers Pump M/N PV3-847-4 ———
S/N MX-346580
. Qyste Pressu 4000 psi
1 %: E::psggee rlngggc;GPLocation
1 T §e 200 e ¢
sat
—

Frequency, Hz
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NADC-88066-60

SPECTRUM ANARLYSIS,

Vickers Pump M/N PV3-047-4
S/N MX-346580

FC-2 SYSTEM

440208

4282

' pm

4000

ad

v

v

v

Q

' 3ge0
Q

€
3

a2 3600

u
[o R

Prgssufen ps‘

)
n
o,
]

Frequency, Mz

em Pressure: 8002 p

s Tr.nsuAcar Locn‘!on
in. from p

t F1 uld Tcmg +200 deg F
d: MIL-H-83282

B N
.. .

1 —— Vickers Pump M/N PV3-847-4
S/MN MX-346588

ste

re 8

Pressusge BGBB ps1

rom
nlet

luid | L-H 3356

(RMS peak)

§ ransducer Locat»on:
| PY28e deg F ———

3400
20002

ps

Pressure,

Hz

Freguency,
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psi (RMS peak)

Pressure,

pre,sura ’ P"

[ )
w O
[~

NADC-88066-60

SPECTRUM AMALYSIS, FC-2 SYSTEM
Vickers Pump M/N PV3-D47-4
S/N MX-346580

111»—-————-—-

- -+ — ey 439008
500 1000 Isee 2200
Frequency, Hz
. System Pressure: 0800 psi

. Pressure Transducer Location:
1.25 tn, from pump
: +200 deg F

D Fluid: MIL-H-830282

L N
—
3
[ ]
-
-
c
Q
-~
L]
E

Vickers Pump M/N PV3-B47-4
S/N MX-3465809

é Eu;;eg :;essugge 8009 psi

ress 5 runsducerpLocltnon {
. rom
Tet Pyl PY2Be deg F —
?u?d M1 2n 80842 e9
!
e ‘
{ .
4
‘ T

Frequency, Hz
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BTU. min

Heat Re jection,

BTU/min

Heat Re jection,

NADC-88066-60

PUMP ENERGY CONSUMPTION

Vickers Pump: S/N MX-34658!

E-Systems Valve: zero lap

MWM

408

300
]
208
3
1. Supply P : 8080
1 2. R:QerVLo:gt'u;:na pe!
3. Piston Motion:
2.100 in. p~p.@ B.4 Hz
4. Fluid: MIL-n-a92B2
S. Fluid Temp.: +280 Deg F
. . -~ . ad
e’ 18’
Frequency, riz
t————— Vickers Pump: S/N MX-34658!
E-Systems Valve: zero lap |
| | | |
see— : - —— ' |
]
| | !
l
i l
4P — t *
! i
|
{
308
o oo e L
!
1. Supply Pressure: 4020 psi l
|aﬁ_‘__«_..______m e. H:geryLO|d: u;one P —
3. Piston Motion:
8.180 in. p-p_@ B.4 Hz i
4. Flurgi _miL-n-g92B2
S. Fluid Temp.: +200 Deg F b
d . . . N S
10’ 1

Frequency, Hz
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BTU/min

Heat Re jection,

BTU/m1in

Heat Re jection,

NADC-88066-60

ACTURTOR ENERGY COMSUMPTION

ZBBF————————-

Vickers Pump:
E~Systems Valve:

S/N MX-346581
zero lap

{
;
158 t = -
)
t !
j |
188 — |
‘ |
s —- — —_— e { ;
1. Supply P : 8eea
f 2. R:QeryLozgf'u;:ne et
3. Piston Motion:
©.180 in. p-p @ B.4 Hz
4. Fluta: mit-n-gS2B2
S. Fluid Temp.: +208 Deg F j
éf . . . — ‘
19 10
Frequency, Hz
——— Vickers Pump: S/N MX-34658] ——m———
E-Systems Valve: zero lap ’
f .
1. Supply P : 4200 !
2. H:geryLo:gtsu;:ne p=t
3. Ptston Motion:
5 .108 1in. °§° 2.4 Hz
| 4. Fluid: miL-n-e9282
S. Fluid Temp.: +200 Deg F
r
!
100 j { ’
4 1 l
L~ ] I
. 4 i e
l i

Fregquency,

Hz
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BTU/min

SN0 S U SN H

Heat Re jection,

BTU/min

Heat Re jection,

NADC-88066-60

SYSTEM ENERGY CONSUMPTION

f

E-Systems Valve: zero

Vickers Pump: S/N MX—346F81
ap

|
|

| |
*/}

* ; !

i i

| \ X :
400— = e

! . i

r J ! .

| i | e |

' | | | |
B — - — :

. 1. Supply Pressure: 8088 ps! '

: 2. Rettr Loed: Unono P S

3. Piston Hotlo

b @.129 in, 5'5 @ 8.4 Hz

! 4. Flurgi miL-n-eB2B2

' S. Fluid Temp.: +2008 Deg F i

e . . . N 44

-
-]
-

Frequency, Hz

uq~——————V1ckers Pump: S/N MX-346581

E-Systems Valve: zero lap i
l
. [
L i
* [}
668 | !
. ! !
: 1
" : 1
¢
480 ;
t —
l' /
 —
L 1. S ly Pres 40002 i
i 2. Act®r’Load: . none pe
l 3. Piston Motion
9.100 in. p-p €@ 8.4 Hz
l 4. Frus3; '8 In: eoE,
[ S. Fluid Temp.: +280 Deg ¥
oy . . . . J

Frequency, Hz
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BTU/min

Heat Re jection,

BTU/min

Heat PRe jection,

NADC-88066-60

PUMP ENERGY CONSUMPTION

Vickers Pump: S/N 346581
E~-Sys. Valve: 8.882 in. overlap

j//\\

.

Sugp)y Pressura: 8000 psi
Act”

r"Load: none
Piston Motion:

8.198 tn. p-p @ 8.4 Hz
Fluid: MIL-i-e92B2
Fluid Temp.: +2080 Deg F

-—

Nes W

P " A . 4

18
Frequency, Hz

Vickers Pump: S~-/N 346581
E-Sys. Valve: 8.882 in. overlap
! |

4

1 T
. Supply Pressure: 4000 pzi
cheryLondz none P
. Piston Motion:
@ 8.4 Hz

8 189 tn.
. Fluidi MIL-it-g3282 L

Ve WNe-

Fluid Temp.: +208 Deg F

18
Frequercy, Hz
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BTU/min

Heat Re jection,

BTU/min

Heat Rejection,

NADC-88066-60

ACTUARTOR ENERGY CONSUMPTION

208 Vickers Pum S/N 346581 E——
E~-Sys. Valve: D.882 in. overlap
!
158
‘ﬁ: P#/rr//ﬂjf//
| P’/Jzﬂr"ﬂ
a8 L el sigreer, S0 en |
3. Piston Moﬂo X
8.180 ® 2.4 Hz
4. Fluidi miLl H 95252 (
S. Fluid Temp.: +200 Deg F
o T
Frequency, Hz
2 Vickers Pump: S/N MX-34658] —
E-Sys. Valve: 0.8@2 in. overlap
| §: ferely Sareere:, 400 e
154~ 3. Putgnlgotl @ 0.4 Hz L
4. Fluid: nIL-H—agsgz } |
S. Flutd Temp ! !
|
108 - ‘ ’
- et '
. . e
by 4,

Frequency, Hz
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NADC-88066-60

SYSTEM ENERGY CONSUMPTION

Vickers Pump: S/N 346581
E-Sys. Valve: 8.002 in. overlap

BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

14/’~““\

V,/,,,/"'

—_—

f

!
L

ply Pressure: oéea pst
‘r Load: none

A e,

P - ——————————— 4

Vickers Pump: S/N MX-34658]
E-Sys. Valve: 0.802 in. overlap

s W
.o PR

frequency, Hz

upply Pressure: 4883 ps:
ct’r Loand: none

iston Motion:

1

1

L 3

23.188 in. e 8.4 H2
uid: MIL-n-a5282
J

S
A
P
F
Fluid Temp.: +280 Deg F

R

A A

-
L]

Frequency, Hz
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BTU/min

Heat Re jection,

NADC-88066-60

PUMP ENERGY CONSUMPTION

fuo————— Vickers Pump: S/N MX-346581
E-Systems Valve: 2zero lap

[
[
b
SeB—
H

‘aif“-‘—"—”"v‘——~”““”“'*”r’vaﬁf——ﬁd’~‘-
;

300
|

: . Supply Pressure: 0000 ps!
108- é. cheryLond: 5888 1b t.n:?on

b 3. Piston Motion:

. @.108 in 5-5 e 0.4 Hz

4, Fluid: MIL-H-83282

. S. Fluid Temp +200 Deg F

’ e - e A

'

Frequency, Hz

L Vickers Pump: S/N MX-346581

BTU/min

Heat Rejection,

E~-Systems Valve: zero lap

|

. Supply Pressure: 40880 psi
. cherYLoud: S8o0 b t.nglon

3

Nh W~
A
-
]
[ d
0
3
"
Q

P P

Frequency, Hz
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BTU/myn

Heat Re jection,

BTU/m1n

Heat Re jection,

NADC-88066-60

RCTUATOR ENERGY CONSUMPTION

2 Vickers Pump: S/N MX~346581 -

E-Systems Valve: zero lap

1 N
| WﬂfﬂJ

£
1;.\

i -

1. Supply Pressure:
2. Bct’r Loud: 5808
3 Pistan Motion:
4. Flutid:

S. Fluid

A

8002 pst
b tension

.188 in. p-p_© B.4 Hz
: miL-i-e82B2
Temp.: +2088 Deg F

P

A

P

Frequency, Hz

2 Vickers Pump: S/N MX-346581
E-Systems Valve: zero lap

. Supply Pressure: 400Q psi
. Act r Load: S008 1b tension
. Piston Motion:

!

:
|
i

10

!

Na WA

9188 (n p-p € B.4 Hz
Fluid: miL-n-eB82B2
Fluid Temp.: +288 Deg F

. Mﬂ*

-y "

Frequency, Hz
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SYSTEM ENERGY CONSUMPTION

NADC-88066-60

g— Vickers Pump: S.’N MX-34658]

i E-Systems Valve: zero lap

C 1 3
= ‘
35 sod- /N/ﬂ 1
m L__._’___"_’_’_,_’q !
- ;
s | |
- 4* |
e | :
8}
0 4
)
)
14
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1. Supply Pressure: 8000 psi
g 2. HcgeryLo:dz gaaa ib tengion
3. Piston Motion:
I 8.188 in. p-p @ 0.4 Hz
4. Fruig:_ niL-n-ed2B2
S. Fluid Teamp.: +288 Deg F
e 10
Frequency, Hz
g———— \Vickers Pump: S/N MX-34658! -
r E-Systems Valve: zero lap
< |
\E 1. Supply Pressure: 4000 pst J
t0———— 2. Rct’r’Load: 5800 )b tension |
3 3. Piston Motion: \
- 0.190 in. g—s 6 8.4 H2 i
m 4. Flutd: MIL~-H-83282 !
S. Flutd Temp.: +2BP Deg F !
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Frequency, Hz
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ey

BTU/min Heat Re jection, BTU/min
e ﬁ] —
nasr W

Heat Re jection,

NADC-88066-60

PUMP ENERGY CONSUMPTION

ee————— Vickers Pump: S/Iv MX-346581

£E-Sys. Valve: 0.€32 in. overla

-

1 N/ﬁJﬂ“”/ﬁ*ﬁ\

U S——

.

. Supp! Pressure 6088 psi
. chpryL ad: 89 b tenglon
. Piston Hotio

. 108 g E
. Fluid: MIL-H—B 282
. Fluid Temp.: +200 Deg F

e 0.4 Hz

—t A

Frequency, Hz

se—————— Vickers Pump: S-/N 346581

Frequency, Hz
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E-Sys. Valve: 0.882 in. overlap |
| !
50— ?
- 1. gply Pr.ssuro 40089 ps
2. r'Load: BBB 16 t.n:!cn !
3. Piston Motlo .
- a.1e9 g B e 8.4 Hz |
. 4. Fluid: HIL-H-B 2B2 B
48— 5. Fluid Temp.: +20@ Deg F
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BTU/min

Heat Re jection,

BTU/min

Heat Re jection,

NADC-88066-60

ACTUATOR ENERGY CONSUMPTION

Vickers Pump: S/N MX-346581
E-Sys. Valve: P.882 in. overlap

upply Pressur ps!
r Lond: 59 lb tenslon

,8.188 in € 8.4 H |
- 68382 * E
ui d Temp.: +2080 Deg F

J
1ﬁ* AM/
vﬁﬁ}
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] sl

=, e, " o e

Frequency, Hz

W——-—— Vickers Pump: SN MX-346581
E-Sys. Valve: 8.802 in. overlap

y Pressure: 4280 ps
Load: 5880 b tenston

1. Suppl
2. Ret’r
2 3. Piston Hot!o
15 8.190 —B @ 9.4 Hz
} 4. Fluidi MIL—H-GS
S. Fluid Temp.: +208 Deg F
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Frequency, Hz
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NADC-88066-60

k SYSTEM ENERGY CONSUMPTION
8 Vickers Pump: S/N MX-346581
; E-Sys. Valve: 8.882 in. overlap
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: b Beeel foeteugs (8RRt
3. Piston Motion:
I 0 D.188 in. p-p @ 0.4 Hz
4. Fiutd: miL-n-e8zB2
S. Fluid Temp.: +200 Deg F
i * ~ - ' BRTE

rrequency, Hz

gg————— Vaickers Pump: S/N MX-346581

E-Sys. Valve: B8.082 in. overlap }
| c
’ €
1. Supply Pressure: <4000 psi
{ N\ 5 2. HcgeryLoagz gBBB Ib ten:ion
2 —— 3. Piston Motion:
) — . 2.102 in. g-s @ 8.4 Hz
m 4. Fluid: MIL-H-8328B2
5. Fluid Temp.: +288 Deg F
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