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ABSTRACT

This report describes development of methodology
and instrumentation for rdetection and identification of
incipient malfunctions in hydraulic components of anten-
na drives. Means for acquisition, processing, and inter-
pretation of diagnostic data are presented in order to
transfer competence for condition monitoring from the
General Electric Company to the Goddard Space Flight
Center.

This work has been based on the use of nonintrusive
vibration measurements as the means for extracting
diagnostic data. Analytical studies have predicted the
character of normal vibration signatures and the changes
to be expected as th; result of various defects. The
predictions were tested and confirmed in laboratory and
field tests, in which it was shown that many defects can
be detected without system disassembly before perform-
ance has been degraded, thereby securing the advantages
of planned maintenance and eliminating unexpected fail-
ures.

The data reduction techniques developed by General
Electric have been duplicated at Goddard, using equip-
ment now owned by the National Aeronautics and Space
Administration. As a result, exploitation of the techno-
logy developed can begin immediately. It is recommended
that a program be instituted for acquiring raw data from
the field on magnetic tape, and that data be analyzed at
Goddard on a regular basis. The analysis and interpre-
tation of data would be aided and speeded by integrating
tne present instrumentation with a digital computer,
This should be done, and an evaluation made of benefits
which would be derived from a concept whereby auto-
mated diagnoses would be accomplished locally at each
antenna site.
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Section 1

INTRODUCTION

SCOPE AND PURPOSE OF THE REPORT

The work described in this report has two goals. The first is develop-
ment of all the background necessary to permit diagnoses of the condition
of hydraulic components of a satellite tracking antenna, on the basis of
nonintrusive vibration measurments, This includes development and testing
of theory through carefully planned tests and data analysis, This phase of
the project establishes the validity of the approach and demonstrates that
malfunctions can be detected at an early stage of development without dis-
assembly of the hydraulic system or its components,

The second goal of the work is to describe how such a diagnostic system
can be implemented by Goddard Space Flight Center, Detailed information
is included on data acquisition, with instructions for use of Goddard's data
analysis instrumentation, and recommendations are made for criteria to be
applied to the analyses for recognition of defects. This provides Goddard's
present capability of performing diagnoses in-house. Means are described
whereby the capability could be expanded by the use of a computer to per-
form many of the functions now carried out by a skilled technical person.

PROJECT BACKGROUND

Because of the critical appiication of satellite tracking antennas,
particularly those used in manned flight monitoring, very high reliability is
required tc ensure proper operation during critical periods. In this study
diagnostic techniques have been developed to contribute to more effective
maintenance as a means of achieving that goal. All measurements are
- made external to the hydraulic system, without penetrations which could
themselves decrease reliability. By recognition of incipient defects . with-
out teardown inspections, ,mmaintenance can be directed only to the items
needing repair, and the work can be planned in such a way as to minimize
down-time, repair costs, and unplanned outages.

HYDRAULIC SYSTEM, USB ANTENNA

The hydraulic systems of the Unified S-band (USB) antenna are des-
cribed in detail in its technical manual (Ref. 1). A briefer summary may
be found in Proposal No. RFP 525-25164-333 of February 1, 1967, which
led to the present contract. That part of the Request for Proposal dealing
with the characteristics of the hydraulic system is included as Appendix I
of this report.



HYDRAULIC COMPONENTS STUDIED

In choosing those hydraulic components of the USB antenna which would
be selected for intensive study, Goddard Space Flight Center applied the
following criteria:

1, Fach component should be important to proper system operation.

2. Dach should differ considerably from the others in function and
construction.

3. Each should be typical of a large and important class of hydraulic
components.

Application of these criteria not only ensured an immediate usefulness of
the results in monitoring the USB antenna drive, but made it possible to
extend them to similar devices in other systems. The components chosen
were as follows:

1. Hydraulic servo pump, part No. PV07 X5-020-51N-Y2-OYW,
Denison Engineering Division, American Brake Shoe Company.

2. Dual-vane pump, part No. V2235-5-2-1AA20-8214-MOD, Vickers,
Incorporated

3. Solenoid valve, part No. DID04-33-103-OW-QU-1008, Denison
Engineering Division, American Brake Shoe Company.

4. Servo control valve, part No. 410-1158, Aerospace Divisinn,
American Brake Shoe Company.

5. Pressure relief valve, part No. CG-03-C-10-S85-MOD, Vickers,
Incorporated

The relationship of each of these components to the total system is
described in both the system manual referenced earlier and in Appendix I
to this report. Briefly, their use is as follows:

The dual-vane pump has two sections fed by a common inlet. The first
supplies replenishing oil at five gallons per minute (gpm) and 60 pounds per
square inch(psi), while the second delivers flow at 2 gallons per minute. The
pressure of this discharge is regulated at 800 pounds per square inch by
the pressure reliefl valve described. This oil is delivered to the servo
control valve, which responds to electrical signals in such a way as to con-
trol the volume and direction of the output of the hydraulic servo pump.

When the antenna is stowed this output is vented through the above referenced
solenoid valve; before moving the antenna the solenoid must be actuated so
as to close off this bypass and direct the pump output to the hydraulic motors.



Section 2

ANALYTICAL INVESTIGATIONS

PREDICTED MODES OF FAILURE

in order to predict the effect of a malfunction on the vibration signature
of a device it is necessary to understand its dynamics and to know the ways
in which it is likely to fail. Well~designed hydraulic components of the
types studied are inherently long-lived and relatively trouble-free if the
usual precautions of maintaining clean hydraulic fluid are followed. The
USB antenna uses quality components in a conservative way, and failures of
these installations are rare. As a consequence, there is no statistically
valid information which can be used to assess the probability of any particu-
lar failure. The analyses of probable modes of railure must therefore be
based mainly on engineering judgment. Several sources were consulted.
These include operational personnel within Goddard Space Flight Center,
Collins Radio Company engineers (who designed the system), the component
manufacturers, engineers of the General Electric Hydraulic Transmission
Project, and engineers of the Fluid Controls Unit of the General Electric
Research and Development Center.

Servo Pump Failure Modes

The Denison servo pump design parameters have been de-rated in the
application under study so that the pump's life is expected to be 25,000 hours.
Some specific problems have been encountered in practice:

1. Aninstancehas occurred when the coupling between the servo pump
and the a-c¢ motor loosened. The pump failed to move fluid and the
antenna could not be moved.

2. On one occasion a piston apparently seized in a cylinder of a hy-
draulic motor. Although this is not one of the components under
study, it is similar in design principles to the servo pump, and is
listed here as a possible servo pump failure mode. This condition
was followed by a complete break of the piston rod.

The following failure modes, although not known to have actually hap-
pened on USB antenna systems, are held to be probable failure mechanisms
for the servo pump:

1, Port erosion -- this condition wili. change the pressure pulse ex-
perienced within each c¢cylinder,

2. An increase in clearance between ‘e pistons and cylinder walls
due to gradual wear, Internal leakage and loss in pressure and
flow result.



Galling at the slipper-creep plate surface. This can occur from
lubricant failure during cold starts and the high unit stresses which
exist on these surfaces.

Fatigue failure at the surfaces between the piston balls and the ball
sockets. These are areas of high unit stresses.

Worn and leaking shaft seals.
Worn ball and roller bearings.

Wear and gradual removal of material from the edges of the cyl-
inder block due to large moments existing on the piston in the fully
displaced position at high load conditions.

Scoring or galling of the surface between the port plate and the
cylinder block.

Cavitation in the suction passages of the pump resulting in cavi-
tation erosion in the port plate passages.

Vane Pump Failure Modes

Moest generally, a vane pump does not fail catastrophically, but just
wears out. The result of wear is an increase in clearances between the
moving parts and a decrease in pump performance. Possible failure mech-
anisms are as follows:

1.

6.

Vane collapse -- a vane does not move out to the ring surface and
therefore does not make its contribution to the total flow and pres-
sure. This is considered a rare occurrence.

Bearing failure.

Cavitation -- since little or no supercharge pressure exists at the
pump inlet, cavitation can take place more readily in the vane pump
than in the servo pump.

Worn or scored vanes.

Scoring of the ring by the vanes, caused by constant rubbing,
blocked oil passages at the base of the vanes, and material inhomo-

geneities.

Vane block splitting, caused by excessive moments on the vanes.

Servo Control Valve Failure Modes

Servo control valves can malfunction in the following ways:

1.

Sluggish operation due to a sticking spool. Most often, this occurs
because of a deposit of silt in the 25 X 107 inch clearance space
between the spool and the cylinder. If the silt is abrasive, the
spool or block may be scored as well, aggravating the tendency to
stick.



2. Excessive Leakage.

3. Null shift due to physical unbalance. This can be caused by an
increase in the leakage rate on one side of the spool versus the
other side,

Solenoid Valve Failure Modes

The most common faults associated with this device are;
1. Internal leakage caused by scoring.

2. Increased friction due to contaminants in the oil.

Relief Valve Failure Modes

This is generally a trouble-free component if held to its design param-
eters. Malfunctions possible to this item are:

1. Internal leakage due to damaged seats,
2. Failure to hold pressure due to relaxed or broken spring.

3. Fluctuating pressure or chatter due to damaged piston or valves.

SIGNATURE PREDICTIONS

In this phase of the program techniques were developed for predicting
the character of vibrations expected to be generated by each of the five
hydraulic components studied, This was done in such a way as to make
evident the changes to be expected due to the presence of selected critical
malfunctions. The emphasis was more on understanding of the phenomenon
than on mathematical rigor. Such understanding was essential to permit
design of experimental procedures which could be used to detect defects
and malfunctions from analyses of the outputs of vibration sensors.

The analytical problem was approached by mathematically modeling
each component on a digital computer. The response of the component to
a particular stimulus was calculated as will be described. The conversa-
tional language in which the programs are written is BASIC (Refs. 2, 3),
and they were run on the General Electric 265 time-sharing computer.
All computer programs described in this report are included in Appendix II,

Servo Pump

The servo pump is a piston-type pump having seven cylinders in an
axial arrangement. Shaft power is applied to cause the piston and cylinder
assembly to rotate as sketched in Figure 1. The angle B between the
rotating and static elements of the pump. may be varied to adjust the rate
and direction of the flow. This angle is controlled by a servo valve via a
yoke and hydraulic actuators.



VALVE
PLATE CYUNDER  PISTON  RETAINER
/ CREEP PLATE

WEAR
N EAR PLATE

NN

&x\\\\\\ '

iy
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The discharge flow from each cylinder approximates a half-sine pulse,
A valving arrangement, including discharge ports in the barrel and suitable
slots in the port plate (Figure 2), manifolds the output of the several cylin-
ders to produce a resultant flow having relatively small ripple.

A computer program (GSFC23) has been written which models the opera-
tion of the piston pump by computing the flow and discharge pressure (using
an orifice for a load) by taking into account both the instantaneous displace-
ment and the leakage of each piston. The axial position of a piston in a
cylinder varies with rotation angle 6 in a manner which is approximately
sinusoidal. As can be seen in the sketch of Figure 3, a point on each piston
describes an ellipse as the barrel rotates, since this is the geometric
figure formed by the intersection of a plane and a cylinder. Letting the
radial distance from the shaft center-line to the cylinders be R, and the
position of a point on the piston be X:

R + X? = Y? (1)
From the known equation of an ellipse, the distance, Y, from the center

to a point on periphery at the angle 8§ can be expressed in terms of the lengths
of the major and minor axes, 2a and 2b,

o ap
¥ a® sir? § + b2.cos® g (2)

but b=R
R

Ccos

where gis the angle between the rotating and fixed axes, (Figure 1).



S

A
N

”

PORT PLATE

Figure 2, Servo Pump Valving

INTERSECTION OF
CYLINDER AND
PLANE AT ANGLE 8

CYLINDER

INTERSECTION
OF CYLINDER
AND PLANE

NORMAL TO AXiS

Figure 3. Intersections of Planes With a Cylinder



Substituting and solving for X,

< = R cos @sin B (3)
1 - cos® @sin® g

The rate of change of piston position with angle of rotation 8 can be found
by differentiating:
j—); = -R sin 8 sin g(1-cos? 0 sin® g)""’/’ (4)
By means of Equation 4 it is possible to calcriate the velocity of each
piston as a function of angle, and therefore the pump delivery which could
be expected neglecting leakage. The leakage in the annulus between each

piston and its cylinder can be calculated by the use of an expression from
a standard text (Ref. 4):

_3.132 x10°p B®
Q vL

+ 360 SB) nD (5)

where @ is leakage, cubic inches per minute
P is differential pressure, pounds per square inch
B is clearance between piston and cylinder, inches
v is kinematic viscosity, centistokes
L is path length, inches
S is piston velocity, feet per second
D is cylinder diameter, inches

{The minus sign is used when pumping, since thie piston motion
opposes the leakage flow)

If there is a difference in leakage from one cylinder to another this can be
accounted for by appropriately adjusting clearance. The instantaneous
velocity of each piston is found by the use of Equation 4 and the rotational
speed. In this way the instantaneous flow rate can be calculated as a func-
tion of rotational angle 6 The pressure developed across the orifice,
including both steady and ripple components, may then be found.

The computer program asks for the percentage of full stroke (as could
be read from the yoke position indicator on an actual pump) and a nominal
value of pressure. From the rated flow at full stroke (20 gpm) the flow rate
at this new stroke is computed, and the orifice area determined which gives
this nominal pressure; the length of the stroke in inches and the yoke angle
are determined. The shaft is rotated in small increments, during each of
which the deliverzd flow (displacement has leakage) is calculated. The
true pressure at the orifice is then computed; it is somewhat less than the



nominal value originally entered because of leakage, Figure 4 shows an
example of how the pressure fluctuation is predicted to vary during one
revolution of the pump at half-stroke. The jump in pressure at midrevolu-
tion shows the effect of a leaky cylinder. A Fourier analysis of the pres-
sure waveform thus generated determines the magnitude of its spectral
components.

1200 =

1190 —
PRESSURE,

PSi Hoo —

1050 —

1000 - 4

980 —

|w ONE SHAFT REVOLUTION —-l

Figure 4, Predicted Pressure Waveform of Serve Pump

As would be expected, the effect of leakage is greatest at higher differ-
ential pressures. Table 1 shows the effect of increased clearance in one
cylinder at half-stroke at 1300 psi and 450 psi. The nominal clearance is
0. 0010 inch; the clearance in the worn cylinder is 0. 0014 inch.

When there is no differential leakage the first component of any sive
in the ripple is the seventh harmonic of running speed. Alsc present are
multiples of seven per revolution, with similar amplituies. When there is
dissimilar leakage in one or more cylinders Jdue to wear or improper manu-
facture, the most striking effect is a large new component at the one-per-
revolution frequency, which for this pump is at 20 hertz. If the pump is
normal this component is absent, as described above.

The vibration sensed on the outside of the pump will not be the same as
the pressure pulsations described above, This difference is not quantita-
tively predictable. The pump structure and the piping must act as a high-
pass filter, for example, since the d-c flow componznt must be contained.
Also, the structure will have various resonances and antiresonances which
will enhance some spectral components while attenuating others, However,
the struciure cannot generate new spectral componerts, but can only respond
to forcing functions. Therefore, the presence or absence of certain spectrai
components in the vibration show whether or not these same components are
present in the pressure signal. Y

Various malfunctions of the servo pump (scoring, galling, ball-socket
fatigue) will result in scraping or impact-type noise occurring at a rate
which is synchronized with the shaft rotation., While such noises will cause




Table 1

PREDIC "ED SERVO PUMP PRESSURE SPECTRA
WITTL AND V. THOUT DIFFERENTIAL WEAR OF ONE CYLINDER

. dBre 1 psi
Harmonic I requency Normal Worn

Nominal Pressure = 1300 psi

1 20 -88 35
2 40 -98 8
3 60 -94 26
4 80 -96 0
5 100 -96 21
6 120 -96 -2
7 140 30 32
8 160 -101 -5
9 180 -98 16
10 200 -96 -8
11 220 -98 14
12 240 -95 -10
13 260- -100 13
14 280 27 27
Nominal Pressure = 450 pgi
’ 1 20 -917 17
2 40 104 -9
! 3 80 102 8.
4 80 -105 417
5 100 -105 3
6 120 -105 -21
7 140 12 14
8 160 -110 -24
9 180 -107 2
10 200 -104 -26
11 220 107 -4
12 240 -103 -28
13 =) -108 5
14 280 19 19
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an increase in the overall broad-band signal generated by the pump, ihey
may be expected to be more easily detected and classified by study of the
pump waveform than by spectrum analysis. Because such noises occur at
the same relative shaft angle in each revolution, they should be separable
from continuous processes, Summation analysis, as described in Section 5
of this report, would be useful for developing displays of such transients.

Cavitation in a pump results in a very large increase in broad-band
noise, particularly at high frequencies. It occurs whenever the instantaneous
pressure drops below the vapor pressure of the hydraulic fluid, The level
at which the onset of cavitation is detected will depend on the relative ampli-
tude of the cavitation noise and the noise due to the normal turbulence, which
has a similar character,

Vane Pump

The vane pump is a positive displacement pump in which the circular
rotor has a series of 12 movable vanes in radial slots around the periphery.
These are kept in contact with the contour of the housing by means of a com-
bination of centrifugal force and hydraulic pressure introduced at the bot-
tom of the slots, Two such pumps are mounted on a common shaft.

The outer contour roughly approximates an ellipse, allowing for two
inlet regions and two discharge regions (Figure 5). As the rotor spins,
the chamber between the rotor and housing expands at the intakes and com-
presses at the discharges. In between the inlet and discharge ports the
outer contour is circular; hence, no pumping takes place, Assume that
the circular arcs exceed the vane spacing by 2D degrees, insuring inlet
and discharge separation by at least one vane,

The exact contour of the outer housing between the circular arcs has
been estimated, At one end of each port area the contour must match the
rotor radius, while at the other it matches a larger radius. This contour
is approximated by taking an ellipse with these major and minor axes, and
dividing it into four equal parts at these axes. Each sector subtends an arc
of 90 degrees, Each port on the housing subtends an arc of less than 90
degrees; therefore, the sector of the ellipse may be secaled or ''compressed"
to fit the available arc, In this way a contour is formed which blends
smoothly with the circular arcs, Both the radius and the slope match where
the circular arc and the ''compressed' elliptical sector join,

The polar equation of an ellipse is
a®h?®
T = 2%sin® (3) + bPcos® (9)

(6)

When 6 =0, letr = R; (one-half the major axis of the ellipse).

When § =1/2, let r = R, (one-half the minor axis).

11
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Therefore:

a

VR (7)
JRT (8)

b

Suppose that the sector of the ellipse between 8= 0 and /2 is to be scaled
or compressed to {it in the arc between = (n/12 + D) and (/2 - (n/12 + D)),
or an arc of (n/3 - 2D) radians. To do this, let r(8) = r{p), where

¢ =[6- (n/12 + D))+ Um/2) [ (n/3 - 2D)] (9)

In summary, the radius to the outer housing in the first quadrant is as
foliows:

0<9<(n/12+ D) Ry = R, (10)

R}, * Rz (11)
Ry sin? (@) + R, cos® (8)

(7/12 + D)< 8<(51/12 - D): Rg =

(6rm/12 - D)< 8<n/2: Rz =R (12)

!

1f the vanes had zero thickness, and therefore zero volume, the pump
discharge would be free of flow perturbations., Perturbations are intro-
duced by the fact that the vanes do have finite volume and therefore occupy
space which would otherwise be filled with fluid. Computer program
GSFC17 was written to analyze this pump's signature. The position of each
vane is continuously noted. When the vane is within the region of a dis-
charge port the vane length is computed, and its volume subtracted from the
flow volume which would exist with zero-thickness vanes. In this way the
flow volume as a function of shaft angle is calculated.

The length ¢® a vane is L:

L =R, - B, (13)

Assuming a vane length (normal to the radius) of unity, the delivery of
the pump (neglecting vane thickness) is as follows:
n/3-2D . 5 1 1 rad

2n X m/3 - 2D ~ rad >{'2ﬂr‘ev

Q= (R - R?) -

where n is the speed in RPS, or

i} _ ey ind
Q = MRS - R3) — from.one port ar
ina
Q = 2n(R2 - B 1%163; from both ports (14)

From this must be subtracted the volume of the vanes. The instantaneous
volume of a vane is '

13




Q-?. =L xH
where H is vane thickness.

The instantaneous sum of all vane volumes in discharge regions is Q.

Supposing one vane leaks, one must determine if it is in a position to
allow inlet and discharge regions to communicate. Call the leakage flow Q-

Q, = QxLl
where L1 is the leakage fraction the total net flow is Q'
Q7 Q- Q- Qs (15)

1f a vane is leaky, i,e., makes a pror seal with the outer housing, the
discharge port may communicate with the inlet at certain shaft angles.
Such communication takes place if the leaky vane but no other vane occupies
one of the circular arcs in the outer housing. In that event, a fraction of the
discharge flow is allowed to leak back to the inlet, thereby reducing the
available flow., The program makes provision for this situation.

In the program the flow is calculated at each of many increments of
shaft rotation. This is squared to determine a quantity proportional to the
instantaneous discharge pressure, and the result stored. A Fourier analysis
is made of the resulting pressure waveform to determine the relative ampli-
tude of the various spectral components.

Figure 6 shows the pressure waveform predicted by this calculation for
normal operation and for operation with a single leaking vane. The ripple
is very small relative to the static pressure. Table 2 shows the effect of
vane width on a pump with no leakage. As expected, if vane thickness is
zero there is no ripple. Doubling of vane thickness increases pressure
disturbances at the vane-rate (number of vanes times running speed) and its
harmonics by 6 decibels.

Table 3 shov. s the predicted effect of leakage. A single leaking vane
gives a new component (plus its harmonics) at four per revolution, since the
leak decreases the available discharge flow whenever the leaky vane is
located in one of the circular segments of the pump outer housing.

The pressure perturbations generated by the vane pump in its normal
condition will be very small, and will be difficult to detect in the presence
of background noise arising from flow processes (turbulence) and from other,
more powerful, sources such as the piston pump. As with the piston pump,
the housing will tend to attenuate low-frequency signals more than those at
high frequencies. The waveform sketched in Figure 6 shows that there is a
very abrupt drop in pressure 12 times per shaft revolution. When there is
leakage present, pressure drops at 12 per revolution will again be present,
but their amplitudes are expected to be dissimilar because of the greater

14
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Table 2

PREDICTED SPECTRAL COMPONENTS
OF NORMAL VANE PUMP PRESSURE
(Levels in decibels relative to an arbitrary reference)

Special Component, Vane Width
Multiple of Pump
Running Speed 0 inches 0,05 inch 0.1 inch

1 _——— .- ———
2 - - - - - -
3 - ——- ———
4 - - i
5 - - S
8 - ——— .-
7 .- - ———
8 ———— --- -
9 . me-- - ———

10 --- - ---

11 -- .- -—--

12 --- 113 119

13 - —- ---

14 _— --- ---

15 - --- —--

16, = --- ---

17 —-- - ---

18 --- --- ---

19 --- - ---

20 S --- —--

21 —-- --- ---

22 --- --- ---

23 --- --- -—-

24 —-- 106 112
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Table 3

PREDICTED SPECTRAL COMPONENTS
OF VANE PUMP PRESSURE, WITH ONE LEAKY VANE
(Levels in decibels relative to arbitrary reference)

Spectral Component,

L » O
Multiple of Pump Leakage, T

Running Speed 0 1
1 ——- S
2 R N
3 _— e
4 - 126
5 ——— -—— -
3 - S
7 —- ——
8 --- 141
9 - -
10 . el
11 .- .-
12 | 119 120
13 - .-
14 —-- .
15 e o
16 | - 111
17 o . .
18 S o
19 - o -
20 S 113
21 —— -
22 - - .
23 . - ;
24 | 112 115 ;

17




pressure jump experienced when leakage occurs, as seen in Figure 6, As
Table 3 shows, the amplitude at three per revolution,with leakage,is expected
to be larger than the normal 12 per revolution component.

Vane collapse will cause a large out-of-balance force at one per revolu-
tion, which should be easily detected. A one per revolution signal can also
arise from other sources, such as leakage in the servo pump, and it may not
be possible to differentiate between these. However, a rise in amplitude of
this signal component is definitely indicative of system deterioration and
would call for shutdown and remedial action.

Figure 6 shows that pulsations are expected in the discharge of the
vane pump. For the same reason that there are discharge pulsations
(finite vane-width) there will be pulsations in the inlet pressure, The space
taken up by a vane cannot simi;'taneously be filled with hydraulic fluid.
Since the two halves of the vane pump both draw their fluid directly from
the tank, with no supercharge, they will be more prone to cavitation than
the servo pump. Whether or not such cavitation actually takes place depends
on the pressure drop in the inlet lines and the inertia of the fluid in them,

It will be shown in later sections of the report that inlet cavitation is
normally present and takes the form of 12 bursts of noise per revolution,
corresponding to the 12 pulsations in inlet pressure. Leakage would
diminish the amplitude of these pulsations, because the leak would effect-
ively supeirchar'ge the inlet,

Scoring of the ring or the vanes is expected to cause an increase in high-
frequency broad bhand noise, If it is relatively uniform throughout a shaft
rotation its detection will depend on whether the signal is large enough to
be detected in the presence of the normal flow noise. If ring wear is non-
uniform the vanes will be forced to reciprocate when passing over the worn
region. In addition, tangential forces will be set up between the vanes and
the ring which in an extreme case would cause splitting of the vane block.
These forces will cause impact-type signals whenever a vane passes vuver
the roughened area. The rate would be the vane-rate, which is the number
of vanes times the shaft speed. The character of such signals would approxi-
mate the normal pump signature, except that in the case of severe wear the
amplitude would be much greater,

Splitting of the vane block is a catastrophic failure which will increase
unbalance, eliminate normal flow noise and vane-rate pulse generation, and
vastly increase high-frequency noise due to the rattling of loose parts. It
would be easily detected. It is expected that the malfunctions which would
lead to such failure would be detected early enough that this problem could
be as wian,

18



Solenoid Valve

This is a quarter-inch, four-way spool-type valve, actuated by an a-c
soleroid, When it is deenergized, an internal spring holds the valve open,
permittirg the two inlet ports to communicate directly with the tank. When
the solenoid is energized, both inlet ports are blocked.

Normal flow through the open valve is limited to two gpm. The instan-
taneous flow-rate at the moment the valve is opened will be higher if there
is air dissolved in the hydraulic fluid.

The motion of the valve has only been predicted for the valve opening,
which is accomplished by deenergizing the solenoid coil. The motion upon
activation of the solenoid was not attempted, since it was found experimentally
that the solenoid force was so high that the closure time would be dependent
on the relative point in the a-c cycle at which the switch was closed. If the
switch is closed as the a-c voltage swings through zero, there is at first no
force, and actuation will not take place for some three or four milliseconds,
after which time the instantaneous force will have built up sufficiently to
permit valve closing. On the other hand, if the switch is closed near the
peak of the a-c wave the force will build up more quickly and operation will
be more rapid.

Calculation of the motion of the solenoid valve has been accomplished
in two parts. First, consider its motion under normal low-flow conditions.
The valve closure time is calculated by predicting net force on the moving
system as a function of its position, and performing a numerical integration
to determine position as a function of time. When the position is such that
the moving system hits its stop, the time from the start of the sequence is
noted.

Spring force was determined by experimentally relating force and
deflection:
F, = 30X +4.75 (16)

where F, is in pounds
X 1is position relative to position when deenergized.

Friction forces come about from the O-ring seals. The magnitude has
been estimated using data from the Parker O-ring Handbook. There are
two components to this force: compression friction and pressure friction.

The running friction due to seal compression in one ring is given by

_(-20.3 +0.4725 S -0. 00225 S?)
. T _

F CnD (17)
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where S = Shore hardness of ring
C

9]

I

Percent seal compression

1}

Diameter of rubbing member

For pressures up to 1500 pounds per square inch the running friction
due to pressure is given by

= (0, 0253P + 10) A ' (18)

I

where P
A

A is tabulated by the Parker Company in their handbook; it may be roughly
estimated for rod-groove applications as

A~mDT ' - (19)

where T = O-ring thickness in inches

pressure

1

projected area of seal

' 'Combmmg Equations 17, 18, and 19:

. L(zo 3+ 0.4725 S -0. 00225 S
A T 25 )

2 . |
)c +(0.0253P +10) T| 7D+ (20)

where F

. - friction force per O-ring

It should be noted that D = 5/32 in this applicatxon and that P is essen-
tlally zero since the O-rings seal only the flow from the valve to the tank;
they are_s.hlelded from full pressure by the Spool valve., There are two O-
rings. Assuming their hardness to be 80° Shore, and compression to be
ten percent, and taking T to be 0, 07 inch (which 13 approprlate for this dla-
meter), Equation 19 becomes

- F, = 1,025 pounds per O-ring = 2, 05 pounds total (21)
Bernoulli forces are generated by the flow of hydraulic fluid through
the valve.(Figure 7). The magnitude is given by (Ref. 5):
Fg = QU pcos, 69° - {(22)
where @ is flow, cubic inches per ‘Second.
U is‘.velocity, inches per second

p is mass density, pound ~ second.® per inch*

The angle 8 in Figure 7 is 69° whenever the valve opening is large com-
pared to the clearance between the spool and the stationary member. Since
the clearance is so small, the angle may be taken to be 69° with little error.
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The flow velocity U through an orifice is given by

U=Cp /-231-3 (23)

where CD is the discharge coefficient
P is the pressure differential, pounds per square inch

Combining Equations 22 and 23;:

F, = (/Zp Cp cos 69°) Q/P (24)
If Cp = 0.6, and using the density appropriate for hydraulic oil,

Equation 24 becomes

F, = 2,92 x10™° QP (25)

The normal flow through the solenoid valve is 2 gpm; i.e., 1 gpm

through each half of the valve. The pressure differential is 800 pounds per
square inch, Therefore, the total Bernoulli force at normal flow is

F, = 0.64 pounds (Z6)

Drag forces arise as the spool translates. They may be estimated by
1 _
Fg=CpAGeVy (27)

21



where (1') is the drag coetlicient

A 1s the spool froc’ ¢l area, squarce inch

VO is the spooel veiocily, inches per second

For a flat plate, C!. ~ 1. The area (both halves of the spool) is about
1. 23 square inches, THus, Equation 27 becomes

Fy=0.019 V2 (28)

. Inertial force is calculated from the moving mass and its acceleration.
The weight of the moving parts in the solenoid valve is about 0. 325 pounds.
Hence,

0. 325

v, -

v " 386 A (29)

where A is acceleration in inches per square second

The motion of the valve may be computed by balancing forces:

F1:F4. +F5+F6+F7 . (30).
cr A .386(F, - F, - Fe-F,) (31)
0. 325

It will be recalled that I is velocity-dependent. However, V = 0 at
T = 0. In program GSFCOb an initial acceleration is calculated, then time
is allowed to increment. A value for V is established by a numerical integra-
tion. This in turn permits calculation of a new acceleration; this iteration
is continued until the spool position (found by integrating the velocity) shows
the valve to be fully open. Using appropriate constants, this time has been
calculated to be seven milliseconds.

The actual operating time will be somewhat in excess of this calculated
value because of particular characteristics of the solenoid. When a solenoid
is operated on alternating current, as this one is, it would chatter at the
times that the applied voltage sevings through zero were it not for an addi-
tional feature, called a shading coil, which causes a force component which
is out of phase with that of the main coil. When the main coil is deenergized
its magnetic field coliapses. As it does so,current is induced in the shading
coil ‘which is short-circuited on itself); this results in the closure being
sustained a few milliseconds longer than would otherwise be the case. As
a consequence, when a normal solenoid valve is deenergized there should
be a period somewhat in excess of seven milliseconds between the opening
of the switch and the mechanical transient which is generated by the moving
mass hitting its stop.

The closure time calculated is that expected froin a valve in good con-
dition. TIfouling by contaminants in the hydraulic oil will slow the valve.
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Spool wear and scoring will increase leakage. This probzbly will not be
detectible acoustically, since the leakage velocities will be very low. 1If the
wear and scoring increase the roughness of the spool, the increased friction
will tend to increase closure times, This may be nonlinear; i.e,, the fric-
tion may be velocity-dependent.

Where there is energy stored in the system because of air in the lines
the problem is different., This situation has been studied and tested by
assuming that the air is stored in an accumulator of given volum- Initially,
the full accumulator pressure appears across the valve, allowing i.ugh flow
rates, The high flow velocities through the valve generate large Bernoulli
forces, in such a direction as to oppose the spring force as in Figure 7,
As a result, the valve cracks open until Bernouili and spring forces bal-
ance., Drag forces are negligible since the valve velo:ity is very low. As
the accumulator discharges, the Bernoulli force decreases and the valve
opens wider, Finally, the accumulator completely discharges and the
spring drives the valve spool to its full open position,

Define Y as the valve opening, as in Figure 7.
Q = UA (32)
where A = DY
D, = spool outer diameter

Combining Equations 23 and 32:
— B 2 \ L) b
Q = (nuicD‘/; P Y (33)

Calling the term in parenthesis Cg:

Q=C//PY (34)
Combining Equations 33 and 23 in Equation 22:
Fg = 21-rD1YC‘i’)P cos 69° (35)

The Bernoulli force must be equal to the difference between spring
and friction forces;:

FB:FI—F‘i

or
F, = (30X + 4.175) - 2. 05 (36)
Now X=X, - Y. X, 1s the spool position at the time the valv: starts

to open. Therefore, considering Bernoulli forces from both halves of the
valve,

2
2 (2nDC |, cos 69°) YP = 30 (X, - Y) + 2,70
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Calling tiie quantity in parenthesis C,,

30X, + 2.70

¥ = 3pC, T 30 (37)

Initially, P is known. Y is calculaied by Equation 37. From this, by
Equation 33, the flow through each haif of the valve can be calculated. After
an increment of time the volume of fluid in the accumulator has decreased

by Q At. P, the pressure apolied to the valve by the accumulator, is now
recalculated,

Before being installed in the hydraulic loop the accumulator has a
volume VT completely filled with gas at pressure PP, After application of
a pressure P at the liquid connection (P>P,), the volume of gas becomes

Ve = BV (38)

The fluid volume is

P .
L4 = r - - - 1 4 -
Vp = Vp - Vg = Vo (1 P ) | (39)

The flow through the valve decreases the fluid volume to a new value,

Ve
P
Py s Y
VF \T(l T ) Q At (40)
This leads to a new gas volume, VG"
Vo =V - Vi (41)
The new pressure applied by the accumulator is
P! = PlvT
—
Va
) 5 Yy |
Ve Vi (1-P,/PJj- Qat
PV
pto- ot (42)
ﬁl VT -Qat

One can now go back to Equaticns 33 and 37, recalculating Y and @, and
anew Qat. The iteration is continued until the accumulator is fuily dis-
charged. The parameters of the solenoid valve are such that the valve
opening during accumulator discharge is very small,. a few thousandths of
an inch., Consequently, to the time for accumulator discharge must be
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added a time delay in closing due to inertial effects as previously calculated,
These calculations have been programmed in GSFC19. If the accumulator
volume is assumed to be one guart, with a precharge of 1200 psi, the antici-
pated opening time totals approximately 240 milliseconds.

Servo Valve

The servo valve is a four-way electrohydraulic device used as an ele-
ment of a closed-loop servo. A torque motor cperates a jet-pipe hydraulic
preamplifier which actuates the seconrd-stage spool. The spool is conirolled
by a null-balance force-feedback servo.

The servo valve hus the response characteristics of a low-pass filter.
As such, it may be analyzed by the techniques used to calculate the response
of electrical filters., Such a filter has a time delay and a rise-time when
presented with a unit step-function. The response to such a transient can
be calculated from the known amplitude and phase characteristics of the
fiiter. These are shown in Figure 8 as given by the manufacturer's litera-
ture and as measured by Goddard on a particular valve, This analysis
follows the treatment of the same problem by Guillemin (Ref. 6).

Consider a linear low-pass filter with input terminals 1 and output
terminals 2. The output may be expressed as:

[ ) .
e, () f g (0) h () & qy (43)
-0

where g(w) is the Fourier Transform of the input time-function

h(w) is the input-ontput transfer function of the device

The input time-function f(t), which is a unit step-function, can be
expressed as:

f(t)=0 fort<oO
f(t) =1 fort>0
1 [ jut
o1 W
glw). o f e’ dt
-]
1
Sy (44)
The transfer function can be written in polar form:
~j8(w) (45)

hiw) = H(w) e

H(w), the amplitude response, and §(w) the phase response, are known quanti-
ties, either supplied by the manufacturer or measured or a test stand,
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Then:
w j(wt - 8(w))
e, () = 50 I‘H(w)e - dw (46)

where w, is a very high frequency. Separating Equation 4 into real and
imaginary components:

w

- 1 Msi [ -

[ f H(w) cosu[J e(wﬂ dy t+j[ H(w)sin| u.)tw G(W)] dw (47)
W

Consider the first intergral. H(w) is an even function and g (w) is an odd

function, so the integrand must be odd. The integrand (with symmetrical

limits) would therefore disappear except for the pole at the origin. In the

vicinity of the origin 6(w) and wapproach zero, and H(w) approaches 1, so the
first integral can be rewritten as:

eg(t) = 21”

1 dUJ
—_— —_— P =0
5T where i (48)

]

This has a singularity at the origin. Calculatmg the residue:

dw
Res (0) = lim _.0—&,-— 1

In Reference 7, Hildebrand's Theorem IV (p. 530):

limp_of(Z) dz = ja[Res (a)]

““"where: a is the value of Z having a singularity and a is the intercepted
angle at Z = a. q is positive for integration in the ccw direction.

/'3
— = jm
w
-P
and Equation 48 becomes equal to one-half.

e < e
e, () == + _Lf : Hew) sinfut - 6 )] de

'Therefore;

2 2w w
Y
1,1 jw’ Hi(w) sinfot . 9(“_’_)_] dw (49)
2 3 w :

The response of the servo valve to a step-funcfion input has been com-
puted by program GSFC18, using both the manufacturer's data and that mea-
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sured by Goddard (Figure 9). While the results disagree in detail, they both
show that some five to sever milliseconds is required for the valve to fully
respond., The fact that a finite response is predicted at zero time is due to

slight errors in the data,

RELATIVE RESPONSE
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Figure 9. Response of a Servo Valve to a Step-function Input Signal

Flow noise is the only signal generated by the servo valve, The turbu-
lent flow cxcites the case, where it may be sensed by an accelerometer.
When the valve is closed the only flow is due to leakage, plus a very small
flow in the hydraulic preamplifier, but as the valve opens the amplitude of
the flow noisc will increase, When the noise amplitude reaches a steady
value the spool may be assumed to be in the opened position, If a step-
function is applied electrically with the spoel in the neutral position, the
variation in flow~noise with time indicates the time required to actuate the
valve,

Contamination of the valve will lead to stickiness. This will tend to
slow the valve response and to introduce stick-slip friction. The latter
will cause the valve to move in jerks rather than a smooth motion. In
such cases, the flow-noise is expected to increase in amplitude stepwise.
Wear and scoring of the spool are expected to decrease the valve frequency-
response, which in turn leads to slower response to a transient. Scoring,
wear, or excessive tolerances will increase interml leakage.
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- Pressure Relief Valve

The pressure relief valve is shown in cross-section in Figure 10. An
orifice is assumed to be the load. Details of the construction are shown in
Figures 11, 12 and 13. When the line pressure exceeds a preset level, the
pilot or ball valve begins to open. * Part of the line pressure appears across
the pilot valve, and part across the piston because of head loss in the capil-
lary. This drop is in such a direction as to force the piston upward, thereby
opening the bypass valve. The flow bypass decreases the line pressure,

The process continues until equilibrium is reached.

The pressure at which the relief valve regulates is set by a balance of
forces. The various parameters are identified on the appropriate figures.

Balance of forces on the piston:

H, R n(Rg - Rg) = Ks (Xe + 8) (50)
Balance of forces on the ball valve:

(H, - H) R B2 = K(X, - X,) (51)

In the usual situation X, >>85, X, >>X,. With this assumption, these equa-
tions may be combined:

Kg X

- e RnTR:=K 52
\HO R m(Rg - R2) e %o (52)
' KX Ks Xa
or H, = + = . 3
°"RnR = Rr(R - R (53)
The line pressure for which the regulator is set is:
| KXo Ks:
o = HoR nRy w(R2 - R?) (34)

In order to calculate the dynamic response of the relief valve, as in
program GSFC14, it is useful first to develop expressions relating to several
key components of the valve,

Capillary Tube (Figure 12), If it is assumed that the flow through the tube,
Q, is known, then the velocity is:
v, = —2 (55)

*This valve actually uses a cone-type rather than a ball-type pilot valve.
Although the analysis was started before this was known, this should not have
any effect on the conclusions reached.
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Figure 10, Cross-section of a Pressure Relief Valve
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Figure 11, Details of a Pilot Valve
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Computing the losses due to this flow gives the entering loss:
0.5 V3

The Reynolds Number, N, is determined from Vx' From N are calculated the
the friction factor, F, and then the friction loss.

_FL Vi

Tt
H 2 Ra 2. 32.2
The exit loss is:
V2
o
R =335

Three components are added to get the total head loss in the capillary:

} FL vE
H, (1.5+2Ra ) 5T 353 (56)

Ball Valve (Figure 12.} The drop across the ball valve is the difference
between line pressure and the capillary drop:

'Ha = H’o ' Hl. ' (57)

The flow through the orifice of area A, can then be calculated:

Q,=0.65AV2:32,2H, (58)
Therefore, . | |
A, = (59)
2 0.65Vy2 - 32. o - Hy)
Referring to Figure 12,
R
e R
‘ R, R, +Y
= RR
Y = —f{L—B - R, (60)

Now the area of a sector of a circle of radius, r, and arc length, b, is
b-r
2

Therefore,

Ag2T. R (R_t.;f.]- 2noR,(§2%.’
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or
TRy,RE+Rg A, - R, R =0

_-A, + A% +47° R3 R2

R = 2 TR, (61)
Knowing Rg,
I, =/Ri - R§ (62)
Now A =tan~! -Eg (63
1
and
(X, - X) =/Rf - Rj (64)
- R _Bplg
1 tan 9 Ry (65)
Therefore,
X """Bf{g‘lj‘ =V R1 - Ra (66)

This value of X is based on the valve area required to pass a given flow.
by liquation 51,

' B 2
This value of X; is based on pressure drop acrogs valve. Note that X and

Xz must be equal, since they are both measures of the same quantity.

Bypass Valve (Figure 13),

—SY- = cog (Tg)
Y =S cos {Ty) | (68)

For small values of S, the valve open area is approximated by
A = 2rR,Y

= 2R, S cos (Ty)

The flow that is bypassed can be calculated from this area and the line
pressure H, .
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Q, =0.7 AVz. 32.2 H, (65)

or Q,=0.7«2n R, S cos (T W2 -32.2 H, (70)

Orifice (Figure 10). The flow passed through the orifice is ca’culated from
its radius R, and the pressure head H, of the line.

Q, = 0.65 mR¥Y2 - 32.2 H, (71)
- Qo__\. 1
or Ho*\0®snme) 2- 32.2 (72)

These expressions are combined in the computer program in the fol-
lowing sequence, in order tou calculate the response of the valve to a tran-
sient, The bypass is initially assumed closed; line pressure (as a function
of time) is determined from the moment of release,

1. At t =0, calculate a very rough approximation to the pilot flow by
assuming that the ball valve is wide open and all the line pressure
must therefore appear across the capillary. Taking into account
only entrance and exit losses, a value for Q is calculated. This
must be larger than the true value of Q because several losses
were neglected.

2. The basis of this calculation of Q, new values of Q are chosen which
increment upward toward this value. The asaumed Q establishes
a flow velocity in the capillary so that friction in the capillary can
be considered. Calculate the drop in the capillary, H,, thereby
defining Hy, the drop across the ball valve. H, establishes the
pressure differential, and hence the fluid pressure on the piston
as well,

3. Balance the forces on the piston: fluid pressure, spring force,
drag, and acceleration. Calculate piston acceleration and displace-
ment., The latter defines the bypass valve opening. This and the
pilot flow give a new flow to the load, and therefore a new value
for line pressure. Displacement also defines @, the flow dis-
placed by the piston, which must dump through the ball valve,

4, The flow through the ball valve is the sum of the capillary flow and
the flow displaced by the piston. Use these to calculate X, the ball
valve opening.

5. The pressure across the ball valve is the line pressure less the
capillary drop. Use this to calculate X, the ball valve opening.

6. A solution is taken to exist if X ~ X, . If this is not the case,
another and slightly larger value of Q is chosen in step 2, and the
process repeated,
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7. After a solution is found at t = 0, time is incremented and the
entire sequency repeated,

in crder to run the program a variety of valve dimensions are required.
Since many of which were not available, they were estimated. The resulting
predictions of line pressure are not correct in absolute terms, but it is
believed that they are a reasonable qualiiative indication of the way the
valve responds, In particular, they show that the valve responds to the
assumed transient by regulating to its preset pressure without overshoot
(Figureld),

2000 r-
1£00
»
a
g .
> 000
"
0
w
[ 4
o
REGULATOR
SETTING
0 ] i 1 1 J
0 10 20 30 40 50

TIME , MICROSECONDS:

Figure 14, Predicted Response of Pressure Relief Valve

The pressure is approached asymptotically. Consequently it may be con-
cluded (in agreement v, ith the manufacturer) that the relief valve normally
operates without fluctuating pressure or chatter. The only signal from a
normal valve will be relatively steady broad-band noise, due to flow. It
follows that fluctva.ing flow noise, chatter, and impacting in the valve are
manifestations of instability and are indicative of valve malfunction., The
manufacturer's literature says chatter is due to damage of the piston or
valve seat, or dirt in the poppet valve.

The above calculations assume that;
1. All the inertia is effectively in the main valve assembly.

2. Propagation time of pressure disturbances is negligible.
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The first assumption is a good one, as is demonstrated below. The
force on the ball is about as follows:
F = pAP.m. 0.1%

If AP~ 800, then F ~24 pounds
4m

Ball volume = —o~ P~ 4x10%in®
Its weight is:
- 1 1b
2. —1 22 -3
4 x 10 1728 200 0 10 ¥ pounds
F 24 94 + 10° pound force
w = 107 pound weight
For the piston --
if HLR = F, = 100 psi, the pressure differential
then 100 m(0.5° - 0.2°) = 60 pounds, the force on the piston
X 80 200 pound force
W v.3 poundweight

The assumption of negligible propagation time is more debatable.
The velocity of sound, ¢ ~ 5000 feet per second

~ 0.8 inch per microsecond

The calculations show appreciable valve response in one microsecond,
which obviously cannot be true since valve dimensions are on the order of
an inch or two. On the other hand, the calculated valve motion is relatively
low after 20 tc 30 microseconds have elapsed. In all probability, the program
overestimatesthe qrignial transient correction but is adequate for the latter
portions of the regulating process.

Rolling-element Bearings

Stresses are generated in both the rdces and rolling elements of ball
and roller bearings during their normal operation. Within the s=arvice life
of the bearing these are accomn.ndated with negligible outward effect, but
& point is finally reached when these subsurface stresses result in a spall,
in which a small amount of surface material "pops out, ' leaving a rough

depression. Once spalling starts, the bearing deteriorates rapidly (Figure
15).

Development of spalls in a properly designed and used bearing would
be expected to take a long time, but generation of such local defects may
be accelerated by a number of factors, as indicated in Table 4,
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Table 4

FAILURE MODES FOR ROLLING ELEMENT BEARINGS

Normal Fatigue

External Vibration

Overload

Electric Current
Passages

Corrosion

Lack of
Lubrication

Contamination
of Lubricant

Starts as small flaking at local spots on
the rolling surfaces, Develops into
erosion of one or several large areas.
This is the normal failure mode for a
properly used bearing,

Bearings may be damaged both when
operating and stationary, Damage usu-
ally takes the form of periodic inden-
tation of races,

Generally accelerates the fatigue
failure process,

Can happen in electric machinery,
Sudden high currents cause local craters
in balls and races. Alternating currents
normally produces regular repeating
irnpressions,

Usually starts as local areas with rough
surface structure, Develops into rough-
ness and pits distributed over all rolling
surfaces,

Increases temperature and wear of most
stressed areas,

Incregses wear, may cause corrosion,

depending on type of contaminant,
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Figure 15, Typical Wear Rate Function for Rolling
Element Bearing

If any of the six conditions in Table 4 are present except fatigue, the
long lcw -wear period is usually shortened, but the wear curve is otherwise
similar. The essential fact is that once increased wear has started for any
reason, the bearing is statistically close to the end of its life.

A malfunction detection system should react when the wear has just
started to increase. In most cases the increased wear is physically caused
Ly one or several local defects on either a ball or a race. The defect may
be a fatigue crack, a corroded spot, an electric arc spot, etc. Obviously
an impact of some sort can be expected every time this defect spot is in
contact with another surface in the bearing. The problem is to detect this
set of impacts while the defect is still small and local and does not yet affect
the general bearing performance. Three fundamental malfunctions should
be considered:

® I.ocal defect in outer race

® Iocal defect in inner race

® J.ocal defect in a rolling element
A local defect is then understood to be a single dent or pit which is so small
that bearing performance in terms of drag, alignment, etc., is not affected.

Any bearing defect can then be considered a superposition of several fun-
damental malfunctions.

A defect in the inner or outer race of a bearing generates an impact
every time a ball rolls over it. Likewise, if the defect is in a ball surface,
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an impact is generated every time it hits the inner or outer races, If the
bearing rotates with constant speed, each defect generates a regular set of
impacts with an "'impact repetition frequency' that depends upon bearing
speed and location of the defect, Assuming that no sliding occurs in the
bearing, those fundamental frequencies can be computed. The result is:

Outer race _n. ' BD _
malfunction fesg (! PD °°S 8 (73)
Inner race - n " BD

malfunction figf 1t pp cos B (74)
Ball or roller _PD (BDY  a

malfunction v 8p |} (PD) cos™B (74)

where f. is the relative speed between inner and outer race (revolutions,
per second), and BD, PD, g, and n as defined in Figure 16,

The mechanical signatures which generally can be expected from the
three fundamental malfunctions are shown in Figure 17. It is assumed in
the figure that the bearing has a stationary outer race and a rotating inner
race, and a radial load which is fixed relative to the cuter race. It should
be noted that all impacts are not of the same height. The impact size must
depend upon the load where the impe.ct is generated and how both inner race
and the balls rotate relative to the load direction. Each impact is followed
by a "'ringing". i.e., a structural response which depends more upon the
support structure than the bearing itself.

The amplitude of the defect signals will generally be low relative to back
ground noise. Summatiun gnalysis for detection of low-level signals of this
character will be discussed i Section 5 of this report.

The expressions predicting the periodicity of disturbances arising from
local defects of the inner race, the outer race, or the rolling elements has
been programmed for the computer (program BRGMFN). It has been run
with the use of appropriate constants for the servo pump roller bearing,
the servo pump ball bearings, and the vane-puainp needle bearing. The print-
outs are shown as Table 5.
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Figure: 17, Bearing Defect Signatures
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Table 5
PREDICTED PERIODICITIES OF BEARING DEFECT SIGNATURES

10 REM SERVO PUMP ROLLER BEARING
RUN

BRGMFN 10250 AUGUST 30,1968

WHAT ARE INNER RACE RPM, OUTER RACE RPM, NO. OF ROLLING
ELEMENTS, ROLLING ELEMENT DIAe«», PITCH DIA-:; AND CONTACT
ANGLE?1175,0+,275¢55,5+9312,0

INNER RACE RPS= 19.58
PERIODs, MSEC= 51.06
CAGE RPS= H.97
PERIOD, MSEC= 111.53
ROLLING ELEMENT RPS= 115.33
PERIODs, MSEC= 8.67
DEFECT LOCATION

INNER RACE QUTER RACE ROLLING ELEMENTS
FrEQesHZ 286.66 242,09 2304+65
PERIOD, MSEC . 3+49 4413 4434

TIMES 2 SECS.

10 REM SERVO PUMP THRUST BEARINGS
niUN

BRGMFN 10252 AUGUST 30,1968

WHAT ARE INNER RACE RPM» OUTER RACE RPMs NOes OF ROLLING
ELEMENTS, HOLLING ELEMENT DIAe, PITCH DIA., AND CONTACT
ANGLE?1175505105¢5524936515

INNER RACE RPS= 19.58
PERIOD, MSEC= 51.06
CAGE RPS5= 8.18
PERIOD, MSEC= 122.23
RAOLLING ELEMENT RPS= 55.94
PERIOD, MSEC= 17.88
DEFECT LOCATION

INNER RACE QUTER RACE HOLLING ELEMENTS
FREQ-;HZ 114,02 g1 .81 111.88
PERIOD, MSEC- BeT7 12.22 8.94

TINMES 2 SECSe.
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Table 5 {Coat'd)

PREDICTED PERIODICITIES OF BEARING DEFECT SIGNATURES

L REM  VANE PUMP NEFEDLE REARIMG
RUN

RRGMEN i5°34 ST WED 1A/90/64

WHAT ATRE TNMER RACE WPM, FUTER RACE RPM, N, £F RPLLING
ELEMENTS, 1P LING FLEMENT DIA., PITCH DIA., AND CPRTACT
ANSLE? 1175,7,33,.0625,,6975,7

INNER 2ACE RPSz 18,579
PE2IPP, MSEC= S1,.%4
CAGE PPe= @,
PERISN, MSEC= 112,34
CRELLING ELEMENT RPSz 176,92
PEPIQN, MERCz ©,36
PEFECT LACATION

TNNER PAGE AUTED RACE RCLLING ELEMENTS
REM, M 3502,.5 203,15 213,64 '
PERTPD, MEFC, 2.74 3,4 4,69
RAN 3.59 ¢rC
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Section 3

EXPERIMENTAL INVESTIGATIONS

TEST PLAN

An experimental program was designed to confirm the accuracy of the
analytical work on signature prediction and to devise test procedures for
detection of incipient malfunctions in the identified components of an actual
installation, The program had four parts,

First, preliminary vibration measurements were made on the USB
antenna at Goddard Space Flight Center, as a means of establishing the
approximate vibration levels on the various components. the general
character of the signals, and the degree of cross-taik which could be ex-
pected from one component to another. This information was used to guide
the development of the rest of the test plan., One conclusion reached was
that vibration levels were moderate (on the order of 1g); hence exceptional
system sensitivity was not required. The predominant vibration signal was
that of the servo pump, consisting mainly of multiples of seven times the
running speed. While some traces of this vibration were noted on compo-
nents other than the servo pump, these could be eliminated by operating the
pump in the yoke-centered condition which eliminates pumping.

It was also found that servo pump noise was mainly below 2000 hertz,
so that its effects could also be minimized by high-pass filtering. Since
valve noise was found to be mainly at high frequencies, above 2000 hertz,
such filtering could be put to practical use. Vane pump vibration appeared
to be independent of the servo pump yoke position, so that its signature
could be measured with the servo pump set for quiet operation.

Test procedures and techniques could not be developed conveniently on -
the USB antenna at Goddard because of its heavy commitments for other
purposes, Tests on a special facility offered more freedom and flexibility.
Consequently, such a facility was designed and built at the General Electric
Research and Development Center, using hydraulic components supplied by
Goddard Space Flight Center, The facility was designed in such a way that
each component was operated under conditions of pressure and flow which
closely approximated those on an actual installation. It was arranged so
that, to a large degree, the various components could be exercised in-
dependently.

This facility was first operated using new hydraulic components in an
as-delivered con lition. Test procedures were devizloped and the analytical
predictions of vibration characteristics tested. When it was felt that a
sufficient understanding had been reached, the hydraulic components were
returned to Goddard, where arrangements were made for their disassembly
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and for introduction of defects. These deiects were sc designed that they
would not compromise thie performance of the component to the point where
it would fail to normally perform its hydraulic function. On the other liand,
their nature and extent were to be such that if they were noted during a
teardown inspection, remedial action would be called for,

After the defects were introduced, ine components were returned to
the Research and Development Center for re-test. These tests were
designed to establish test techniqucs suitable for defect detection, and to
show that the defect~ could be detected.

Finally, the components with introduced deiects were sent back to
Goddard, where they were installed on the USB antenna of the Network Test
and Training Facility. Analyses of the vibration signals were theri made
using electronic instrumentation owned by Goddard. These tests established
that tests on the laboratory facility at the Research and Developinent Center
and on an actual installation were equivalent. It further demonstrated the
suitability of the Goddard instrumentation for such analyses, and showed
that almost all of the introduced defe :ts could be detected by the developed
techniques and tools.

DEFECTS INTRODUCED

Several specific defects were intentionally introduced into the hydraulic
components by Goddard personnel (except as noted). In addition, a defective
vane pump sent in from the field was made available for test, A description
of these defects follows, \

Servo Pump

The nominal clearance between each piston and its cylinder is normally
0.0010 inch. TLis was increased to 0.0014 inch in one of the seven by
turning down the piston. The actual clearance in the other six was not
established. |

Whiie not a mechanical defect, cavitation was induced in the servo
pump as an example of an unsuitable condition. This wae accomplished by

.reducing its supercharge.

Vane Pump

The vane pump was intentionally damaged by scoring the edges,of' four
consecutive vanes in the control portion only. This destroyed the guality
of the seal between these vanes and the ring.

A damaged.ring from a control pump was also tested. Damsage was

detected by Goddard through oil analysis and confirmed by a teardown in-
spection. Figure 18 is a photograph of the damage, which consisted of a
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Fi.gﬁre 18. Defective Ring, Control Portion of Dual-vane Pump
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series of ridges on the inner surface of the ring, A second damaged area,
not visible in the picture, was diametrically opposite that which can be
seen. A possible explanation for the damage is partial blockage of the oil
passages at the base of the vanes, This would restrict their freedom of
motion and increase wear on the ring.

Solenoid Valve

The spool of the sclenoid valve was scored. This was expected to
increase leakage and add stiction,

Relief Val. e

The seat of the poppet, or pilot, valve was scored.

Servo Valve

The servo valve was sent to the manufacturer for its moaifications,
which included increase of its internal leakage, Figures 19 and 20 are V-
curves run by Goddard on this valve before and after the defect was intro-
duced. Prior to modification leakage was low, but there was some offset.
The manufacturer corrected the offset and increased the leakage by a factor
of about three. '

Bearings

Local defects simulating spalled races were introduced by the Research
and Development Center. A high-powered pulsed laser was used to erode
the nmiaterial, as follows.

Servo Pump Roller Bearing. Three defects, graded in size, wore added
0. 25 inch apart, as sketched in Figure 21. They were so oriented that, in
normal rotation, first the smallest spall would be excited by a roller, then
the next largest, and finally the largest. Since the circumferential spacing
between rollers is 0. 75 inch, this arrangement results in a continuous
sequence of impacts, all equally spaced in time. The largest defect was
about 0.5 inch across, an estimated 40 mils wide, and 10 mils deep. The
second was 0.5 inch across, about 15 mils wide, and 2 mils deep. The
smallest was like the second but oniy about 0. 25 inch across.

Servo Pump Ball Bearing. The servo pump also includes a duyplex pair of

ball bearings. The outzr race of one bearing had a defect introduced, shown
in Figure 22 at a magnification of 47.5. It measured about 60 mils across,
30 mils wide in the direction of ball travel, and 40 mils deep. It was
centered over the normal ball tirack, which could be seen as a very light
burnishing of the race. |

Vane Pump Needle Bearing. Tie shaft of the vane pump serves as the
inner race of the needle bearing. A defect was introduced which was the
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same length as one of the needles,10 mils wide,and 20 mils deep (Figure 23),
The intent was to orient the defect parallel to the axis of the shaft; this is
the expected orientation of a natural spall. The actual defect was skewed

as sketched in the figure.

OIRECTION OF
ROLLER TRAVEL

Figure 21. Orientation of Roller Bearing Simulated Spalls
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Figure 22. Appearance of Simulated Spall in Servo Pump Ball Bearing
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Section 4

DATA ACQUISITION

TRANSDUCERS

The characteristics of the signals to be analyzed are such that the
transducers chosen must respond linearly over a wide frequency rangc,
Since they must operate on antennas out-of-doors they must be able to
withstand rain and moderately wide range of temperatures. Practica. con-
siderations of the data acquisition process require that they be able to drive
moderate lengths of cable so that the recording or analyzing equipment can
be remote from the antenna.

The transducers purcha ed for this project meet all of these require-
ments. The equipment furnished is the Endevco Model 28450 Underwater
Accelerometer System. Being an accelerometer, the transducer has good
sensitivitvy, wide frequency range, and high linearity. The quality which
makes this particular system unusual is the fact that it can operate while
submerged in salt water. While the present application is less severe, this
capability ensures that performance will not be affected by rain, salt spray,
or hydraulic fluid. Each sysiem, of which six were supplied, comprigesthe
"ollowing:

1. Piezoelectric accelerometer with integral amplifier
2. Cable 25 feet in length (which could be extended to 300 feet).
3. ' Electronic module for directing + 28 volts direct current to the

sensor and relaying the acceleration signal to subsequent instru-
mentation.

Important system characteristics, excerpted from the manufacturer's
literature, are as follows:

Sensor weéight: 150 grams

Sensor material: 316 stainless steel

Nominal sensitivity: 100 millivolts per g *

Frequency response: 5-10000 hertz +5 percent

Muximum acceleration: +100 g peak.

Output impedancef 50 ohms in series with 36 mf

Opera;ting temperature range: + 20° to + 125°F

‘Nonoperating temperature range: -65° to+ 185°F
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An additional sensor was added to the system to generate 2 once-per-
revolution trigger pulse., The transducer chosen was the Electro Products
Laboratories Model 3015-A, a variable reluctance type, which consists
chiefly of a coil wound around a permanent magnet. When the magnetic field
is disturbed, as by passing close to a piece of steel, a voltage is generated
in the coil. This pickup was installed thruugh an access cover on the elec-
tric motor which serves as prime mover. It is placed in such a way that a
grease fitting on the motor shaft passes nearby, generating a well-defined
pulse each time the shaft revolves.

Transducer-operating Console

An operating console has been built and delivered to make the use of
the transducers more convenient. It serves the following purposes:

1. Supplies + 28 volts direct current for energizing the transducer
amplifiers

2. DProvides a calibrating signal
3. Monitors current drawn by each system

4, Provides necessary connectors to accept sensors and distribute
signals

Figure 24 is a photograph of the console, Its circuit diagram is shown in
Figure 25. In normal operation the built-in power supply energizes all
systeins simultaneously, A voltmeter measures the output of this supply,
while a milliameter can be used to measure the current (nominally 10 ma)
to each system.

The current-measuring switches have gpring returns which automat-
ically disconnect the meter when the switch is not purposely depressed.
When the operate-calibrate switch is on OPERATE the signal from each
transducer is directed to a connector on the rear apron. In the CALIBRATE
position the signals are disconnected, and a 60 hertz sinusoid derived from
the power line is connected simultaneously to all outputs and to a monitor
terminal on the front panel. Since the actual sensitivities of the transducers
are all very close to the nominal sensitivity of 100 millivoltsper g, the
calibration signal may conveniently be set equivalent to some given acceler-
ation level, such as one g RMS.

Transducer Attachment Fixtures

The transducer of the Endevco 2850 system, as purchased, has a stud,
1/2 inch long with 1/4-28 thread, for attachment. This stud has been short-
ened to just under 1/4 inch in the transducers supplied so as to reduce the
depth of thread required for mounting. |

Long experience on the part of the General Flectric Company hac shown
that proper mounting of transducer is absolutely essential if the expected
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Figure 25, Transducer Console, Circuit Diagram
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performance is to be realized. A proper mounting surface has two impor-
tant qualities: 1)it mustbevery smooth, flat, 2nd clean; 2) the tapped hole
which accepts the transducer stud must be perpendicul~r to the surface
with very small error.

When the transducer is screwed to such a surface (which should be
lightly lubricated) the entire flat bottom surface of the transducer mates
with the vibrating surface, As the two surfaces strike they immediately
"lock''; increasing torque dces not result in further rotation of the trans-
ducer. This results in minimum strain of the transducer base, which
could lead to erroneous signals, and ensures that the vibration surface and
the transducer move in unison at all frequencies within the system capabili-
ities,

It is virtually impossible to grepare a suitable surface as described
above on a piece of e quipment in the field., It is very difficult to achieve
even in a factory. /s a consequenice, it is usually convenient to prepare
2 mounting block having a suitable surface, andthen attach the block to
the vibrating surface by means of a cement, as will be describad.

The mounting blocks prepared, as shownin Figure 26, measure one inchby one
inch by one -fourth inch, and are made of stainless steel to resist corrosion.

=
T

|
DRILL AND //O

TAP l4 - 28 _1_ MATL: STAINLESS
STEEL

174

o

NOTE: One surface of block to be specially pre-
pared. Face off, drill, and top in lathe
without unchucking, then grind to No. 16
finish,

Figure 26. Accelerometer Mounting Block

The mating surface is turned flat in a lathe, drilled and tapped without
being unchucked, then ground f{lat., Very good results can be obtained when
cementing the mounting block to relatively uneven surfaces. Response of
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the system, when a proper cernent is used, is not affected by the cement
to frequencies at least as high as ten kilohertz.

Iipoxy cements have suitable mechanical characteristics and are per-
fectly satisfactory, but require four hours or more to harden and cure before
measurements can be made, Equally good from a mechanical standpoint
but much faster curing (about 15 minutes)is dental cement. * A powder and
fluid solvent are mixed to a putty-like consistency and spread on the clean
mating surfaces, whicn are then pressed together. The resulting bond is

very hard but fairiy brittle, so that the mounting block can be broken free
with a sharp blow if necessary,

fl“fransducer Attachment Locations

S v,

Transducer attachment locations which proved useful in these tests were
as follows.

Servo Pump. There is one pickup on the roller bearing outer race, as
shown in Figure 27, This location can be used to monitor vibrations of

this bearing and general vibration due to pulsations in delivered flow., A
second location is on the port block. This also can be used to monitor vibra-

tion due to pulsations, and is a good position for sensing vibrations of the
duplex-pair thrust bearings.

Dual-vane Pump. One pickup is located on the cover and one on the outer
body, as seen in Figure 28 and identified in Figure 5-22 of instruction
manual ME-1528, These locations allow one to monitor the vibration of
each portion of the dual pump. The bearing vibration is best sensed by a
transducer directly over the bearing. on the inner body.

Solenoid Valve. One transducer is placed on the end of the valve opposite
the coil, with the transducer sensitive axis parallel to the spool.

Servo Valve, One transducer is located on an end of the valve, its sensitive
axis being parallel to the spool.

Pressure Relief Valve. One pickup is mounted on the top of the body of the
valve, its sensitive axis being normal tc the mounting plate.

TEST FACILITIES

A test facility was designed and built by the Research and Development
Center as a means of studying the signature of the selected hydraulic

¥R suitable cement is F88 adhesive, made by Tridox Products Incorporated,
P.O. Box 91, Gladwyne, Pennsylvania 19035.
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Figure 27. Accelerometers on Outer Race of Servo Pump Roller Bearin
and on Servo Valve
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components, While closely simulating the actual installation, it gave con-
siderably more freedom in exercising the components and developing test
procedures than would be possible on an antenna. The 1acility as built
had two independent parts. The first, powered by a pump owned by the
Center, was designed for the testing of the solenoid valve, pressure re-
lief valve, and servo valve. It is shown in Figure 29; the schematic is
Figure 30. )

The pressure regulator, servo valve, and solenoid valve are mounted
on their respective manifolds. Flow from the supply pump, at a pressure
of approximately 1500 psi, is set to 2 gpm by passing all the oil directly
to the return line through a flow meter. To do this, valves 2, 3 and 10 are
closed and valves 1 and 8 are open. After the supply pump is set to move
the desired quantity of oil, valves 1 and 8 are closed. Opening valves 2
and 10 allows the Vickers regulator to be tested. For the regulator test,
valves 11 and 12 remain closed. Opening valve 10 slightly simulates
system leakage in the control pressure lines in an actual hydraulic power
unit. Pressure and flow variations through the regulator can be accomplished
by setting the regulator adjusting screw and valve 10 to the desired positions.

To operate the servo valve, the regulator is set to 800 psi and this
pressure is allowed to act on the servo valve when valve 10 is closed and
valves 11 and 12 are opened, When the servo-valve torque motor is acti-
vated, the motion of the spool admits this control pressure to one of the
two servo-valve accumulators. The brief flow of fluid into the accumulator,
as it charges up to line pressure, simulates the flow through the servo valve
when the valve is used to move the actuator pistons in a servo pump.

The solenoid valve may be aperated by admitting pump flow and pressure
directly from the pump through valves 3, 5 and 6. (Valve 2 is closed so
that the regulaior and the servo control valve are not in the loop.) The sol-
enoid valve is normally open. When it iz energized, flow through the valve
stops, and accumulator 3 charges up to full line pressure. When the valve *
is deenergized, the line supply is dumped into the return line through the
solenoid valve., The resulting supply-line pressure drop occurs over a finite
time period as a result of the action of the accumulator in the line. It is
possible in this way to approximate the operating conditions of the valve when
it functions in an actual hydraulic power unit.

The second part of the test facility (Figure 31) was designed for testing
the servo and vane pumps, and also the servo valve. Figure 32 is a sche-
matic diagram of this facility.

A 55-gallon drum serves as the storage tank., The dual-vane pump and
the servo pump are mounted conventionally on the drive motor. The con-
trol portion of the vane pump supplies filtered flow, regulated at 800 psi,
to the servo control valve. Oil pumped from the replenishing side of the
vane pump is passed through the case of the servo pump for cooling purposes.
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The pressure-controlled side of the regulator in the replenishing line pro-
vides the supercharge pressure for the servo pump.

A throttle valve is uszd as the load for the servo pump. Its closure
and the pump stroke determine output pressure. A series of check valves
and an overpressure relief valve (set at about 2000 psi) provide protection
incasethethrottle is ever accidentally fully closed. A valve in the tank
return from the high pressure lines is used to bleed off a portion of the servo
pump discharge flow. This tends to prevent overheating by causing a small
amount of oil to be continuously replaced. Since the facility does not in-
clude a heat exchanger the permissible operating time is determined, first,
by the rise in servo pump discharge temperature, and, second, by the tem-
perature of the cil in the tank.

A self-generating magnetic transducer placed in proximity to a grease
fitting on the motor shaft provides a once-per-revolution reference signal
which is useful in data analysis.

A servo amplifier (Figure 33) was built as a means of controlling the
stroke of the servo pump through operation of the servo valve. This ampli-
fier has two inputs: a d-c error signal from an adjustable potentiometer,
and a signal from the yoke-position potentiometer built into the servo pump.

The two output amplifiers each drive one of the coils of the servo valve,
An initial adjustment on each amplifier makes its output zero when the error
signal is zero and the yoke is centered. This amplifier can also be used to
introduce transients into the servo valve. A switch supplies a step-function
error signal to the amplifier and simultanecusly generates a trigger signal
which indicates the time at which the transient was initiated,

Tests were also performed on the USB antenna of the Network Test and
Training Facility at Goddard. This facility was modified for testing as
follows:

1. Transducers were mounted on the hydraulic components as previ-
ously described.

2. For solenoid valve tests the solenoid coil was unwired from its
normal connection and rewired as in Figure 34, This component
was tested with the antenna in the stowed position,

3, The servo valve was tested by rewiring it and the yoke potentiom-
eter as shown in Figure 33. The valve was then controlled using
the servo amplifier shown in the same figure.

4, A pickup was added to the motor to generate a once-per-revolu-
tion trigger signal.

&

No system modifications are required for test of the servo pump, vane
pump, or pressure relief valve.
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117 V.A.C. TO SOLENOID COIL

4/0:
OPST

SWITCH

?\__._

3 v.D.C. TRIGGER SIGNAL

Figure 34. Wiring for Solenoid Valve Test

TAPE RECORDINGS

The tests may be performed and analyzed "live, " i.e,, without tape
recording, or the signals may be taped for subsequent analysis, Wher
the signals are tape-recorded, a bandwidth of ten hertz to 20 kilohertz
will be satisfactory except as noted below, Recordings in the FM mode

are suggested as being generally more precise and accurate than recordings
in the direct mode.

As will be discussed, response to frequencies considerably higher than
20 kilohertz is necessary for study of the vibration of the servo valve, even
though these frequencies are well above the upper range of linear response
of the accelerometers. Response to about 40 kilohertz is adequate. Since
absolute information is not required from these signals, the direct record
mode is acceptable.

There are three important factors which contribute to making satisfac-
tory tape recordings, These include proper documen*ition, high-fidelity
recording, and suitable calibration,

A tape recording has value only when the information recorded can be
meaningfully retrieved. This requires complete documentation of all the
periinent conditions under which the recording is made, Figures 35 and
36 show examples of such records. The data at the top of the first sheet
(Figure 35) give the reel identification number, the make and model of the
recorder used, the tape speed, the date of the recording, and a descripticn
of the subject of the recording, (A block diagram of the instrumentation
precading the tape recorder is often helpful.) The data in the middle of
the sheet tells whether each track was recorded FM or direct, and, if FM,
the center frequency for each track. The table at the bottom of the first
page (Figure 35) gives the parameter recorded on each track,

70



REEL NUMBER: GBS FC 6A

TAPE RECORDER: cec AT 3300
TAPE SPEED, IPS

DATE: 3-3)- b8

TEST DESCRIPTION: TM'J WMM dfhﬁ T NTTF

_X"W . o Endve _ Onyt 3518 _ calfrald
dvppranlion — 3145y ,(fm.a , ﬁfu

IRIG CH 1 2 3 4 5 6 7

FM FREQ. SAKu2 54 84 54
DIR. REC

IRIG CH 8 9 100 11 12 13 14
™ FREQ. 64

DIR, REC. R e

IRIG CHANNEL PARAMETER

i
;

10 w—
1 ﬁl \ [ . ) 5 'ﬂl u'
12 —

:
i

[
&

Figure 35. Sample ’fape'Recordgr Parameter Log
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Pigure 36. Sample Tape Recorder Test Log
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It is good practice to include a voice commentary on each tape. The
redundancy is valuable in case the data sheets are ever lost, and the com-
mentary is often an aid in identifying important events during tape playback.

The second sheet (Figure 36) describes each of the recordings or tests
which are arranged serially on the tape. The tabulation includes the reel
number for cross-referencing to the previous sheet, and the recording num-
ber, the footage counter range for that recording, and the test condition,
The latter should include attenuator and/or gain settings of the instruments,

One of the tests should be a calibration. With this it will always be
possible to relate the retrieved signals to absolute vibration levels, The
value of being able to measure absolute levels may not always be immedi-
ately apparent; in fact, it may not always be necessary. On the other hand,
it is not always possible to foresee all the future uses of recorded data, A
calibration can always be ignored, but it cannot be added with confidence
at a later date.

Making a recording which is a faithful reproduction of the original
signal has two aspects., First, the recorder and its mode of operation
must have sufficient frequency response to encompass all significant signal
components, Second, the signal must be recorded so as to make best use
of the recorder's dynamic range. If the signal is too strong it willi over-
load the recorder and cause distortion, while if it is too weak it will be
obscured by the recorder's inherent self-noise. It is common practice for
magnetic tape recorders to be set up to accept a one-volt RMS sine wave
with some small (on the order of 3%) distortion. The maximum excursion
of such a signal is /2 volts. If nonsinusoidal signals are recorded on this
machine their amplitude should be adjusted so that their maximum excursion
approximate this range. This ensures that both distortion and noise will
have minimal effects.

TEST PROCEDURES

Recommended tests for the various hydraulic components are described
below, As previously discussed, the information can be taped for later
analysis or analyzed live.

Servo Pump

Record the pump vibration with yoke centered, i.e., at zero stroke.
Place the antenna so that it looks at one horizon. Take data while driv-
ing at constant velocity to the opposite horizon.

Vane Pump

Record vibration while running with the yoke of the servo pump
centered.
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Solenoid Valve

Stow the antenna in any convenient position Wire the solenoid coijl
as shown in Figure 34, With hydraulic power supply operating (servo pump
yoke centered) to supply system pressure, actuale the solenoid coil, Anal-
ysis i§ made as the coil is deactivated. Analysis requires the vibration
signal and a trigger signal generated by the switch sahown., Repeat with the
hydraulic power supply shut down,

Servo Valve

Replace the normal servo amplifier with the one shown in Figure 33,
Make the necessary connections to the yoke potentiometer, but not the servo
valve. Energize the amplifier. Adjust the manual control potentiometer
to its centered position. (The STEP FUNCTION switch should be OFF.)

The voltage at the output of cach output amplifier should be approxi-
mately zero. If it is in error. adjust the bias potentiometer to correct to
zero, Connect the servo valve io the amplifier and release the brakes., A
slight correction of the manual control potentiometer will make the antenna
velocity very close to zero.

_To take data, set the DIRECTION switch to A, and turn the STEP FUNC-
TION switch to ON., This will cause the antenna to turn at constant velocity.
The step-function switch may be returned to OFF in about one second., The
process is repeated with the direction switch set to B. The operation of the
STEP FUNCTION switch also generates a trigger signal which is required
in the data analysis.

Pressure Relief Valve

Measure the vibration with hydraulic power supply operating, the
antenna being stowed. )
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Section 5

DATA REDUCTION TECHNIQUES

Data reduction techniques serve two purposes. They extract wanted
information from a back ground which may contain much that is extraneous,
and they present the wanted information in a meaningful way, This could
mean that it is displayed so as to show the important details of the signal,
or it may mean that the information is formatted in a way which makes it
suitable for transmission to other equipment (such as a digital computer)
for further processing.

SPECTRUM ANALYSIS

A generalized signal consists of some combination of discrete-frequency
spectral components and random noise. The discrete-frequency components
can be separated out by means of frequency filtering, provided that the energy
of the desired signal exceeds the sum of all other signals, as measured
within the passband of the filter. By decreasing the filter bandwidth the
noise is increasingly discriminated against, while acceptance of sinusoidal
‘signals within the passband is unchanged. While one might at first conclude
that this process could be continued indefinitely so that weaker and weaker

sinusoids could be detected, there are practical limitations in building such
an analyzer,

As the filter becomes more selective its tuning becomes more critical,
and finally a point is reached when it is often found that the supposedly stable
sinusoid actually is wandering somewhat in frequency. Its bandwidth is not
really zero, but finite, and an excessively narrow filter will actually in-
rrease measurement errors, There are other practical problems having to
do with the permissible tuning rate of the filter (which is an important con-
sideration when a tunable filter is to be scanned over a range of frequencies),
filter stability, and the shape of the filter passband. Despite these problems,
‘the technique is well suited to the separation or extraction of particular
components of complex signals within the limitations described.

TRANSIENT AVERAGING OR SUMMATION

There are occasions when as much or more information is contained
in the waveform of a signal than in the amplitude of its spectral components.
This is particularly true if there is a significant repetitive transient ev: i,
In many cases the desired signal will be obscured by unwanted signals, K
the unwanted signals differ considerably in frequency from the desired
signal, they can be separated out by filtering. However, if they are similar
in frequency, filtering is of little value and recourse must be made to other
techniques, : |
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If a signal repeats itself in a cyclical manner, a powerful tool called
signal summation or transient averaging can be used to extract it from
other signals which are nonperiodic or of an unrelated periodicity. Since
the periodicity of the wanted signal is known, it is summed on itself as
shown diagramatically in Figure 37 to develop the function F(r):

N
F(r) =} £[7+(a-1Tg 0<T<T (76)
n=

where n is the number of summations
Tg is the period of the repetitive function

T 1is the period of scan of the device which perform
the summation

T relates to the rate at which the summed signal is
read out; this requires 1 seconds for a signal
representing T seconds in real time.

If there is a signal with periodicity Ty in the input it will sum directly
as n, the nimber of summations, since there is coherence from one sum to
the next. Signals which are incoherent add not as n, but as its square root.
This is analogous to adding together two random signals of equal amplitude;
their sum is /2 times the amplitude of either component rather than twice
the size.

As a result of the difference between the rate at which coherent and
incoherent signals are summed, the ratio of the wanted to unwanted signals
in the sum is AT times the same ratio at the input to the summation device.
‘For most signals, on the order of 100 summations (giving a ten-to-one
signal-to-noise ratio improvement) are adequate to extract the wanted signal
from the background. Since improvement goes as the square-root of the
number of summations, many more than 100 would be required to get an
additional significant improvement. Very large numbers of summations may
not give as much improvement as expected because of slight instabilities in
the signal, such as sinall speed changes.

The general organization of a device suitable for forming the function
F(T) is shown in Figure 38. Two inputs are required: the signal itself,
which may be preprocessed as will be described, and a trigger signal
having the same periodicity as the signal which is to be extracted. I the
desired signal is the waveform developed by each revolution of a rotating
device, such as a pump or motor, the trigger would be a once-per-revolution
pulse generated by a transducer on the shaft. If one is szarching for bearing
defects, which are generated at a rate which is not an integer muitiple of
running speed, the trigger would come from an externally programmed source
whose periodicity was adjusted to the proper value.
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Figure 38, Organization of a Summation Analyzer

The trigger signals are fed to a preset counter which controls a gate.
If the number of trigger signals counted is less than the preset number, the
signal to be analyzed is passed to the succeeding stages; when the preset
number is reached the gate opens and the summation process ceases,

The summation device itself has three major components:

e Analog-to-digital converter
» Memory bank

» Scanning control

The heart of the analyzer is the memory, usually a bank of magnetic cores,
Under conirol! of the scanner the analog-to-digital converter looks at the
incoming signal briefly and digitizes it; the result is stored in the first
address of the memory. The scanner then advances one step and the grocess
repeats, with the digitized signal being stored in the second address. The
process continues until all addresses have been contacted, thus storing in the
memory a digitized representation of the selected portion of the incoming
signal,

Where another trigger pulse comes along the entire process is repeated,
each digitized signal being added to that already stored in the appropriate
address of the memory. This continues until the preset counter stops the
process after a predetermined numbey of summations.

If the desired signal is known to be within a certain frequency range and
extraneous signals (such as noise) are known to be mainly in a different
part of the spectrum, the signal may be prefiltered before summation.
When this is done the signal-to-noise ratio is improved even before summation,
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so that the desired signal can be extracted with fewer summations than
would otherwise be required,

Some transient signals which recur periodically, such as the impacts
characteristic of defective bearings, are nof necessarily phase-coherent
from one occurrence to another. Each impact is like a burst of noise; they
occur at regular intervals but the waveshapes differ. Not being coherent,
such signals do not sum in such a way as to pe enhanced relative to the
background. However, the summation process can aid in their detection
if the incoming signal is rectified before being summed. When this is done
it is the envelope of the periodic signal which is regpvered, rather than the
signal itself.

The transient signal, even though weak, adds energy at the same
addresses on each summation, while other nonsynchronized events add
randomly, first in onc address, then another etc., 50 that their contribution
is spread out rather than concentrated., As a result, those signals with the
proper periodicity are again maie evident.

SPECTRAL ANALYSIS AFTER AVERAGING

The signal stored in the core memory of the summation device contains
only signals whose frequencies are integer multiplas of the trigger signal,
If the trigger is derived from the shaft of a 1200 revolution per minute
machine, for instance, it occurs every 50 milliseconds, or at a 20 pulse-
per-second rate. The summed signal contains mainly multiples of 20 hertz,
other signals being discriminated against by the summation process., A
Fourier analysis of the summed signal can be used to determine the amplitude
of each of these components.

The advantage of this (over a Fourier analysis of thie raw signal) is that
the analysis is made of a signal which is effectively prefiltered to eliminate
most of the unwanted components. As a consequence, the work of the
analyzer is made easier and the requirements placed on it are less stringent,
The technique is particularly useful for determining the level of very weak
components, which would otherwise be difficult .0 measure,

The Fourier series can be calculated digitally by reading out the memory
into a computer, which performs the necessary calculations, The signal in
the memory will equal or exceed one period of the signal, as described in
Equation 76; the calculation requires only the data in j sequential address,
where

T,
j= == N | (77)

N is the number o1 addresses in the memory
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Alternately, the Fourier analysis could be performed by a conventional
analog spectrum analyzer. To do this, the output of j addresses is read
out seguentially at a uniform rate in a continuously circulating manner.

That is, after the signal stored in the ')'th address is read out the sequence
is restarted beginning with the first address, When this is done the output
is a representation of the original signal with components lacking the proper
periodicity largely removed. Depending on the rate at which the memory
elements are read out, the frequencies present in this reconstructed signal
may or may not be the same as their equivalents in the original signal which
was summed,

out At (78)
f. At'

where At is the period represented by each address of the
memory during summation

At'is the time inierval between successive addresses
during readout

TIMING OF TRANSIENTS

Among the tests required for evalution of the condition of the servo
and solenoid valves are measurements of their operating time in response
to a transient. As previously described, the test procedure includes
generation of a trigger signal which acts as the time reference. The
vibration signal measured on the valve is used to indicate its response. In
the case of the solenoid valve, the desired signal is that generated by the
moving parts as they hit their stop, while the motion of the servo valve is
deduced from the change in flow noise.

In any measurement problem, it is necessary to take data in such a
way as to discriminate against unwanted signals while retaining significant
information. The unwanted signais are largely vibrations due to the rotating
machinery, the motor, and the pumps. It was found experimentally that
these could be largely removed by high-pass filtering.

The solenoid valve impact noise is a relatively powerful source, and
a two kilohertz cutoff was adequate. The signal from the servo valve, mainly
flow noise, was obscured unless the cutoff was set to at least 20 kilohertz.
It will be recalled from the earlier discussion of transducer characteristics
that this is above the linear range of frequency response, and in fact includes
the resonant frequency, which is on the order of 35 kilohertz. As a result,
the amplitude information in the signal is of little value. However, the
absolute value of the amplitude is not required, and the relative amplitude
(as a function of time) is adequate. The timing of events in the signal is eas-

ily determined by displaying the signal on an oscilloscope. The sweep, which
is calibrated, is triggered atthe onset of the transient,
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Section 6

DATA REDUCTION SYSTEM

SYSTEM DESCRIPTION

The data reduction equipment used by the Research and Development
Center had two major components: the Radiometer FR2a frequency analyzer,
and the Enhancetron 1024 summation device,.

The Radiometer is a heterodyne-type constant-bandwidth tunable filter
covering the frequency range from 20 to 15000 hertz. The bandwidth is
- selectable: 2,8, or 25 hertz, The spectrum analyses shown in the report
were made by mechanically sweeping the filter, using two hertz bandwidth,
The filter output was plotted as a function of frequency using the Bruel and
Kjaer 2304 Level Recorder. This is, in effect, a recording voltmeter
having logarithmic characteristics. '

The Enhancetron is a summation or transient averaging device with a
core memory having 1024 addresses, Its trigger came either from the one-
per-revolution sync pulse generated by the shaft position sensor or, for
bearing defect analysis, from a laboratory-designed and -built pulse

generator, called a Time Mark Generator, with easily selectable periods
(by digital switches),

The system, as used for diagnostic purposes at Goddard, will now be

described in detail. The following is a list of NASA-Goddard equipment .
used for summation:

Tape recorder - Sangamo 4700
Summation computer - TMC-CAT-400
Analog computer - EAI RACE TR-48
Digital computer - EAI DES-30

Oscilloscope
Band;’pass filter - Krohn-Hite
X-Y plotter - EAI 1119

Counter-timer - Computer Measurements 226B

W 09 =1 D W B G By

Function generator - H. P, 203A

Also used is a GE-provided instrument that contains variable-gain amplifiers

and an option to full-wave rectify the accelerometer signals before summation.
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Figure 39 is a block diagram of the summation systems, The signal
from the tape recorder is processed by a band-pass filter. After filtering,
it is amplified, and then rectified if desirable. This is now the input that
is summed by the CAT 400, which has 400 memory addresses. To identify
the start of each data cycle the once-per-revolution signal from a shaft
pickoff or an artifically generated signal with a period correct to 10 micro-
seconds is used to trigger the CAT sweep after passing through an AND
gate. The other input into the AND gate is the output of the preset counter,
As long as the residual count in the present counter is greater than zero,
there is an output from the counter. At the end of each sweep of the CAT,
a pulse is generat2d. These are then counted by the preset counter, de-
creasing until zero is reached. At this time there is no output from the
counter; the AND circuit is disabled, preventing any further pulses from
triggering the CAT sw=ep, The summed data can now be read into an X-Y
plotter or into a spectral analyzer.

A block diagram of the spectral analysis of the CAT output is shown in
Figure 40, The equipment used is:
Summation computer ~- TMC-CAT-400
Analog computer - EAI-RACE TR-48
Digital computer - EAI-DES-30
Counter-timer - Computer Measurements 226B
Special pulse generator - Intercontinental Insiruments PG-1
Spectral analyzer - Singer LF-26

Power spectral density analyzer - Singer PDA-1

L =3 o0 O e W N

Oscilloscope

Normally, the summation time is set slightly longer than the once-per-
cycle period. If the summed data are to be analyzed spectrally, only that
part of the memory covering exactly one cycle or an integer multiple must
be used. An zrror will produce an apparent discontinuity in the signal,

Not only will a shift in the frequency distribution occur, but additional data
will be generated that did not exist in the presummed signal. The correct
number of CAT addresses to be used is given by:

Tg; |
n =400 « =& (79)
cat
Tsig = period of signal |
Teat = period of one complete CAT summation

=
it

number of addresses used during period Tsig
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Figure 39. Block Diagram Showing Use of the Computer of Average
Transients (CAT) as a Transient Averager:
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Figure 40, Block Diagram Showing Use of CAT in Conjunction
With Spectrum Analyzer
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This number is set into the preset counter of Figure 40, A pulse
generator operating at a frequency less than the limiting speed of CAT
address advance (20 kHz) causes the memory to be read out bit by bit to the
spectral analyzer. To avoid the possibility of missing one bit, the advance
rate is normal operated at less than 10 kilohertz. The pulse-generator out-
put operates a preset counter. When the count reaches the correct value a
pulse stops the CAT memory sweep and resets it to start. It also resets
the preset counter. Since the CAT sweep start must be delayed at least 50
microseconds to allow for fly-back time, a short delay of approximately.

75 microseconds is inserted between the counter output and the sweep start.
The delay should not exceed the period between address advance pulses

(100 microseconds or longer when the address advance rate is 10 kilohertz
or less), or the first address count will be lost. The memory is thus
continously cycled so that it can be spectrally analyzed, If the memory
output is displayed on an oscilloscope, it will appear as a continuous wave
without discontinuities.

A connection diagram of a summation and spectral analysis system
using NASA-Goddard equipment appears in Figure 41. In the spectral
analysis mode the irmnpulse generator pulses are processed in the following
manner., The output of differentiator 7 (point A) is a sharp spike, as shown
in Figure 42A., When the present counter reaches zero its output (Figure
41, point B) as shown in Figure 42B is a sharp spike. This is expanded to
50 microseconds (Figure 42C) by a monostable counter (Figure 41, point C)
in order to properly operate AND gate 8E, Monostable counter MT8 expands
the pulse to 80 microseconds (Figure 42D). The end of the 80-microsecond
pulse is used to generate a delayed pulse, using AND gate TA and differentiator
DIF 9 (point E Figure 41, and Figure 42E). The pulse is then expanded to
50 microseconds (Figure 42F) to operate the digital logic that controls the
external triggering of the CAT 400 sweep.

OPERATING INSTRUCTIONS

To implement the summation and subsequent spectral analysis, the
specific equipment owned by Goddard is intercommected according to Figure
41, For summation, the following procedure should be followed:

1. Connect the equipment as shown in Figure 41. The input signal is
connected to input J1 on the front of the panel. (The output from
the CAT memory to the X-Y recorder and the spectral analyzer is
in the rear,)

2. Turn on the equipment previously listed and allow to warm up for
15 minutes, The CAT 4000N switch is at the rear of its case.

3. Set the number of CAT summations on counters DC-1 and DC-0
{of EAI-DES-30) to the desired number.
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4, Set the CAT 400 adjustments

as follows:

Name Position
PROGRAM switch (in rear) C
Potentiometer (in rear) 1/4 turn from full CW
ACC, -NORM. -REV, switch ACC.,
DATA TRANSFER switch off
INPUTS IN USE switch 1
SWEEP DELAY 0
STIM, -PROMPT switch " any position
TRIGGER EXT.
SWEEP TIME slightly larger than signal

period

VERT; RANGE ' 104

(May be set in other positions
if different ranges are desired
as determined by sample run,)

Inputs switch 1only turned on

EXT, -ADD-SUB. SUB.

USE-TEST USE

PLOT-PRINT PRINT

5. Push the display button., The information previously stored in the

memory will appear on the oscilloscope,

Memory erase will
Set the desired number of CAT additions on digital counters 0 and 1

Play data tapes on the magnetic recorder, and adjust signal peak

If a tachometer signal is also recorded it should be ad;usted to

6. Press the reset button to erase the memory,
work only when the CAT is in the display mode.
7.
(DC-0, DC-1, Figure 41)
8,
amplitudes to be slightly less than +3 volts as measured on an
oscilloscope.
9.
approximately two volts, zero to peak,
10,

If a tachometer signal is not available, set the H. P. 203A function
generator at the desired frequency and, using the square wave out-
put, set the frequency to give the correct period as measured by
the counter-timer, Computer Meagurements 226B.
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11.

12,

13.

14,

15.

16.

17,

18,

19,

20.

Set the rectifier switch to the desired position.

Set the upper and lower frequency limits of the filter within 100
cycles of the anticipated passband.

Return the tape recorder to that part of the tape that contams the
data to be summed, and start the playback.

Push the CAT start button.

Push momentary switch MP4C on the EA]l DES 30 panel. The first
triggering pulse will start the CAT summation, It will continue
until the preset counter has counted down to zero. During this
period the signal can be monitored on the CAT osci:loscope. To

be sure that the optimum sweep trigger setting has been used, the
process should be repeated, increasing and decreasing the summing
period in approximately 10-microsecond steps.

To make a permanent recording of the summed data, insert paper
in the X-Y recorder and turn on the vacuum switch on the left side.

To bring the CAT memory readout to the first address, do the
following in the order shown:

Push the stop switch.

Push the readout switch.

Place the right-hand switch of the X-Y recorder in the OPERATE -
PEN UP position, The pen will now move to the start position and
can be adjusted by a zeroing pot. The ordinate can be adjusted by
the Y zeroing pot.

The position of the X-Y pen in the last memory address can be
checked by depressing the F. S, (X) button (S102) in the lower left
corner of the rear CAT panel. The pen position may be set by
adjusting the X-Y gain while the FS(X) button is depressed. Since
this may affect the zero position, it should be rechecked and read-
justed if necessary. Two or three adjusting cycles may be needed
for proper positioning of the X-Y pen,

Place the PLOT-PRINT switch in the PLOT position. When all of
the memory has been read out, return this switch tc the PRINT -
position.

If a spectral analysis of the summed data is desired, the following
additional steps should be followed:

21.

Place the EXT, -ADD-SUBTRACT switch on EXTERNAL.,
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22. Turn the sweep-rate rotary switch to EXT.
23. Turn the input switch off.

24, PLOT-PRINT switch should be on PRINT,
25. Push the stop switch.

26. Push the readout switch. This places the readout in the first
memory address.

27. Push the stop switch.
28. Push the start switch.

29. See the Singer Metrics Manual for calibrating and operating in-
structions of the spectral analysis equipment.

30. Unless the address advance'frequency is adjusted for different sweep
rates during summation and playback, the frequency spectrum from
the analyzer will be shifted from its true value, as in Equation 78.

To make playback frequencies the same as those originally tape-
recorded, set the address advance frequency as follows:

£ . 400 (80)
address TR

where T
R

CAT sweep period during summation

ratio of tape recorder speed during playback to
recorder speed during recording.

Calculate the frequency using Equation 80, and adjust the pulse gen-
erator (Intercontinental Instruments PG-1) to correspond to this
value,

31. Using Equation 79, set thé correct number of CAT addresses in
DC2 and 3 on the EAI-DES-30 panel.

32. Push latch switch PB4A on the EAI-DES-30, The correct amount
of memory is now extracted from the CAT memory and continuously
circulated. ‘

33. Start the Singer spectral analyzer.

‘34, At the end of the spectral analysis, again push latch switch PB4A
on the EAI-DES-30. This stops reeirculation of the CAT memory,
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PRECEDING PAGE BUANIK NOT MUNED.

Section 7
RESULTS OF ANALYSES

In this section of the report actual analyses of signals will be presented
and discussed as recorded on the test facility at the General Electric Com-
pany's Research and Development Center (R&DC) and the Network Test and
Training Facility (NTTF) of Goddard Space Flight Center (GSFC). These
may be compared with the signature predictions described earlier. It must
be emphasized that all of the components tested with defects were fully
operable, and that their malfunctions would not have been detected during
their usual operation.

SERVO PUMP

The signature of the normal servo pump has been measured by the
summation, or transient averaging technique for a wide variety of oper-
ating conditions, Since the pump is driven by a large induction motor
its speed is relatively invariant, but, depending on the demands of the
system, it can vary in flow and discharge pressure. The direction and
quantity of the flow is set by the yoke angle ( g in Figure 1); this is in turn
set by hydraulic actuators via the servo valve. Figure 43 shows a measure-
ment of percentage of full stroke, as a function of antenna velocity. The
determination was made by reading the yoke position indicator on the an-
tenna at NTTF as the antenna was slewed (temperature about 35° F, wind
calm).

4
3
ANTENNA
VELOCITY 2
Deg./sec.

o I RN W PR
O 20 40 60 80 100
% STROKE

Figure 43, Servo Pump Stroke as a Function of Antenna Velocity

The pressure developed by the pump depends on the load imposed by
the hydraulic motors. While there are no pressure gauges on the actual
antenna drive, the instruction manual says that it normally runs about
500 psi. High winds, unbalance of the antenna structure, and friction in
the gears are cited as factors influencing the pressure.
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While the flow and pressure were not both individually adjustable on
the antenna, they could be controlled at will in laboratory tests. The per-
centage of full stroke could be varied with the manual control on the servo
amplifier (Figure 33), and the discharge pressure was varied by means of
the throttle valve shown in Figure 32. Measurements were made at nom-
inal values of zero stroke, half stroke, and full stroke, but the greatest
emphasis was placed on the half-stroke condition, sincethis is fairly
typical of the stroke achieved in practice at moderate and high antenna
velocities (Figure 43).

When the yoke is driven to produce full stroke there i$ a mechanical
stop to limit the angle g to a tolerable maximum value; when the stop is
reached, the pump noise changes abruptly. Since this effect has limited
operational significance it was not studied; it does mean, however, that
the analyses at full stroke are of limited usefulness, since the signature
could vary greatly with a negligible change in pump operation.

Figure 44 shows summation analyses at zero stroke and zero pressure,
with both the raw signal and the rectified signal being summed. (In these
analyses the transducer location was over the servo pump roller bearing,
except as noted.) In common with subsequent analyses, a representation
of the once-per-revolution trigger signal is also included. If the atroke is
exactly zero, the servo pump has no displacement and no flow, so the
vibration signature should have no character, as was the case. When
stroke is increased, even with the throttle valve open so that pressure is
very low, the situation changes and the summed signal {particularly that
analyzed without rectification) shows a distinctive repetitive character
(Figure 45).

Certain sequences within the waveform repeat seven times per revolu-
tion, corresponding to the seven pistons of the pump. As pressure in-
creases to 400, then 1100 psi (Figures 46 and 47), the vibration increases
in amplitude and the relative amplitude of the harmonics changes, but the
general character of the signzal is about the same. Figures 48 and 49 are
analyses at full stroke, at 0 and 1100 psi.

If the signal is passed through a 1000-hertz low-pass filter to remove
noise due to flow and friction, the waveform captured is relatively ''cleaner"
for a given number of summations than if the raw signal is used. Figures
50 and 51 are examples, corresponding to Figures 46 and 47. The same
taped data were analyzed twice in Figure 50 to demonstrate repeatability.
This prefiltering may be useful at times, but should be supplemented by
an analysis of the raw signal as well, to ensure that the filtering has not
thrown away significant information.

Corresponding analyses of the pump in the laboratory after leakage

was introduced are shown in Figures 52 to 55 (zero stroke; 50 percent
stroke at 0, 400, and 1100 psi, no filtering before summation) and Figures
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56 and 57 (50 percent stroke at 400 and 1100 psi, 1000 hertz low-pass
filter before summation).

Figure 58 shows a series of similar analyses taped and analyzed at
NTTF. Antenna velocity was the variable, Pressure is not known, but
can be assumed to be about 500 psi; stroke can be estimated from Figure 43.
The expected increase in vibration with increasing stroke ‘s very clear,

It is interesting to compare traces 12 and 14, which arc comparable
except for direction of rotation of the antenna. 1in terms of pump operation,
this means that the sign of the angle g i Figure 1 was reversed. The two
traces match quite well if one of the two is reversed in phase {i.e., down-
going portions of the curve are made up-going) and in time (i.e., time is
assumed to run from right to left).

The reversal of the waveform in time comes simply from the change
in g. With direction of rotation held constant, the sequence of events lead-
ing to the ripple reverses when g reverses. This can be shown by means
of computer program GSFC23 (Appendix 1I), However, the program does
not predict a change in phase or sign of the disturbances. This tells much
about the way that the pressure fluctuations are coupled to the outside of
the pump. I the vibrations were due to hoop stresses such as are typical
of a pressure vessel, thev would not have changed sense or sign as the
sign of g was reversed. However, if the vibrations were due to moments
gerierated between rotating and stationary portions of the pump, the sense
of the fiuctuations would change with the sign of g. Since the latter con-
riition is consistent with the experimental evidence, it is safe to assume that
the motion measured on the exterior of the servo pump is due chiefly to
vibratory moments which are driven by the pressure fluctuations.

Since the responsiveness of the mechanical structure will differ with
frequency, one should not expect a 1:1 relationship between the predicted
pressure waveform and the measured vibration. At low frequencies the
fluctuating forces act, in effect, against a very stiff spring. At some
higher {requency the structure begins to ''break up' because of resonances,
and as a consequence the vibration amplitude for a given driving force is greater.

The validity of this prediction is demonstrated quantitatively in Table 6,
which compares predicted pressure fluctuations and measured vibrations
as a function of frequency for a normal pump, operating at 50 percent stroke
and a pregsure of 1400 psi. The last column is the vibration (in decibels
relative to one g) per psi of pressure, as a function of frequency. The
trend of this column shows that the responsiveness of the structure is
about the same at 140 and 280 hertz, but that increasingly larger vibration
amplitudes are realized for a given force at 420 and 560 hertz.

Unfortunately, the stiffness of the structure at low frequencies discrim-
inates against the responses, particularly at once per revolution or 20 hertz,

105

et g
v T B



uonounifeN Ym dumg oAxs§ ‘sisd{euy uonewuing

G'Z9 AWl [e3y Jasw ‘pouiad daamg
002 ‘Suohnewwng jo JaquinN

SHALANVHVd NOLLVININQS
:auwIl], [eay fasw ‘pouad
yoiimg

1Gelauan asind
X 10suag uo1Isod yeys

"TVNDIS H3DDIHL

D4SD - VSVN
X | oda=y - 4D

NOILV.LNAINNHLSNI SISATVNY

paynay asem (104
X P2 1Id3LUN
19314 dH ZH1 02
X 193t 471 zHA 1
J9l1tg ON

ONINOLLIANODJ Hd TVNDIS

00F 1sd '24anssadd
0S % ‘%0415

SHALANVYVd ONLLVHIdO dNNd OAYES

X

Annoeg Suwutea | pue 1S2], YI0MBN
Ajq1oeg 159 ], 4A103ea0qQRT]

NOILVDOT LSAL

*9G sanstg

tr
T
) M
. 8
1 .
(41
3 - " e d
FRks: ey It !
DD B i 13
treelpd] e & s
i1 T 7 .
TET -
i rifric - b
deiebtrt e W §
' HLASEE | RBad 4 &
b t %
417 EAge | L 1R Rl h
11 1, g W
i
-
3
| ]Lfn
i
L
Tw-

i

-z on

NOLLVAIWAS

a4

bl

1 "ON NOLLVWIDS

e

4
NN

i

NOIS H
T

ADOIML

TN

106



uorpounyieil Yim dung oaxag ‘sisAjeuy uoljeurung

g °z9 ‘WIl] [eay dasw ‘poraag doamg
00Z :Suonewwng jo J1aquny

SHALINVIVd NOLLVININS

:BDwil], [eay 29sw ‘poulad

yoyIMg
Jojedausy) as|ng
pid JOSUIG UOISOS JBYS

"TYNDIS H4DDIY.L

] OssSD - VSVN
X 2a®y - dD

NOILVLNAIKNALSNI SISATVNY

payoay saepm 1ng
X patljijosaur)

a2 14 dH ZHY 02
X aaytg J1 ZHY 1
.u@.:._.m nvz

ONINOLLIANODJI Hd "TVNDIS

0011 lISd lJanssaddg
0S : % ‘ajoaig

SHALAIN VY VA DONLLVEAJO dNd OAHAS

X

Lypoeg Suwted ], pue 1S3 ], JAOMPN
Luoeg 3sa ), L1oyeroqer]

NOILVDOT LSdL

*1G aan3td

=



4

uonounyieN ynm duindg oAJeS fgasA[euy uorjeuruing

:aull], [eay oasw ‘porrag dsamg
002 -Suonewuing 3o Jequny

SHILAN VI VA MOLLVININAS

Wy [2ay d9sw ‘polaad

yoimg
JI0jBI3USN) asing
X J0Suag uo1}isod PYeys

TYNDIS HUDDIH.L

X]| Od4SD - VSVN
OawYy - @D

NOILLVINAINIHLSNI SISATVNY

pAUOay aaem (10J
X pay1Paaup)
a931d dH zHA 02

J1931d d1 zHA 1
X 3314 ON

ONINOILIANODI Hd "TVNDIS

1S4 ‘aanssaadg
XL @95 \ YRS RSN

40

SHALAN VHVd DNILVIIdO dINd OAYES

X

Ao Sutuled ], pue 1S3 J, HIOMIB

Appioeyg 1sa ], AJojeroqen]
NOILLVDO1 LSd.L

S Eka

..:_.wnuuum ﬂﬂl-m!ﬂh.

1sva "oas/ oud |

_.__.v:.hﬁuuu.
AR,

108




Table 6

COMPARISON OF PREDICTED PRESSURE SPECTRA
AND MEASURED VIBRATION SPECTRA OF SERVO PUMP

Frequency  Predicted Pressure Measured Vibration Vibration, dB
(Hz) (dB re 1 psi) (dB re 1 g) re 1 g per psi
of Pressure

140 32 -17 -49
%80 27 -23 -50
420 21 -13 -34
560 13 - 4 -17

which are indicative of a leaky cylinder. The waveforms shown do not
have an obvious once-per-revolution component which can be identified
with the inserted malfunction. They have been supplemented with spec-
trum analys: , made with the 2 hertz bandwidth Radiometer analyzer (Fig-
ures 59 to 62). While there is an identifiable onc«-per-revolution compo-
tient in the analysis of the malfunctioning pump which is not present in the
analysis of the normal pump, the increase in vibration amplitude is very
small and is not considered reliable as an indicator. The fact that the am-
plitude of this component does not increase with pressure indicates that it
probably arises from some other source than the leaky cylinder.

It will be noticed that there are strong spectral components in many of
the runs near 40 and 80 hertz., By displaying these components and the once-
per-revolution trigger simultaneously on an oscilloscope it has been shown
that they are not synchronous with the shaft rotation, and therefore cannot
be associated with the pumping action, Since they are asynchronous, they
must arise in the bearings. The strongest spectral components are those
which are due to the pumping action, at multiples of seven per revolution,

In view of the dilficulties encountered in detecting the leaky cylinder,
it is worthwhile considering the size of the leak in question. The computer
program (GSFC23) was modified slightly to permit calculation of the volume
of fluid leaked per shaft revolution; this was related to the nominal displace-
ment to give the percentage of fluid leaked. Under the usual conditions of
50 percent stroke and 500 psi pressure, the leakage for all cylinders
(through the annulus between piston and cylinder) totals 2.7 percent. If
the clearance of one cylinder is increased from 1, 0 to 1. 4 mils, the leak-
age increases only to 3.4 percent, or a change of 0.7 percent.

The total internal leakage in 2 normal pump runs about 10 percent. *
This comes from the leakage through the annuluses just described, from

*Meetiug with Messrs. Hightower, Peavler, et al, July 19, 1967,
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capillaries in each piston which feed oil to the ball-and-socket joints
shown in Figure 1, and from leakage between the rotating assembly and
the port plate. The leakage introduced represented a significant percent-
age change in clearance, but its effect on the total performance was

quite negligible.

A test was run in which the servo pump was starved for replenishing
oil in order to induce cavitation. The pump was first run normally at
50 percent stroke and 500 psi pressure. The pressure in the replenishing
line was then dropped as far as possible (about 30 psi) by means of the
pressure regulator shown in Figure 32. This was not sufficient to induce
cavitation; therefore, the valve in the replenishing line was partially closed
to cause cavitation along with a corresponding crop in discharge pressure,
Two runs were made, with discharge pressures of 400 and 450 psi.

Figure 63 shows photographs of the raw waveforms measured at these
two pressures. Peak accelerations were +10 and +16 decibels relative
to one g at 450 and 400 psi discharge pressures, respectively. Results
of summation analyses using rectified signals are shown in Figure 64 for
the accelerometer location over the thrust bearings. Such an analysis
captures the repetitive portions of the waveform envelope.

Cavitation occurs when the pressure at the pump inlet falls below the
vapor pressure, If cavitation is fully developed this condition will be
present throughout the cycle; when cavitation is less than fully developed
it occurs only at those instants during the cycle when the proper conditions
are met, As would be expected, cavitation noise was first experienced
at the instant that each of the seven pistons achieved its maximum velocity
while ported to the inlet, causing seven bursts of noise per revolution.

The signature was clearest at the transducer location closest to ports.

When the discharge pressure dropped to 400 psi the duration of the bursts

of cavitation was longer than those at 450 psi, and the amplitude was greater,
In either case, the envelope of the waveform shows an order-of-magnitude
increase relative to that experienced under normal conditions.

Figure 65 shows waveforms photographed from tape recordings made
on the X-axis system and the Y-axis system at NTTF on July 21, 1967,
when preliminary measurements were made in order to find the approxim-
ate character of signals from the system. The recordings were made on
the servo pump at antenna velocities of four degrees per second, east-to-
west, west-to-east, and south-to-north. The peak accelerations were,
respectively +24 decibels, +18 decibeis, and +20 decibels relative to one g.
Each photograph inciudes a time period of 50 milliseconds, corresponding
to one full rctation of the pump. The similarity between these waveforms
and those in Figuvre 63 is striking. It appears very likely that the pumps
were caitating at the time that the recordings were made. The energy
burscs seen in the photographs were not evident at antenna velocities of .
one, two, or three degrees per second.
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F zure 65. Servo Pump Wavefaorms, at the Network Test
and Training Facility, Cioddard Space Flight
Center
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Figure 66 shows the result of summing rectified signals from the
servo pump vibration, using signals recorded on August 21, 1968, This
pump was not either of those represented in Figure 65; it was the pump
with introduced malfunctions which was tested in the laboratory. The
X-axis system was the one in use., The trace recorded in an antenna ve-
locity of three degrees per sec-n? shows nothing unusual, The other, at
four degrees per second, again shuws the seven noise bursts per revolu-
tion characteristic of cavitation, It may be compared to Figure 64, which
was recorded with cavitation in the laboratory.

The results given include tests with a total of three different pumps on
two different systems. All the measurements indicate that the servo pump
on the antenna will cavitate when the antenna is run at a velocity of four
degrees per second, but that operation at lesser velocities does not cause
cavitation., The consistency of these results suggests a characteristic
inherent in the system design, and not a function of a particular set of hard-
ware, This effect was not found in laboratory tegts. Since cavitation can
cause erosion of pump parts, it would be 2 conservative measure to lirmit
antenna operation to velocitier of three degress per second or less unless
absolutely necessary.

DUAI.-VANE PUMP

The dual-vane pump has two sections: control and replenishing, Under
normal conditions the signals present on both are virtially identical in char-
acter and amplitude,

Figure 67 shows one of these signals as recorded directly from the
oscilloscope without any processing. The shaft-position trigger signal is
also shown. The normal waveform is seen to be a succession of evenly
spaced bursts of nuise, There are twelve of these for each shaft revolution,
corresponding to the twelve vanes in each rotor., All bursts are similar in
amplitude, about 10 g's peak., Their high amplitude and random character
indicate that they are due to localized cavitation at the pump inlet, as pre-
dicted earlier.

This signal is relatively ''clean', i.e., free from interference from
other sources. This is particularly true when the servo pump is operated
under conditions of zero or very low stroke, When the servo pump is
delivering considerable power its vibration, as measured on the vane pump,
will not necessarily be negligible. While summation or transient averaging
is rot essential to clarify the waveform of a clzan signal, it serves a use-
ful function in that it can store the waveform for later anaiysis, This could
include permanent sturage by means of an 3 -Y plot of the information in
the memory, or the waveform could be fed tu a digital computer which was
programmed to recognize certain patierns,
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Shaft-position
Transducer Signal

Vibration Signal

'-e 50 Milliseconds i-l

Figure 67. Vane Pump Vibration

Figure 68 is an X-Y plot of the memory of the Enhancetron 1024 after
200 summations of the waveform of a normal pump. The servo pump yoke
was centered. The summation of the unrectified signal shows nothing;
there were no periodic components of significant size in the vibration.
The summed rectified signal captures the envelope of the waveform, clearly
showing the twelve bursts of noise. While the bursts are not identical,
the amplitudes and characters are similar. The effect of "cross-talk"
from the servo pump is shown in Figure 69. It was delivering 1200 psi
at half stroke. The summed unrectified signal now shows some periodic
components, but close inspection reveals that they are multiples cf seven
per revolution, and are therefore associated with the piston pump and not
the vane pump on which the vibration was measured.

The effect of the introduced defect, damage to four successive vanes of
the control pump, can be seen in Figures 70 and 71. The vibrations were
measured while running at the Research and Development Center's test
facility. All parameters in these two figures were identical except the
transducer location and the gain preceding the summation device: the gain
used during analysis of the defective pump was twice that used during sig-
nal summation of the normal pump. In comparing the two signatures it is
not only the amplitude of the waveform which is significant, but also its
character. Comparing the lower traces (rectified signals), the normal
pump exhibits the usual twelve clean bursts per revolution, while the de-
fective pump has a signature which is very different. The twelve bursts
are 1 .ch reduced in amplitude. Instead of relative quiet between bursts,
there is almost continuous noise. The leakage suppressed cavitation by
effectively supercharging the pump, while frictional noise increased due
to the roughened vanes.
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The identical magnetic tape which was used to generate Figures 70 and
71 was reanalyzed at Goddard using the Goddard analysis instrumentation
previously described. There were again 200 summations, but this time
the gain was the same for each analysis (Figure 72). The waveforms
produced almost exactly duplicate the earlier results using the R&DC
analysis system.

The same gignals from the vane pump were re-recorded and reanalyzed
using Goddard equipment after the pump was installed on the NTTF antenna
(Figure 73). There are differences in detail between these analyses and
those made fromn the earlier tape, but the character of the signals is not
changed and the identity of the defective pump is very clear.

Spectrum analyses were made of the signals from the normal replen-
ishing pump and the defective control pump (Figure 74) using the Radiometer
analyzer with two hertz bandwidth. The replenishing pump vibration is
mainly broad-band noise having a spectrum level {(energy in a one-hertz
band) of about -48 decibels relative to one g. In the defective pump the
level of the broad-band noise is much lower, this is in keeping with the
envelopes of the waveforms presented earlier, Various spectral compo-
nents are also evident, at or near 40, 60, 80, 100, 120, 140, and 280 hertz.
The components at 140 and 280 hertz are obviously related to the servo
pump. The 80-hertz signal is actually not synchronous with shaft rotation
as described in the discussion of servo pump spectra. It probably arises
from a bearing, since bearings are capable of generating such nonsynchron-
~ous signals. The vibration at 40 hertz seems to have two components
spaced very close in frequency. The larger is nonsynchronous, while the
smaller is tied to running speed.

The computer analysis of a pump with one defective vane indicated that
new vibrations would be generated at 80 hertz and its harmonics, since high
- and low pressure regions were allowed to communicate via the leak four
times per revolution. With four successive leaky vanes other patterns are
established, and 40 hertz and its harmonics may also be expected. This
is in fair agreement with the measurements, but detection of a bad pump
from waveform analysis is easier, as previously discussed.

Another example of the ability of waveform analysis to detect malfunc-
tiong is found in the following example. Goddard personnel, through
routine analysis of hydraulic oil samples drawn from units in the field,
detected metal particles suggesting deterioration of a vane pump. When
the pump was inspected at Goddard's request, severe ''washboarding' of the
ring of the control portion of the pump was found, as seen in Figure 18, The
roughness appeared at the point visible in the photograph and also in the
area diametrically opposed, which is hidden. As a result, the vanes had
to reciprocate in an abnormal way when passing these areas. Moments
were also applied to the rotor or vane block in such a way as to cause it to
eventually split, The damaged ring, the rotor, and the twelve vanes of the
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control pump were returned to Goddard, and then sent to the Research and
Development Center for test,

The components from the defective pump were installed in place of the
normal control pump components then being tested. In order to protect the
servo pump from possible damage due to released metallic particles this
pump was physically removed from thz prime mover and all oil connections
to it were closed off. All the contro! pump flow was returned to the tank
via its regulator. Valve 1, in Figure 32, was opered so that the replenish-
ing oil would also have a return path to the tank from its pressure regulator.
There was no indication from usual operation of the pump that its condition
had been degraded.

The vibration signals from the two portions of the pump were rectified
before being summed in order to capture the repetitive features of the wave-
form envelope. The summation process was triggered L.y the signal from
the shaft position sensor, and 200 sums were made. The net gain in the
replenishing pump analysis was five times as great as the gain used in ana-
lyzing the damage control pump. The results are shown in Figures 75 and 76.

The signal from the replenishing pump appears to be normal, as it
should be. The c..ve is perhaps a little ""rougher' than usual, some of the
control pump vibrations having been picked up by the sensor on the replen-
ishing pump. The vibration signal measured on the control pump shows
many abnormalities. The bursts of noise are about ten times larger than
normal, and they differ widely in amplitude. The period between major
bursts, which would normally be quiet, shows considerable noise. As a
result, the abnormal section of the pump is easily identifiable., Its signa-
ture departs so much from that which is normal that application of signature
analysis techniques ould quite certainly have been successful in detecting
the malfunction at a much earlier date than it was achieved by oil analysis.

SOLENOID VALVE

The opening time of the solenoid valve was first measured under normal
conditions of pressure and flow without the use of an accumulator to simu-
late air in the lines. The test was run many times; Figure 77 shows rep-
resentative traces from the oscilloscope. (A two-kilohertz high-pass filter
was used,) The transient at the left has proved to be eiectrical in origin.

It is a switching transient which generally comes about two milliseconds
after the sweep is initiated, but in some tests is absent. It has been theo-
rized that it is due to arcing at the switch contacts as the magnetic field of
the solenoid coil collapses. Its occasional absence may be caused by the
switch being opened (by chance) at a propitious time in the a-c line cycle.

The second transient, some 15 milliseconds after start of the sweep,

is mechanical in origin and is due to impacting of the moving system on its
stop. The timing is controlled by the various forces in the valve -- spring,
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drag, friction, etc. -- and is predicted to be about ten milliseconds.
Actually, the time tends to be greater than predicted, and is somewhat
variable from run to run. These variations are probably due to changes in
friction at the O-ring seals.

After scoring of the spool the valve was retested (Figure 78). Instead
of running slower, as might be expected as a result of increased stiction,
the speed actually increased so that the valve cpened sooner, As before,
there was some spread in the data. Figure 79 shows the opening time for

wr MODIFIED
% OF VALVE P NORMAL
o ’ A
TESTS 30 < S \ / VALVE
Io \
20 - /’ \
( O’ \
10 p= X ’ \\
X ’I \
0 [ S S Voctll N NN NEN N N
9 10 11 12 13 14 15 16 T 18 19

VALVE OPENING TIME , MILLISECONDS

Figure 79. Results of Repeated Tasts of Solenoid Valves

some 60 tests, half with a normal valve and half after scoring. The spread
of operating times of the scored valve is greater than the spread for the
normal valve. It is probable that the O-ring compression was not exactly
the same after the valve was reassembled following its modification, This
could have the noted effect.

Figure 80 shows two tests of the scored valve run at the NTTF facility.
The top trace is the trigger signal; cne test in particular shows contact
bounce in the switch, The lower trace is the vibration signal. Results
are comparable to similar measurements in the laboratory.

It may be concluded that the solenoid valve operates about as expected,
but that valve scoring of the degree introduced was not detected, since the
effect of such scoring was not as great as that of other variables, particu-
larly friction. ' |

The effect of air in the lines was simulated in the laboratory by adding
an accumulator as previously discussed. The calculated operating time
under the test conditions was approximately 235 milliseconds. Figure 81
shows the measured response of the normal valve in the laboratory, after
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Top Trace: Electrical Trigger
Bottom Trace: Vibration Signal

IQ——ZD Milliseconds -[

Figure 80. Tests of Solenoid Valve with Defect, at the
Network Test and Training Facility, Goddard
Space Flight Center
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'.‘ 200 Milliseconds %1

Figure 81. Opening of Normal Solenoid Valve with Accumulator

the signal is passed through a 20-kilohertz high-pass filter. The following
sequence of events is represented.

At t = 0 the switch opens. Soon thereafter the magnetic forces drop
to zero and the spool begins to move toward the open position, pushing the
solenoid armature with it. When the spool is about half-way in its total
travel it begins to crack open, permitting flow. At that time large Bernoulli
forces are genercted by discharge of the energy stored in the accumulator.
These forces brake the spool, but the armature (which is not solidly fastened
to the spool) continues to move until it impacts on its stop, producing the
signal seen at A. The spool momentarily rests at an equilibrium position
which depends on the balance of forces. As the accumulator discharges,
the flow noise is relatively stable in amplitude. When the accumulator is
fully discharged, the spool opens under spring force. Its stop produces
transient g after an elapsed time of 175 milliseconds.

Figure 82 shows the equivalent signal from the malfunctioning valve.
The filter was set for two kilohertz high-pass. Operating time increased
to 220 milliseconds. This is the opposite effect from that noted without the
accumulator, but is not unexpected. With the accumulator in the hydraulic
circuit the operating time is set mainly by the time required to discharge
the accumulator. Tais is relatively insensitive to friction effects, since
the spool is almost stationary during this process. On the other hand,
the discharge time is influenced by the discharge coefficient of the valve.
Scoring or roughening cf the spool could cause a decrease of this coefficient,
which would increase the operating time as already noted.

136



S

I-i 0.5 Second

Figure 82. Opening of Defective Solenoid Valve, with Accumulator

Comparison of Figures 81 and 82 with Figure 80 (measured at NTTF),
shows that there was negligible air in the lines during the latter measure-
ment. The signal measured was characteristic of that expected without
stored energy. The good correlation between the prediction and measured
results in the laboratory indicates that the presence of air could be detected
if it is present in significant amounts.

SERVO VALVE

The operation of the servo valve is monitored by measuring the variation
in flow-noise through the valve as it responds to an electrical input. When
a zero net error signal is applied to the coils, the hydraulic preamplifier
and a feedback spring on the spool allow the spool to assume a neutral
position. An error signal causes the spool to deflect to one side or the
other, depending on its sign. This allows the valve to pass flow from its
inlet to the appropriate discharge port. As the servo nulls out, the net
error is again reduced to zero and the spool recenters, shutting off flow.

Figure 83 shows idealized V-curves for: a) normal valves, and b) a
valve with offset or unbalance. In each case, there is some value of error
for which flow is minimized (leakage only). In the normal situation this
occurs when the error is zero. In a qualitative sense, flow noise will vary
with the error signal in much the same way, being of minimum amplitude
when flow is minimum and greatest at the high flows, corresponding to
large errors.
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Figure 83. Idealized V-curves of Normal
and Unbalanced Seivo Valves
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As discusced in the mathematical analysis leading to the servo valve
response, the servo valve takes a few milliseconds to respond after being
excited by a step-function transient. As a consequence, the flow noise
through a normal valve is expected to vary with time after a step-function
input as shown in Figure 84(a), assuming that the valve is centered before
the input occurs. If the valve is unbalanced, the flow noise will not_ be
the same in the two directions corresponding to positive or negative errors.
This is sketched in Figures 84 (b ~ud c).

Figure 19 shows actual V-curve measurements on the servo valve
which was originally supplied for test. In its original condition it showed
unbalance similar to that sketched in Figure 84(b), and was tested on the
valve test facility (Figures 29 and 30). For those tcsts the valve was
electrically excited by a battery; there was no servo amplifier and no feed-
back. As a consequence, an error signal would cause the spool to trans-
late to one side and stay there. Since the flow through the valve was direc-
ted to a small accumulator, it would only persist until the accumulator was
charged. Once the charging was complete there would be no flow noise
except the noise of the jet in the hydraulic preamplifier. Flow noise versus
time through the unbalanced valve would be expected to vary on this facility
as sketched in Figure 85.

Figure 86 shows the results of measurements on the unbalanced valve
whose V-curve is shown in Figure 19. The signals were passed through a
20-kilohertz high-pass filter, The top trace in each photograph is the
electrical trigger signal used to initiate the sweep. whose total duration
was 50 milliseconds. Correspondence between the predicted and actual
signatures of the uibalanced valve is very good, showing that signature
analysis techniques can detect this condition. The test outlined is applicable
to a test stand but not to testing on the antenna unless the brakes are locked,
since it does not permit adequate control of antenna velocity or position.

The charecteristic response time of the servo valves was tested in
more detail by means of the servo amplifier of Figure 33 and the test
facility of Figures 31 and 32. A transient, manually inserted, causes the
valve to pass flow in the appropriate direction. As the servo pump yoke
responds, it gradually reduces the valve flow back to its minimum value
through feedback action via the yoke position potentiometer, Unbalance
cannot be detected acoustically since the feedback causes the valve to seek
the null point of the V-curve, regardless of whether or not this corresponds
to zero net-error voltage. Unbalance could be detected at null from coil
voltage measurement,

The sequence can be seen in Figure 87, which shows the variation in
noise following a step-function transient electrical input to a normal valve
(20 kilohertz high-pass). The two traces represent the vibration on op-
posite sides of the valve, The flow noise is at first low; then, when the
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Figure 84. Predicted Variation of Flow Noise from Normal

and Unbalanced Servo Valves with Step Input
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Figure 85. Predicted Variation of Flow Noise of Unbalanced
Servo Valve and Test Facility
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Direction 1

Direction 2

Figure 86. Flo Noise of Unbalanced Servo Valve
Af cr Step-function Input



I.; 2 Seconds 4-|

Figure 87, Response of Normal Servo Valve

|+ 50 Milliseconds 4|

Figure 88. Response of Normal Servo Valve
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vialve responds, it increases abruptly.  After about a second, ihe noise
returig to the original condition,

I"igure 88 is an expansion of the first part of the above transient. The
full response takes 15 milliseconds, which is twice as long as was predictua
There is no gignificant difference in the noise when the sense or direction
of the transient is reversed. The discrepancy between predicted and
measured operating times could be explained if the frequency response of
the valve were poorer than that used in the prediction. (The amplitude and
phase characteristics of the actual valve tested were not measured).
Figurces 89 and 90 correspond fo the two previous laboratory measurcients,
cxcept that they were measured on the antenna at NTTF.

Figure 20 shows the modifications in the servo valve which were made
by the manufacturer. In the rebuilding, the unbalance was removed from
the: valve and its leakage greatly increased. The responses of the leaky
valve, measured in the laboratory on the servo pump and at NTTW, are
shown in Figure 91, The flow at null was so great that no variation in
flow noise could be measured, even though the valve appeared to function
in its usual manner. The signals shown in Figure 91 were passed through
a 20-kilohertz high-pass filter. Other passbands were tried with similar
results. It is concluded that signature analysis techniques can be used to
detect abnormally high leakage. If leakage is normal, the response time
of ithe valve can be measured; this in turn relates to the frequency response.

PRESSURE REIIEF VALVE

The pressure relief valve normally operates continuously to maintain
flow at 800 psi to the servo valve and the antenna braking system. Excess
flow is returned to the drain manifold. Flow noise is generated by the
flow through the servo valve and by that which is bypassed. The total of
these two flows is 2 gpm, the rating of the control portion of the vane pump.

Figure 92 shows the flow noise generated by a normal valve. The data
ware recorded at NTTF during the preliminary investigation, in July 1967.
There was no filtering of the signal, and a single sweep of the oscilloscope
is shown at five milliseconds per centimeter. The signal amplitude is
3 g's RMS, Although there were several noise measurements of pressure
relief valves in the laboratory, they are not presented because a question
cxists as to whether they were run at the rated 2 gpm flow,

_ Figure 83 corresponds to Figure 92, but was made a year later (also

et NTTF), using the valve with scoring of the pilot valve seat. The RMS
amplitude is 2.5 g's. There is no apparent difference between the two
traces, in amplitude or character, which would disclose the malfunction.

It must be assumed that the introduced defect was not sufficiently serious

to cause chatter, hunting, or other instabilities in the pressure relief valve.
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|._ 2 Seconds —-.|

Figure 89. Normal Servo Valve Test at

the Network Test and Training

Facility, Goddard Space Flight
Center

|-— 50 Milliseconds—-—|

Figure 90, Normal Servo Valve Test at

the Network Test and Training

Facility, Goddard Space Flight
Center
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Figure 91. Tests of Servo Valve with High Leakage
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lt— 20 Milliseconds 4|

Figure 92, Flow Noise of Normal Pressure
Relief Valve, Tested at the Network
Test and Training Facility, Goddard
Space Flight Center

|._ 50 Milliseconds _..l

Figure 93. Flow Noise of Pressure Relief
Valve with Defect, Tested at the
Network Test and Training Facility,
Goddard Space Flight Center
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BEARINGS

Rolling-element bearings produce a ''tick" or 'click' whenever a local
defect contacts one of the bearing surfaces. The periodicity of this tran-
sient may be predicted, as previously described, from the running speed
and geometry of the bearing. In practice, the periodicity may dlffer slightly
from the prediction for one or more of the following reasons.

e Bearing dimensions may not be exactly known

e There may be some slippage between elements rotating
at different velocities,

e In ball bearings the angle g (Tigure 16) is usually not
accurately known, since it depends somewhat on the
thrust load.

Since the noise is not synchronous with shaft speed, the summation analysis
which searches for the signal is tnggered by an external source rather
than by the shaft-position signal,

Since the periodicity is not exactly known, it is usually necessary to
vary the period of the trigger in steps on either side of the calculated value
to ensure proper coverage. In the figures that follow this has been done;
it will be noted that the calculated and measured periodicities differ slightly,
In all of these anzlyses the signal was rectified before being summed. In
some of the summations the tape-recorded signal was played back more
slowly than it was recorded, in effect stretching time by the reccrding
speed/playback speed ratio, This was done for two reasons:

e The analog-to-digital converter in the Enhancetron 1024
summation device performs better with the slower signals.

e When the tape speed is halved, for example, the effective
accuracy of the Time Mark Generator, used t¢ generate
trigger signals, is effectively doubled., In real time this
device may be set (by means of digital switches) to a
precision of ten microseconds. Such a setting is usually
adequate, but in some instances finer control is desirable.

Figure 94 is a plot showing detection of the defects in the roller bear-
ing. A total of 300 summations were made. The periodicity was mea-
sured as 4.06 milliseconds, .as opposed to the prediction of 4, 13 milli-
seconds for an outer race defect. The tape from which the analysis was
made was recorded on July 17, 1968. While all three defects are visible,
the second and third appear to have the same amplitude, connoting approx-

imately the same defect size, It will be recalled that the third defect was
actua.lly the largest (F;gure 21) SR
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Figure 95 shows a second analysis of this tape at Goddard, and an
analysis of another tape, made in the laboratory on August 2, 1968. [lere
the sequence of transients, from weak to moderate to strong, is as expected.
The earlier results occurred when the simulated spalls were ''fresh', and
it is probable that there was a roughness at the edges of the two larger
defects which masked their differences in size, After running in for
several hours, the edges wore down and results were as expected.

Figure 96 is a plot of an analysis made of the signal recorded from a
transducer over the servo pump duplex-pair of thrust bearings. (There
were 350 summations made.) A periodicity of 12. 22 milliseconds was
predicted for an outer-race defect, assuming a 15 degree contact angle,
while the actual periodicity was 12. 17 milliseconds. The recurring burst
of noise is clearly seen,

A defect was also introduced on the vane pump shaft, which is the
iuner race of a needle bearing, The predicted periodicity is 2. 84 milli-
seconds. Despite a detailed search, the signature of this defect was not
found. The explanation for the failure lies in the orientation of the defect,
sketched in Figure 23. The simulated spall is not oriented along the shaft
axis, as a normal spall would develop, but is skewed by about 1/64 inch.
As a result of the skew, a roller of the bearing traverses the defect in a
sweeping motion, instead of all points on the roller meeting it simulta-
neously. Because the line of contact of each roller bridges the defect, the
noise characteristic of a locally defective bearing is not generated.

Summation analyses corresponding to Figures 94 to 96 were made

from tapes recorded before the defects were introduced, as a means of
checking the technique. As expected, nothing was found.
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Section 8

CRITERIA FOR SIGNATURE EVALUATION

The purpose of diagnostics is to detect and identify various malfunctions
of the hydraulic components, without disassembly, before the defect be-
comes so great as to preclude normal operation of the antenna drive system,
This requires not only proper data acquisition and analysis instrumentation,
but also establishment of criteria for evaluating the results of the analyses
so that a decision can be made to continue normal operation or to schedule
a repair, .,

Criteria, by their very nature, may be exvected to grow in sophistication
as experience is gained, Correlation of test results with field service data
will cause some criteria to be modiiied and others to be added, However,
the work included in this report represents a considerable body of experience
in itself. " The correlation of measurements and predictions, and the good
agreement between analyses of data taken in the laboratory and on the
antenna give credence to these results. As a consequence, criteria for
evaluation of diagnostic signatures can be stated with confidence that their
application will be useful for detection of malfunctions.

In effect, recommended criteria have been scattered throughout the
previous discussions on signature prediction and results of analysis. The
codification given below draws this information together in one place.
Transducer locations and test procedures are assumed to be as previously
discussed,.

SERVO PUMP

The following tests apply to the servo pump.

1. If the vibration level at a frequency of one per revolution (approxi-
mately 20 Hz) increases in amplitude when running at high antenna
velocities, relative to the level measured with yoke centerad,
differential wear of one or more cylinders is present to an
abnormal degree.

2. If the vibration amplitude of a given pump at multiples of seven
per revolution increases over a period of time (all tests at the
same ‘pumping condition), wear within the cylinders is increasing,

3. When the raw signal from a normal pump is summed using the
shaft position transducer as a trigger, a waveform is recovered
within which there is a characteristic function repeating seven
times per revolution, as in Figures 45 through 47. If this is not
found, there is a suspicion of malfunction,
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When the rectified signal is summed as in Test 3, above, there

may be a seven per revolution periodicity in the recovered wave-
form enverope, If the character of the surnmed signal is as in
Figure 64 and the signal appears as in Figures 63 or 65, with a peak
amplitude greater than 5 g's, the pump is cavitating., If the antenna
velocity at the time of measurement is four degrees per second

this is usual, although not desirable, If it occurs at lower velocities
it indicates low supercharge pressure due to obstructed lines,

dirty filters, or a defective replenishing pump.

If the summed rectified signal shows a periodicity of one per
revolution there is probably scoring or galling at the valve plate
of the wear plate.

If there are twe relatively short bursts of noise per rovolution in
the summed rectified signal, spaced one-half revolution apart,
there is probably wear at a ball-socket joint.

DUAL-VANE PUMP

A test of the dual-vane pump would include the following points,

1.

The normal vane pump signature consists mainly of 12 equally
spaced bursts of noise per revolution, with an amplitude of about
10 g's peak, The bursts are normally of about equal amplitude
(range of 2:1), Deviations from the normal should be considered
suspect.

Unusually low amplitude in any of the bursts described above in
No, 1 is indicative of leaky vanes,

Measurable vibrations at exact multiples of three per revolution
are indicative of a leaky vane,

When the raw, rectified signal is summed, the ratio of peak
energy (in the twelve bursts of noise) to energy between bursts
should be about 3:1. 1If it is less, the ring is roughened, there
is scoring of the vanes, or both.

iIf the twelve bursts of noise are present more than one third of
the time, i.e,, if the duration of each hurst is more than about
2 milliseconds, some blockage of the vane pump inlet is to be
suspected.

If the twelve bursts of noise exceed 10 g's peak by a significant

margin, there is washboarding of the ring, which may cause
splitting of the vane block.
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7.

If one or more of the usual 12 bursts per revolution are missing,
one or more vanes have collapsed.

SOLENOID VALVE

1-

The time required for the valve to open after being deenergized
should be between 10 and 20 milliseconds when tested at no-flow
with the hydraulic pumps shut down, Shorter times indicate worn
and leaky O-ring seals, Longer times indicate excessively tight
seals or stiction due to spool scoring.

The time required for the valve to open when the system is
pressurized by the pump should be about the same as Test 1,
above. If there is flow noise as in Figure 81, there is air in the
system. '

SERVO VALVE

1.

Noise above 20 kilohertz should vary in amplitude as shown in
Figures 87 and 88 after a transient input. If the noise level does
not increase by about 3:1 from minimum to maximum noise, there
is excesgsive leakage.,

If noise level does vary properly as in No. 1, above, the time delay
in the valve after a step input should not exceed 15 milliseconds,
Longer response times indicate deteriorated frequency response.

When tested as in No, 2, above, the noise level gshould change
smoothly from minimum to maximum and back to minimum, If
the noise level varies step~wise there is striction in the spool,

PRESSURE RELIEF VALVE

1, The overall vibration level should be about 3g RMS, as in Figure
92, Fluctuations in amplitude with time should not exceed 2:1.
Greater fluctuations indicate hunting due to damage, probably in
pilot valve assembly.

2. Short bursts of noise of high amplitude indicate chatter because
of damage to .he pilot valve,

BEARINGS
1, When the raw rectified signal is summed using a trigger period

calculated with Equation 73, 74, or 75, there should not be any
disturbance measured with this periodicity, Some searching in the

vicinity of the calculated period may be necessary. If a disturbance

is found it identifies a spall in the appropriate part of the hearing.
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Section 9

iMPROVED DIAGNOSTIC INSTRUMENTATION

The instrumentation now owned by Goddard Space Flight Center has
been proven capable of detecting a wide variety of malfunctions in hydraulic
components. The rationale and methodology which have been applied to the
servo and vane pumps and the solenoid, servo, and pressure relief valves
can probably be extended to other components of the antenna with similar
success.

At present the instrumentation for data acquisition and analysis is best
operated by a skilled individual who is conversant with the requirements
and capabilities of the system. As use of diagnostic procedures increases,
it becomes more and more desirable to make the system simpler and quick-
er to operate. ‘This may first come about through improvements in the
present analog instrumentation, but it is likely that the final realization of
the system will involve pattern recognition using a digital computer.

At present, it is probably most economical to feed data from a variety
of sources to a central analysis facility. In the future, the benefits of
diagnostics may be better realized through a decentralization which puts an
analysis system at each antenna site. Several steps will be described in
this section which would lead toward improved diagnostic capability.

DATA ACQUISITION INSTRUMENTATION

For the present, as experience is gained and the capabilities of diag-
nostics are explored, data wiil be recorded at the various antenna sites on
magnetic tape and sent to Goddard for analysis. A team could travel from
site to site to make recordings, carrying with them the required instrumen-
tation, or the recordings could be made by station personnel at each site.

If the former aliernative is chosen the team can be trained to take the proper
data using general purnose equipment, but if station personnel are to take
the data it is highly désirable that special insirumentation be designed and
built to make the procedure as simple as possible. If this is not done there
will be questions as to calibrations, correctness of connections, overloading
of data channels, and the like; questions which if not resolved could make the
analysis meaningless.

If special purpose instrumentation of a particular, standard design is
supplied, it will also be possible to setup a standardized step-by-step in-
struction for its use. This would ensure consistency of the data-taking
procedure, Differences in results of analyses could then be confidently
ascribed to differences in the hydraulic components and not to errors in
data acquisition. -
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Such instrumentation should include everything necessary for data-

taking except the tape recorder, since this is already available at each site.
The following equipment should be included:

. Transducers

. Attachment fixtures and cement

Calibration means

Built-in amplifiers of known, fixed gain

Means for exercising the servo valve and the solenoid valve
Wires and cables

Instruction manual

The instrumentation should be designed in such a way as to minimize the
possibilities for errors in its use, It should include no more controls than
necessary and should be preconnected with appropriate gains or attenuations
built in. It should be self-contained, compact, rugged, and light., Con-
struction of this system is felt to be of first importance since diagnostics
can be of value only if the original data are beyond suspicion.

ANALOG DATA REDUCTION INSTRUMENTATION

The present data reduction instrumentation, previously described, can
successfully detect many malfunctions of the hydraulic components. The
only present lack is a 20-kilohertz high-pass filter, which is required for
servo valve analyses. The Research and Development Center has used
for this purpose a variable filter with slope of 24 decibels per octave and
found it satisfactory. A filter with these characteristics should be either
purchased or synthesized with operational amplifiers.

The Hewlett-Packard 203A Function Generator has been used to provide
the trigger signal in summation analyses for detecting bearing defects.
While it can perform the function, it is difficult to use for three reasons.

1. It is calibrated in terms of frequency, while the important char-
acteristic of its output is really its period.

2. Its calibration is too coarse to be read accurately; hence a counter
must be used to read out the period of the signal which it is gen-
erating.

3, It is extremely difficult to adjust its output period in the small in-
crements which are needed for bearing analysis,

For these reasons a more suitable replacement should be considered. One
solution would be to duplicate the Time Mark Generator which was used by the
Research and Development Center. Its characteristics are such that it
meets the objections to the H. P, 203A listed above. In addition, it has an
automatic search feature whereby it can deliver a measured pulse train at
a given periodicity; then, automatically step itself through a sequence of
pulse tirains with increasingly longer periodicities. It autpmatically clears
the memory of the summation device whenever the period steps. £
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COUPLING TO A DIiGITAL COMPUTER

At present it is necessary for a skilled technical person fo apply
criteria to diagnostic signatures in order to make decisions as to the proper
course of action. This is an inexpensive way to get started, since equip-
ment costs are minimized. It is a way of getting experience quickly, but
it has certain long-term disadvantages. First, the human operator is
flexible, but he may make mistakes. He is relatively slow, and cannot
process large quantities of data, Also, it would probably not be practical
to put a trained man at each antenna site if the decision is made to perform
the diagnosis on-site rather than at a central facility. Thnese objections
are overcome (at the expense of more sophisticated instrumentation) if a
computer takes over the analysis function.

Data containing diagnostic information comes from the transducers as
analog voltages. This must be converted to digital form before it can be
accepted by a computer. The most obvious way to do this is to perform a
high-speed analog-to-digital (A/D) conversion of the raw signal ard store
it in the computer memory for further processing. While this seems
straightforward, it is not practical at the present state of the art.

According to sampling theory, the sampling rate of the converter must
be at least twice the highest frequency of interest. If the highest frequency
is ten kilohertz or so, which is reasonable for diagnostic purposes, it is
seen that even a short data .sample yields an enormous amount of inform-
ation to be stored. The computer time required for processing is corres-
pondingly large. This approach is technically feasible, but not economical.
(This situation may change in years ahead as advances are made in com-
puter technology.)

In order to limit the amount of information which must be transmitted
to the computer, some form of data preprocessing is desirable. This
involves putting some kind of a buffer between the analog data and the com-
puter., A transient-averaging or summation device, such as the Goddard-
owned Computer of Average Transients (CAT) can perform this function.

As previously described, it performs the required A/D conversion and
stores the averaged response to a stimulus; thic is important for diagnostic
purposes. Because of its summation capability it reduces a very large
amount of information (the raw data) to a relatively small amount of inform-
ation (that which is stored in its memory), effectively discarding extraneous
information while retaining that which is significant.

Digitizing of Component Signals

Before discussing the coupling of the CAT to the computer it is worth-
while to reconsider the ways that the CAT can be used to digitize the sig-
nals from hydraulic components. There are two requirements: a stimulus
(used to trigger the sweep of the CAT), and a signal Wthh contains a res-
ponse to the stimulus,
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Servo Pump. The stimulus to pump vibration is revolution of the shaft,

and the shaft-position variable-reluctance transducer f.)rox._rides the elec-
trical impulse used for triggering. The signal to be analyzed may or may
not be rectified before summing, depending on what a particular test is
trying to accomplish, Several different summations will be required, one
corresponding to each test, and the result of each is transmitted to the
computer, Many examples of such summations are included in this report.

Vane Pump. Requirements for vane-pump analyses are the same as for
the servo pump. Fewer tests will be required to characterize a given
pump since, unlike the servo pump, the operating condition is fixed. The
CAT has been used for such analyses,

Solenoid Valve. While a transient averaging device has not bzen used to
study the solenoid valve, this could readily be done. The stimulus would
be the opening of the switch which energizes the solenoid coil. It would
be best to rectify the vibration signal before summing, since the analysis
requires only the shape of the envelope.

Servo Valye., The servo valve signature could be captured by the CAT by
the use of the stop-function input as the trigger., The vibration signal
would be rectified before summing. That technique has not been used
routinely in this study, but was included on an experimental basis to show
its practicality. Figure 97 is the summed signal; it corresponds to the
lower trace in the oscilloscope photograph shown in Figure 86,

Pressure Relief Valve. The pressure relief valve does not respond to an
externally applied stimulus, as do the components previously described,
Using an arbitrary repetitive trigger signal it would be possible to digitize
and measure the average amplitude of the signal (by rectification before
summation), but it would not be possible to capture details of the waveform
envelope, Tests may indicate, however, that it is possible to get an
adequate A/D conversion in the CAT on a single sweep, in which case a
single arbitrary trigger could be applied and the waveform envelope cap-
tured in a single sweep. If this move proves to be practical, a single
measurement would give both the average signal amplitude and a measure
of the fluctuation of the noise, supplying the full information needed for

a diagnosis.

Bearings. This report shows several examples of summations of bearing
signals for defect detection. The trigger is supplied by an external source
of the proper periodicity. This analysis would be the most difficult of all
tocomputerize since the proper trigger periodicity is not exactly known.

As a consequence, a search must be made using periodicities in a range
about the expected value. While the search procedure could be automated,
the logic required to recognize that the proper periodicity had been found
would be complicated.
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In summary, the CAT could easily be used for complete automated anal-
vses of servo and vane pumps, solenoid valves, and servo valves. At least
a partial analysis, and perhaps a full analysis, of pressure relief valves
could be made., Bearing analyses could be made, but more effort would be
required to implement the process, The stored waveforms, after trans-
mission to the computer, could be analyzed by the shapes of their envelopes,
by spectral content (from Fourier Analyses), or by the timing of events.

Information resulting from summations is stored by the CAT in its core
memory. This can be read out in two ways, For the first output, each
memory element is read in sequence and reconverted from digital to analog
form. This output, coupled with another signal proportional to the number
of the memory address, can be used to make an X-Y plot on an oscilloscope
face, or can be fed to an X-Y recorder for permanent storage. This output
was used in generating the plots included in this report. A second output
takes the digital data from the core memory and presents it in digital form,
using the BCD code. Address data are also available in BCD form,

The General Electric Company Research and Development Center has
already built a facility for its own use which couples the Enhancetron 1024
summation device to the General Electric Time-sharing Computer System.
The Enhancetron lacks a digital output such as is offered by the CAT, but
does have an analog output. Consequently, the system devised would be
compatible with the analog output of the CAT.

Figure 98 is a block diagram of this equipment. The memory of the
summation device is read out address-by-address using a Hewlett-Packard
2401C Integrating Digital Voltmeter (DVM)., The digital output of the DVM

TRANSIENT 'Ngfgmtm FORMAT
AVERAGER
VOLTMETER GENERATOR
TAPE | TIME
PUNCH ' :SNPCEH ————— SHARE
COUPLER COMPUTER

Figure 98. Coupling of Transient Averager
to the Time-sharing Computer

is not in a format acccptable to the computer without editing, The editing

functions are automatically performed by the Format Generator, which
inserts line numbers, adds symbols to separate items of data, and other
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functions. The Format Generator output drives an H, P. 2545A Tape
Punch Coupler and H.P, 2545C Paper Tape Handler.

The end result is a punched paper tape which is accepted by the con-
ventional teletype machine of a Time-sharing Computer terminal. This
tape may be formatted (at the operator's option) for either FORTRAN or
BASIC languages, either of which muy be used in the time-sharing system.
The tape does not require any editing other than that automatically rerformed
by the Format Generator.

As an example of how this system can be used, a computer program
was written to analyze data from vane pumps. The signal from the vane
pumps was assumed to be rectified and summed, as represented by Figures
68 to 73. In the program called VANE 1 (a listing is included in Appendix II)
lines 200 to 233 are data from the paper tape. Every other address of the
Enhancetron was read out to approximate the 400-address memory of the
CAT. Line 1000 is the relative gain used; line 1010 is the test number.
Line 1120 is the period corresponding to one shaft revolution; it is used
in line 1130 to compute the number of addresses between the normal 12
noise bursts,

In lines 1140 to 1270 the actual waveform is cross-correlated against
an idealized waveform. The idealized waveform is shifted in time relative
to the actual waveform, and when the correlation function is a maximum
the positions of the 12 noise bursts are considered located. The program
then looks between the 12 peaks to determine signal amplitude in what is
normally a quiet period, measures the amplitude of each of the 12 bursts,
finds the largest of them, determines the average amplitude of the twelve
bursts, and then takes various ratios between these measured values.

Starting at line 1702, the various measurements and ratios are com-
pared to previously stored limits. If any parameter is out of limits, note
is made and the number of out-of-limit parameters counted. Depending
on the number counted, the program recommends various actions, starting
at line 2400,

The results of three runs of the program are given in Tables 7 to 9:
Test Number 1 (Table 7) used data from a normal pump; Test Number 102
(Table 8) was that of the control pump with the damaged ring shown in
Figure 18; Test Number 101 used data from the replenishing pump which
was run simultaneously with the defective control pump.

Not by chance, the print-out characterizes the pump of the first test
as normal. In fact, its characteristics were used in setting allowable
limits for the measured parameters.

The pump with the defective ring is readily recognized as in need of

repair since it is out-of-limits in seven of the nine categories which the
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Table 7

COMPUTERIZED DIAGNOSIS OF NORMAL CONTROL PUMP

VANE 15¢38 MARCH 14,1968

TEST NUMBER 1

SIGNAL ANALYSIS

RMS VALUE @F SIGNAL BETWEEN PEAKS:z 46.618]

MAiX., PEAK AMPLITUDE:= 207

MEAN PEAK AMPLITUDE= 145

RMS VALUE= 65,0622

MAX., PEAK T@ MEAN PEAK RATIO= 1.42759

PEAK T@ RMS RATIOz 3,18157

MEAN PEAK T8 RMS RATIO: 2.22864

RATI® OF SIGNAL BTW. PEAKS TO RMS AMPL.:= 716517

DISCRIMINANT ANALYSIS

N@ DISCRIMINANTS OUT OF LIMITS.
RECOMMENDED ACTION

NORMAL MAINTENANCE ONLY,

TIME: 29 SECS.
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Table 8

COMPUTERIZED DIAGNOSIS OF CONTROL PUMP
WITH DEFECTIVE RING

VANE 15841 MARCH 14,1968
TEST NUMBER 102

SIGNAL ANALYSIS

RMS VALUE @F SIGNAL BETWEEN PEAKS= 640.976

MAX, PEAK AMPLITUDE= 2595

MEAN PEAK AMPLITUDE:= 424,58

RMS VALUE= 749,90}

MAX. PEAK T8 MEAN PEAK RATIO= 1,82159

PEAK T@ RMS RATIO:= 3,46046

MEAN PEAX T@ RMS RATIO= 1,89969

RATI@ OF SIGNAL BIW, PEAKS T? RMS AMPL.:= .854748

DISCRIMINANT ANALYSIS

EXCESSIVE SIGNAL AMPLITUDE BETWEEN PEAKS
EXCESSIVE PEAK AMPLITUDE

EXCESSIVE MEAN PEAK LEVEL

EXCESSIVE RMS AMPLITUDE

EXCESSIVE MAX. PEAK T@ MEAN PEAK RATI®

DEFICIENT MEAN PEAK T@ RMS RATI®

RATI® OF SIGNAL BTW, PEAKS T@ RMS AMPL. EXCESSIVE

RECOMMENDED ACTI®N

7 DISCRIMINANTS BUT OF LIMITS. IMMEDIATE OVERHAUL REQUIRED.

TIME: 29 SECS, ’ \
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Table 9

COMPUTERIZED DIAGNOSIS OF NORMAL REPLENISHING PUMP
ON SAME SHAFT AS DEFECTIVE CONTROL PUMP

VANE 15145 MARCH 14,1968

TEST NUMBER 10!
SIGNAL ANALYSLS

RMS VALUE OF SIGNAL BETWEEN PEAKS=z 109,574

MAX. PEAK AMPLITUDE= 320.

MEAN PEAXK AMPLITUDE= 217,986

RMS VALUE= 121,528

MAX, PEAX T@ MEAN PEAX RAT10= 1,46798

PEAK TO RMS RATIO= 2.63314

MEAN PEAK T@ RMS RATIO= 1,79371

RATI® OF SIGNAL BTW, PEAKS T@ RMS AMPL,= ,90{633

DISCRIMINANT ANALYSIS

EXCESSIVE SIGNAL AMPLITUDE BETWEEN PEAKS
DEFICIENT MEAN PEAK TO 3IMS RATI®
RATI® OF SIGNAL BTW. PEAKS T@ RMS AMPL. EXCESSIVE

RECOMMENDED ACTIEN

3 DISCRIMINANTS @UT OF LINITS. SCHEDULE INSPECTION WITHIN
ONE MBNTH., . o - |

TIME: 29 SECS.
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program considers. The third test, of the control pump, indicates that
something is wrong but the defect is not yet critical. Actually, this pump
was normal. The confusion arises because of cross-talk between the
normal replenishing pump and the defective vane pump. Vibrations gen-
erated at the bad ring propagated through the structure and were sensed
by the accelerometer on the replenishing pump.

This program is a good example of what the computer can do, since
it includes the three essentials of any diagnostic process: signal unalysis,
comparison of analysis with discriminants, and a recommendati.- “or action,

The approach outlined above using the Time-sharing Computer is an
attractive one for the development of programs and techniques for automated
analysis, and for the processing of modest amounts of test data. Its great
advantage is in breaking down the barrier between the engineer and the
compuier by virtue of its easy access, the simplicity of modifying programs,
and +irtually instant turn-around time from data entry to printing of results.

If large quantities of data are to be handled, batch processing is usually
more economical than time-sharing. The CAT may still be the core
around which the system is built, The Technical Measurement Corporation,
manufacturer of the CAT, produces a compatible device, called the Model
535EL Teletype Page Printer, which can act as the interface between the
CAT and a computer {Figure 99), The 535EL is a modified ASR33 Tele-
type. It may ke purchased from the Technical Measurement Corporation,

. oi::u:g: oF 535EL GENERAL
A EntoE TELETYPS |----| PURPOSE
PAGEPRINTER ‘
TRANSIENTS COMPUTER

Figure 99. Coupling of CAT to the Computer for Batch Processing

or they will modify an existing ASR 33. It accepts the information stored
in the CAT (which is in BCD form), performs a parallel-to-serial conver-
sion, and produces a punched tape in ASCII code.

The 535EL prints 10 data words on a line, separated by spaces, Data
words have either five or six digits, depending on the particular model of
CAT 400 which is used. Carriage returns and line feeds are supplied
automatically, as is a stop code when memory readout is complete. The
operator may choose odd or even parity. Other information which inay be
desired, such as an identificatier code for each run, can bYe entered on the
tape from the teletype keyboard. The punched paper tape produced in
this way can be handled directly by many computer centers.
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D.
SRECEDING PAGE BLANCHGHT FULME

NEW TECHNOLOGY

In the course of this investigation a background of theory was built up
which permitted prediction of the externally measured vibration of certain
important hydraulic components, under normal operating conditions, and
with certain defects which were held to be those most likely to occur in
service. The defects or malfunctions studied were to be of an incipient

nature; i. e., of such character as to permit apparently normal operation
but of a nature which would become progressively more serious with time,
leading to ultimate failure unless remedial action is taken.

Tests of normal components and of components with defects were made
and analyzed using suitable data reduction techniques. It was demonstrated
that vibration signatures of both normal and malfunctioning components were
as predicted, and that defects can be detected from such analyses without
disassembly cf either the system of the hydraulic components. It is believed
that the latter capability constitutes a ''new technology. "

Application of this technology by the National Aeronautics and Space
Administration requires three capabilities:
® Data acquisition .
¢ Data reduction
® Ability to evaluate the reduced data
The techniques, equipment, and procedures which constitute the new tech-
nology are discussed in detail in three sections of This Final Report:
Section 4: Data Acquisition
Section 6: Data Reductlion System
Section 8: Criteria for Signature Evaluation
Taken together, they constitute a handbook which NASA personnel may use
to perform diagnostic investigations of hydraulic components of the Unified
S-Band antenna. Other sections of the Final Report give the foundation upon

which the technology is built, and discuss ways in which it can grow in capa-
bility. . T
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RECOMMENDATIONS

As a result of the program described in this report, the Goddard Space
Flight Center has the present capability of performing diagnoses on hydraulic
components. In order to implement this it will be riecessary to provide
means whereby data from the field can be sent to Goddard for analysis and
interpretation. Since the quality of the diagnosis is dependent on the quality
of the input signals, steps must be taken to ensure thut good data are supplied.
It is unrealistic to believe that uniformly reliable information will come from
the field unless a special effort is made. This could take the form of one
of the following three alternatives:

1, Assemble a set of data acquisition equipment as described in Section
4 of this report and train a test crew in its proper maintenance and
use. This crew would visit the remote sites and tape-record data
for transmittal to Goddard.

2. Design and build a rugged, portable, integrated unit which would
include everything necessary to acquire diagnostic data except
the tape recorder. In its design the data-taking procedure should
be simplified as much as possible in order to minimize errors in
its use. Prepare a simple instruction manual for use by station
persomnel. Ship the system from site to site, having station per-
sonnel take the data on the tape recorder which is part of the normal
equipment complement at each antenna location.,

3. The third alternative would be similar to the second except that the
equipment wou:-: ; 7t need to be portable; a separate device would
be made part of the permanent equipment at each site.

The overall value of diagnostics should be increased by extending it to
applications other than those wtudied thus far. This could include other
hydraulic components of the USB antenna, other antenna drives of similar
design, nonhydraulic machinery, and nonmechanical applications such as
electronic circuits. A considerable body of knowledge already exists in
the General Electric Company pertaining to these related areas.

Automation of the centralized diagnostic facility through coupling to a
digital computer was described in Section 9, It is recommended that this
be done through a three-step process.

1, TUse the present capabilities and equipment of General Electric
to develop diagnostic computer programs using the time-sharing
computer. The time-share approach is ideal for this purpose be-
cause of the ease with which programs can be modified and tested
and the near-instantaneous response which eliminates the problem
of turn-around time. '

EVE A
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2.  Acquire the equipment from Technical Measurement Corporation
whirh rerves as the interface between the CAT 400 and a general
purpose computer,

3. Integrate the programs developed in (1) and the equipment in (2),
to yield the desired computerized system. This would be able to
handle relatively large amounts of data at low cost by making
use of existing computer facilities at Goddard.

Following this, consideration should be given to performing diagnoses
on-site at each antenna, This would allow frequent diagnostic tests and
fast response to diagnost.c information, The diagnostic process would be
amenahle %o complete automation, The concept for such an automated
system is shown in Figure 100. A programmer, using a medium such as
punched tape as its memory, would control the process, It would send
commands to the electronic subsystem to put the antenna through a series of
diagnostic exercises, Transducers on the hydraulic components would
transmit signals to the CAT 400 as previously described, The CAT would
read in raw data and read out its memory under control of the programmer.
The digitized data would be formated for the particular computer in use by
the format control, The computer, as directed by the programmer, would
process the data, perform discriminant analyses, identify incipient defects,
and recommend remedial action, The latter might include a proposed
schedule for repairs and replacement part numbers,

On-sgite analysis should be considered a tentative, long-range goal,
whose need would be established through experience. If centralized data
reduction gives an early enough warning of incipient problems, it may never
be needed, On the other hand, there is a clear advantage to computerizing
the centralized data analysis facility, and it is recommended that this
process be undertaken now.
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Figure 100. Automatic On-site Dié.gnostic System
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Appendix I

DRIVE SUBSYSTEM DESCRIPTION

In order to clarify the requirement, a description is given here of a
typical drive subsystem, This is one of the more complex of the drives of
interest; more simple systems exist, as well. These consist of constant
pressure pumps with relatively large servo valves controlling flow to fixed
displacement drive motors or rotary actuators. The drive described
illustrates most of the salient features of all types. (See Figure I-1,)

The servo control and drive system consists of transistorized electronic
circuits which control a hydraulic drive system, The hydraulic drive sys-
tem, in turn, rotates a sateliite tracking antenna on an X and Y axis in a
manner that permits satellite tracking from horizon to horizon. The control
signals are amplified by the servo amplifier and applied to a servo control
valve on the appropriate hydraulic drive unit, The X and Y axis hydraulic
drive units are functionally identical. Each of the hydraulic drive units is
controlled by separate control signals from a servo amplifier, The servo
control valve positions the yoke of a variable-displacement type of hydraulic
pump. The position of the pump yoke determines the direction of flow and
the flow rate of the hydraulic oil pumped by the variable displacement pump,
The direction of hydraulic oil discharge from the main hydraulic pump
determines which of the two hydraulic motors drives the antenna. Since
each hydraulic motor rotates ihe antenna in only one direction, the direction
of hydraulic oil flow is directly associated with the direction of antenna
rotation.

A linear potentiometer is slso connected to the main hydraulic pump
yoke. The potentiometer indicates the pump yoke position and gives an
indication of the direction and quantity of hydraulic oil flow in the system,
The electrical signal from the potentiometer is fed back to the servo
amplifier through the servo box. The hydraulic motors are the fixed-
displacement piston type, which provide mechanical rotary motion when
driven by hydraulic oil delivered by the main pump. Each hydraulic motor
shaft is connected to a reduction gear train which drives the antenna, The
gear train and motor connections also provide an antibacklash system to
allow change of direction of the antenna without any time delay. Each gear
assembly is equipped with a brake assembly to hold the antenna stationary.
These brakes are not hydraulically applied; however, hydraulic pressure
is used in releasing the brakes,

The main servo pump has a flow rate of zero to 20 gallons per minute
and a maximum pressure rate of 5000 pounds per square inch, The maxi-
mum pump pressure is limited to 2000 pounds per square inch by an
adjustable relief valve. While limited to 2000 pounds per square inch by
the relief valves, the pressure developed by the servo pump to drive the

I-1

i 2 e



.
L 7

e TP T O e SR

J Ly
™\ TN T S FiLY
» j:OI W26 i
T 2] [
el 1 v
§ Y 2000081 2000 931 % - ,l
! ST RELIEH RELIGE ' €
&0PS5I]
18 > b - : -
? ) §
DRAINS L1 Sw 2
(1T 0 4 \20'F 180°F

" VENY

Figure I-1. Hydraulic. Subsystem, - Block Diagram

il at FATL T LR e



antenna is dependent upon antenna wind loading, unbalance, rate of accel-
eration, and frictional forces within reduction gears and the hydraulic
motors, The main servo pump is controlled by a servo valve which positions
the yoke of the servo pump to vary the displacement and also to change the
direction of hydraulic oil flow through the system, As the yoke is moved
away from the center position, the flow begins. The direction of hydraulic
oil flow depends upon which side of center the yoke is moved. The hydraulic
oil flow increases to 2 maximum as the pump yoke moves away from the
center position,

A constant-displacement, dual-vane hydraulic pump is mechanically
coupled to an electric prime mover. This dual-vane pump has a hydraulic
oil flow rating of five galions per minute in the forward vane and two
gallons per minute in the rear vane. The forward vane has a maximum
pressure rating of 1500 pounds per square inch, and the rear vane is rated
at 2000 pounds per square inch maximum, Discharge pressure from the
dual=vane pump is controlled by relief valves. In the rear vane, a two
gallon per minute flow of hydraulic oil at a pressure of 800 pounds per
square inch supplied hydraulic oil to the servo valve that control the servo
pump, The rear vane also supplies the necessary hydraulic pressure to
release the anienna brakes, In the forward vane, a five gallon per minute
supply of hydraulic oil, at a pressure of 60 pounds per square inch, furnishes
replenishing oil for the servo pump and back pressure for the antibacklash
function. Adjustable pressure swritches in the front and rear vanes monitor
the dual-vane pump output, If the pressure drops below a safe reading
these pressure switches will open, and shut down the hydraulic drive power
unit.

The hydraulic motors are a fixed displacement type. The shaft, pistons,
piston rods, and cylinder block assemblies revolve as an integral unit which
is referred to as the rotating group. The valve plate has two curved ports,
each extending nearly 180° and separated by solid areas. When hydraulic
pressure is applied to one of the valve plate ports, it is felt by the pistons
joined to that port through the cylinder block and the pistons are forced to
move away from the valve plate, causing the entire rotaiing group to rotate,
The hydrauhc oil in the cylinder bores is discharged into the low-pressure
port of the valve plate. If the application of the high and low pressures is
reversed at the ports, the rotating group rotates in the opposite direction.
Since these hydraulic motors are set at a fixed 30° angle, the speed of the
motor shaft is determined by the flow rate of the hydraulic oil supplied to
the valve plate,

An antibacklash torque is built into the hydraulic drive system by the
series method of connecting thé hydraulic motors. When one motor is the
driving motor, using the main servo pump discharge pressure, the other
motor is kept'in a condition of trying to drive in the opposite direction. The
second hydraulic motor tries to drive in the opposite direction because of
the difference in the pressure in the line between the two hydraulic motors
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and the pressure supplied by the replenishment vane of the dual-vane pump,
When one motor is driving in one direction, the second motor is actually
driven backward by the bull gear on the respective axis, The purpose of the
antibacklash system is to remove backlash from the gear train of the
hydraulic motor that is driven by the bull gear, When the servo control
system calls for a reversal of direction, the nondriving or driven hydraulic
motor is immediately in position to drive the antenna,

Major Equipment

MANUFACTURER'S RELATED
COMPONENT NAME MANUFACTURER PART NUMBER TECHNICAL
PUBLICATION

Hydraulic Reservoir Collins Radio Co. 529-0623-005 NA

Dual Vane Hydraulic Vickers, Inc. V2235-5-2-1AA- Vickers Vane
Pump Detroit, Mich, 20-8214-MOD Type Double
Pump 1-1886S

Fluid Pressure Aircraft Porous AC=-3255-12ZABS NA
Filter (with switch) Media, Inc. :
Glen Cove, N. Y.

Pressure Switch $3 Static "0" Ring IN-F5 Static "0" Ring
Pressure Switch Co. Pressure Switch
Kansas City, Mo. General Instruction

Relief Valve Vickers, Inc. CG-03-C-10 MOD Vickers High Pressure
Detrofit, Mich. : Relief Valve, 1-15858

Fluid Pressure Filter Aircraft Porous AC-3255- NA

(without switch) Media, Inc. 12Z ABN
Glen Cove, N. Y.

Pressure Switch §2 Static "0" Ring " 5N-F3 - Static "0" Ring
Pressure Switch Co. ' Pressure Switch
Kansas Citx, Mo. : General Instruction

Relief valve Vickers, Inc. CG-03-B-10 MOD Vickers High Pressure
Detroit, Mich. Relief Valves, I-15858

Relief valve Denison Eng. Div., R2V123Y¥s Denison R2V Relief

: American Brake Shoe Co. Valves; Bulletin SUR4

Columbus, Ohio

Yoke Potentiometer Denison Eng. Div. 035-28978 Denison Axial

and position indi- American Brake Shoe Co. Piston Pump,

cator o Columbus, Ohio _ 700 Series
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Major Equipment (Cont'd)
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o - RELATED
COMPONENT NAME MANUFACTURER MANUFACTURER'S  TECHNICAL
PART NUMBER PUBLICATION

Hydraulic Servo

Denison Eng. Div,

PVO7XS -020-51N~- Denison Axial

Pump Am. Brake Shoe Co. YZ0-0YW Piston Pump
Columbus, Ohio | : e 700 Series
Servo Control Aerospace Div. 410-1158 Model 410 Servo-

Valve

Am. Brake Shoe Co.
Oxnard, Calif.

Valve Bulletin

Solenoid Valve

Denison Eng. Div.
Am. Brake Shoe Co.
Columbus, Ohio

DID04-33-103 -oW Denison 4 Way
04 -1008 Valves, Bulletin
SD-4178

AC Motor

Reuland Electric Co. 324U

Alhambra, Calif.

Reuland Hydraulic
_Pump Motor

Brake Actuator
Unit

00111n§ Radio Co.

© 529-0781-001 NA

Hydraulic Motors

Viékers, Inc.
Detroit, Mich.

L3-MFS-2003-
30-15-21

Vickers Drawing
E830970

Heat Exchanger
Assembly

Collins Radio Co. .

529-0709-001 NA

Technical Data

ITEM

- CHARACTERISTIC -

DESCRIPTION -

Electric Motors

Prime Mover.

Heat Exchanger Fan

Power Requirements -

Duty Cycle

Power Requirements

I-5

220/440 volts, 3 phase, 60
cycles, 15 hp at 1200 rpm

Continuous

220/440 volts, 3 phase, 60
eycle, 1/4 hp 1725 rpm




Technical Data (Cont'd)

ITEM

CHARACTERISTIC

DESCRIPTION

Servo Pump

Dual Vane Pump

Servo Valve

Hydraulic Motors

Volume Capacity
Output Pressure

Volume Control

Rotation

Pump Spesd

Maximum Pressurs
Control Vane

Replenishment

. Flow Rating

Control Vane
Replenishment Vane

Rated Flow

Operating Pressure
Coil Resistance

Speed

Operating Pressure

20 gpm at 1200 rpm ‘
5600 psi maximum

Feedback potentiometer, servo
valve, and stroking pistons

Clockwise as viewed
from driveshaft end

1200 rpm, 600 rpm
minimum drive speed

2000 psi
1500 psi

2 gpm
5 gpm

1 gpm with 1000 psi
drop across the valve

J000 psi maximum
1000 ohms

3600 rpm maximum, 50
rpm minimum

3000 psi maximum
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Technical Data (Cont'd)

ITEM . CHARACTERISTIC DESCRIPTION
Filters Rated Pressure 3000 psi )
Proof Pressure 4500 psi
Burst Pressure 7500 psi
Flow Capacity 16 gpm

- Hydraulic Drive System

Maximum Particle Passed

15 microns diameter

Operating Temperature Range -65° to +275°F

Operating Temperature
Relative Humidity

Sand and Dust

. Rain

Wind
Salt Atmosphere

Operating Altitude

40°F to 120°F ambient

0 to 100%

Desert dust storm conditions
Up to 4" per hour

Up to 140 mph |

As encountered at sea

O_to 7000 feet
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10
11
12
13
14
15
50
55
90
100
1:0
120
130
140
150
154
155
156

©157
160

170
180
190
200
220
230
240
250
260
270
280
2¢0
300
310
320
330
340
350
360
370
380
3-90

409

410
420
430
440
450

REM

REM
REM
REM
REM
REM

Appendix 11

COMPUTER PROGRAMS

THIS PROGRAM COMPUTES THE INSTANTANEOUS PRESSURE DELIVERED
BY A 7 PISTON PUMP TO AN CGAIFICE LOAD AS THE INPUT SHAFT
ROTATES. THE PRESSURES MAY BE PRINTED QUT OR OMITTED

AT THE OPERATOR'S QOPTION. A FOURIER ANALYSIS IS MADE

.OF THE RESULTING PRESSURE WAVE TU DETERMINE THE AMPL ITUDE

OF ITS SPECTRAL COMPONENTS. #

PRINT “TYPE | IF PRESSURES ARE REQUIRED, OTHERWISE 2%;
INPUT D
LET T1=0

REM
LET
LET

R2 1S RADIUS FROM CL TO CYLINDER CENTER
RE2=145%
P=3.14159265"

PRINT “ENTER PERCENT STROKE, NUMINAL PRESSURE™}
INPUT S51.P1

Les

S1=51/7100

PRINT-
IF D=2 THEN 160
PRINT " M *3;"PRESS."

PRINT

REM
LET
REM
REM
LET
LET
REM
LET
REM
LET
REM
LET
LET
LET
DIM
FOR
RE
LET
LET
LET
POR
LET

FLOW IN cu. IN«/S5EC.
Q0=20%231%51/60
CALC. AO, LOADING ORIFICE AREA xu SQ. INe
CALC. HEAD IN IN.
Pi=P1%1"7287C62.:4%,85)
ANmQ0/(.65¢«SQR(2#3864P1 ))
CALCULATE STROKE AT MAX FLOW-
S2=20%23 17 CTx. 785%12C0)
CALC. ACTUAL STROKE
52=52%51
CALC. YOKE ANGLE
B2=ATN(S2/(2%R2))
Qa3=0
I=14%7
SCo8)Y
M=1 TO 1
ANGULAR INCREMENT
Ta29P/ 1
AnT M
Q2=0
K=1 T0 7
BeA+2 £ (K=1)4P/7

IF B>P THEN 410
GOTO 470
IF B%<24P THEN 680

iIF B

GOTD 470 -
IF B<4*P THEN 660

>3#P THEN 440 -

REM.-B 1S THE ANGLE OF THE K°'TH CYLINDER

. 460 ‘REM  V 1S RATE OF CHANGE OF PISTON POSN. WITH. ANGLE

470 LET VsR2#SINLB)*SIN(B2)*(}~ (CDS(B))tBtlSlN(Bﬂ)’*?"(-faS)
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GSFC23 CONTINUED

480
490
500
510
520
530
540
550
560
570
580
S90
600
610
620
630
640
650
660
670
6 89
690
700
710
720
730
736
737
739
740
741
742
750
755
756
760
770
780
790
800
810
820
830
835
840
B45
8BS0
860
870
880
890
895
900
910
920

REM

LET L=ar2%CQS(B)*SIN(B2)/5QR(1=-(COS5(B))12%(SIN(B2)>12)

LET
REM
REM

L IS LENGTH OF PISTON IN CYL.

L=2«5~L
CALC. LEAKAGE 4
B9 1S5 CLEARANCE IN INCHES

IF K=1 THEN 560

LET

B9=1E=-3

GOTO 580

LET
REM
LFT
LET
LET
REM
LET
REM
LET
LET
REM
LET

B9=144E=3

L1 IS LEAKAGE IN CUs INe«/MIN.
LB8=3.132E64P1#B913%12/ (40%L)
L9=360%Vx2+P #1200/ 60%1 /2489
Li=P%i%(LB~L9)

CALCs LEAKAGE PER INTERVAL T -
L1=L1%F/ 22%Pxi200)

Q1 }5 FLOW OF GIVEN PISTON AND CYL.
Q1= 785%UT
Q1=Q1~L1

@2 1S TOTAL FLOW IN ANG. INCRes» CUs INs
Q2=02+Q1

NEXT K

REM
LET
REM
LET
LET
LET

CALC. FLOW RATEs CUe INe/SEC.
Va2sQ2%24P/7 0

CALC. PRESS. HEAD, IN.
S$=1/7(24386)%(V2/(.65%A0) )12
S(MI=S+62.4%.85/71728
T1=T1+S5(M)}

IF D=2 THEN 740
PRINT M35(M)
NEXT ™

LET

5C0)=5¢(98)>

PRINT "AVG. PRESSURE="3T1/13"PSI"

REM CALC. FOURIER SERIES

PRINT

PRINT "HARMONIC","FREQUENCY","DB RE 1 PSI"

LET
FOR
LET
LET
FOR
LET
LET
LET
LET
LET
LET

M=1

N=1 TOQ 4

Al =0

B1=0 !
K=1 TO I
Y={S(K)+S(K=-1))/2
Re(K=e5)%24P&N/M
A=Y*SIN(R)
Al=Al+A
B=Y*CCOS(R)
Bl1=B1+B

NEXT K

LET
LET
LET
LET
LET

Al=A1%2/M

B1=B1%2/M
C=SQR(A112+4B112)
C1=20/L0G(10I%*LOG(C)
C2=INT(C1++5)

PRINT N»20#%N,C2 S
NEXT N

END
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50
51

592

53

54

55

56

57

50

96

98

100
105
106
110
115
116
120
125
126
127
130
140
150
158
159
160
163
165
166
167
168
170
180
150
200
205
208
210
215
220
228
230
240
245
246
248
249
250
260

C17

REM
REM
REM
REM
REM
REM
REM
REM

THIS PROGRAM COMPUTES THE WAVEFORM OF THE GUTPUT OF A

VANE PUMP oF BALANCED DESIGN. THE PROGRAM ASSUMES 12 VANES,
A FOURIER ANALYSIS OF THE WAVEFORM 1S MADE T@ DETERMINE ITS
SPECTRAL COMPONENTS. LEAKAGE OF ONE OF THE VANES MAY BE SIM-
ULATED. WHEN THE LEAKY VANE IS IN SUCH A POSITION AS TO
ALL@W A DISCHARGE P@RT T0O CEMMUNICATE WITH AN INLET PORT

THE AVAILABLE FL®W IS DECREASED BY AN ARBITRARY AMOUNT WHICH
MAY BE CHOSEN.

PRINT "HARMONIC",“RMS VALUE","DB RE 1E-6"

REM
REM
LET
REM
REM
LET
REM
REM
DIM
REM
REM
REM
LET
LET
LET
REM
REM
LET
REM
LET
REM
REM
REM
LET
F@R

LET

LET
REM

REM

LET
REM
FOR
REM
LET

THE PROGRAM ASSUMES A VANE LENGTH(N@GRMAL T@ THE RADIUS) OF le
H IS VANE THICKNESS
H=.l
N IS THE NUMBER OF INCREMENTS INTO WHICH ONE SHAFT R@TATIZN
IS Te BE DIVIDED.
N=120
SAVE STORAGE SPACES IN THE COMPUTER MEMBRY FoR THE N VALUES
oF PUMP QUTPUT T@ BT CALCULATED.
aq120y -
THE QUTER CASING OF THE PUMP APPRIKIMATES AN ELLIPSE,
2%R1 AND 2«R2 ARE THE MINOR AND MAJOR AXES. R! IS ALSO@ TAKEN
T® BE THE RATOBR RADIUS. -
R1=2
R2=2.5
P=3.1415927
Q@ IS THE vol.. DELIVERED AT GNE EXIT PORT PER REV. NEGLECTING
VANE THICKNESS. -
@=Px(R2t2=R1t2)
THERE ARE TW@ DISCHARGE PORTS.
Q=2%Q
CERTAIN PORTIONS OF THE QUTER CASING OF THE PUMP ARE CIRCULAR
ARCS, THE LENGTH @F THESE ARCS 1IN RADIANS EXCEEDS THE SPACING
BETWEEN VANES BY 2xD,
D=P/72
M=t TO N
R0=0
Qz2=0 .
COMPUTE THE FLOW RATE AT EACH ANGULAR INCREMENT.
T IS THE ANGLE IN RAD,
T=(M=1)%2%xP/N
K IS THg NUMBER ASSIGNED T@ A GIVEN VANE,
K=1 T 1
‘T1 IS THE ANGLE OF THE K TH VANE
TI=T+(K~1)%2%P/]2

IF Tl1<(P/124D) THEN 390

REM
REM
REM
REM

THE AVAILABLE FLOW IS DECREASED IF A VANE IS IN THE ARC
SUBTENDED BY A DISCHARGE P@RT.

IN 250 T¢ 280 DETERMINE IF A VANE IS IN THE FIRST DISCHARGE
REGI&N,

IF T1>(5%P/12=D) THEN 270
GPTO 310

II-3



GSFC17 CBNTINUED

270
280
288
289
290
300
310
320
330
13
. 340
345
350
358
360
362
363
370
378
380
388
390
400
405
407
408
411
412
414
Al6
418
420
- 425
426
428
430
432
434
436
438
440
442

. 450

452
454
456
458
460
470

480

- . T

IF (T1-2xP)<(P/12+D) THEN 3950

IF (Ti1=2%P)>(5%P/12=D) THEN 390

REM T2 IS THE ANGLE FROM THE COMPRESSED ELLIPSE USED T#

REM CALCULATE THE RADIAL WIDTH OF A VANE IN THE DIS. REGION,
LET T2=(T1-~2%P- P/12=D)%P/(2%(P/3=2%D))

GATe 320

LET T2=(T1=(P/124D))%P/(2%(P/3=-2%D))

LET S§=SIN(T2)

LET C=Ces(T2)

REM R3 IS THE RADIUS,

LET R3=R1*R2/(R2%xSt2+R1%C*2)

REM L IS THE VANE WIDIH,

LET L=R3=Rl

REM @1 IS THE VOLUME @F ONE VANE.

LET Ql=LxH

REM THERE ARE Tw2 DISCHARGE PBRTIS.

LET Q1=2%Q1

LET Ql1=00+R]1" : ,

REM Q0 IS THE VBLUME @F ALL VANES IN THE DISCHARGE REGIONS,

LET Q0=Q]

REM N1 IS THE LEAKY VANE,

LET NI1=6

IF K<N] THEN 480

IF K>N1 THEN 480

REM 1IN 411 TO 456 DETERMINE IF THE LEAKY VANE 1S IN A POSITIEN
REM T@ ALLOW HIGH AND L@W PRESSURE REGIONS T@ CUHHUHICATE.

LET V=1

IF Tl<(P/12=-D) THEN 426

IF Tl1<(7%P/12=-D) THEN 430
IF T1<(13%P/12~-D) THEN 434
IF T1l<(19%P/12-D) THEN 438
IF T1<2%P THEN 442

GOTe 450

IF Ti>0 THEN 460

GAT2 450

IF T1>(5%P/12+D) THEN 460
GBT@ 450

I7 T1>(11%P/124D) THEN 460
GeTo 450 _
IF TI1>(17%xP/124D) THEN 460
G@TE 450

IF Ti>(23%P/12+D) THEN 460
IF V>1 THEN 480

LET Ti{=T1~-2%P

LET v=2

GBATe 412

REM L1 IS THE LEAKAGE, .
LET L1=,01

LET Q2=@xL1

NEXT K

o
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488
490
510
512
513
515
520
522
525
530
540
' 559
560
570
580
590
600
610
620
630
640
650
655
660
670
680
690

REM Q(M) IS THE NET FLOW,
LET a{M) =0=-ad-02
NEXT M

REM PERFORM FBURIER ANALYSIS.
REM A QUANTITY PROPORTINAL TQ PRESSURE..

LET QC0)=Q(NY
LET M=N

FLEW 1S SQUARED IN 560 T@ YIELD

REM 24 COEFFICIENTS ARE COMPUTED.

FOR N=l T2 24

LET Al=0

LET Bi=0

FBR K=1 To ™

LET Y=((Q(K)+Q(K~-1))/2)12
LET F=(K=,5)%2%PxN/M :
LET A=zY%SIN(F)

LET Al=Al+A

LET B=Y*COS(F)

LET BiI=Bl+B -

NEXT X

LET AlzA1%2/M

LET Biz=B1%2/M

LET C=SQR(Al112+B112)

REM EXPRESS ANSWER IN DB RELATIVE T3 AN ARBITRARY REFERENCE.
LET C1=20/L0G(10)*LAG(C/1E=6)

PRINT N,C,INT(Cl+, 5)
NEXT N
END
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10 REM THIS PROGRAM CALCULATES THE TIME REGUIRED FOR THE SOLENOID
i1 REM VALVE TO ACTUATE AFTER BEING DL-ENERGIZEDe THE PRESSURE IS
12 REM ASSUMED TO BE 800 PS1.

90 PRINT "SECS«"»"LBe FORCE","POSNe, IN«"

100 LET X=.15 '

et ol

110
120
140
150
160
360
370
372
373
374
375
376
371
380
400
420
430
435
440
450
480
500

LET
LET
LET
LET
FOr
HREM
LET
REM
LET
nEM
LET
HEM
LET
LET
LET
LET
LET
LET

R=«85%62+4/(1728%386)
V0=0

A0=0

Q=00005

T=0 TO 1 STEP Q
SPRING FORCE
F==30%X=4.75
FRICTION FORCE
F=2F+2.05
BERNOULLI FORCE
F=F+2%2+92E=-3%231/60%SQR(800)
DHAG FORCE

FEF+1 %1423 %+ StV 12

A=F%3867.325

V=VD +CAQ+A ) /72 %]
A=X+(V0+V)I/2%Q

Vo=V

AQs=A

PREINT TsF,X
IF X<0 THEN 500
NEXT T

END

I1-6
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10 REM THIS PROGRAM CALCULATES THE TIME REQUIRED FOR A 1 QT.

11 REM ACCUMULATOR TO DISCHARGE THROUGH THE SOLENO1D VALVE.

12 REM XO 1S THE POSITION OF THE SPOOL AT WHICH THE VALVE STARTS

13 REM TO OPENs. IN THE PROGRAM THIS 1S ALLOWED TO ASSUME A RANGE
14 REM OF VALUES, BUT IN THE ACTUAL VALVE IT 1S ABOUT .08 INCHES.

90 PRINT *"X0","MILLISECS."

100 FOR XO0=0 TO «15 STEP .01

110 LET P=1500

114 REM V9 IS THE ACCUMULATOR VOLUME.

115 LET V9=231/4

117 HEM P! 1S THE ACCUMULATOR INITIAL cunnsz.

118 LET P1=1200

119 REM VO IS THE INITIAL VOLUME OF FLUID IN THE ACCUMULATOR.

120 LET VO=sV9=-V9*P1/P

129 REM V IS THE INSTANTANEOUS FLUID VOLUME iN THE ACCUMULATOR.

130 LET V=VC

140 LET J=.001

145 LET D=3/8

150 LET C3=46

154 LET R=.85%62.4/(1728%386)

155 LET C136+28%D*C312%C0S(69%2.14/180)

156 LET C2=3.14%DsC3#SQR(2/R)

1590 REM T 1S TIME IN SECONDS.

160 FOR T=0 TO 1 STEP J

170 LET Y=(30%X0+2.70)/(2%P*C1+30)

175 LET Q=C2*Y#*SQR(P)

179 REM Q IS THE FLOW THROUGH EACH HALF OF THE VALVE.

205 IF T=0 THEN 220

210 LET VaV=Js@*2

212 IF V<0 THEN 300

219 REM P 15 NOW THE PRESSURE APPLIED TO THE FLUID svsrsn BY THE ACC.
220 LET P=PI*V§/€V9-V§

250 NEXT T
300 PRINT XO;T*IOOO
320 NEXT X0 :
400 END

1I-7 '
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10 KEM THIS PROGRAM CEMPUTES THE RESPONSE 8F THE SERVE VALVE TP A
It REM UNIT STEP FUNCTION INPUT AT T=0 BASED 6N THE PUBLISHED

12 REM AMPLITUDE AND PHASE CHARACTERISTICS.

13 REM W IS ANGULAR FREQUENCY IN RAD./SEC,

90 PRINT "SEC@NDS™,"AMPLITUDE"

150 FBR T=0 T# ,01 STEP ,00025

152 LET P=3,1416

155 LET @1z0

157 REM WO IS THE HIGHEST FREQUENCY FOR WHICH THE VALVE CHARACTERISTICS
158 REM ARE GIVEN.

159 LET W0=24P%500

160 LET W1=w0/100

180 FBR W=0 T@ WO STEP Wi

i88 REM W2 IS THE AVERAGE FREQUENCY IN EACH STEP @F THII INTEGRATION
189 REM WHICH FOLLOWS.

190 LET w2:zw+Wl1/2

198 REM THE FALLOWING SUBROUTINE CALCULATES THE AMPLITUDE RESP@NSE
199 REM AT W2 FROM A STRAIGHT LINE SEGMENT APPROXIMATI®N,

200 GASUB 1000

218 REM THE FOLLOWING SUBROUTINE COMPUTES THE PHASE AT v2 FROM A
219 REM STRAIGNT LINE SEGMENT APPROXIMATION,

220 GOSUB 1500 -

225 REM INTEGRATI@N STARTS,

230 LET X=W24T-Al

300 LET G=Gl ,

320 LET GI=Y#SINCX)/W24¥1 |
340 LET s;-sx+s _ ,
400 NEXT W |

450 REM END OF INTEGRATION,

500 LET Sz,5+G1/3.1416

600 PRINT T,S

650 NEXT T

660 GBTB 2000

1000 LET F=W2/(2%P)

100i LET Yz,602771=9,5541 AE=5%F+,0025%ABS (F=30) =7 . 2368 4E=3+ABS (F-50)
1002 LET YzY+3,25725E-3#ABS (F=107)+1 .00838E-3%ABS (F-205)

1003 LET Y=Y+3.75473E~4#ABS\F=343)

1010 RETURN

1500 LET Alz,575%F+,95%ABS(F=50)=.93421 | *ABS (F~70)

1501 LET Al=Al=,1455TT#ABS (F~165)+.104787%ABS(F~400)

1505 LET Al=AI*P/180

1510 RETURN

2000 END

11-8
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50 REM THIS PROGRAM COMPUTES THE PRESSURE DELIVERED TO AN ORIFICE
51 REM LOAD BY A PRESSURE RELIEF VALVE AS A FUNCTION OF TIME. AN
52 REM INITIAL POSITION FOR THE BYPASS VALVE 1S ASSUMED. THE FLOW
53 REM INTO THE VALVF IS ASSUMED CONSTANT.

110 REM H1 IS THE HEAD LOSS IN THE CAP ILLARY.

120 LET Hi=D

125 REM K IS THE FLUID DENSITY.

130 LET R=.85%62.4

140 REM Q4 IS THE RATED FLOW INTO THE VALVE AND LOAD.

150 LET Q4=.007 |

160 REM Q7 i$ THE FLOW BYPASSED FROM THE LOAD BY THE REGULATOR.
170 LET Q720

180 REM QO 1S THE FLOW TO THE LOAD.

190 LET Q0=Q4~G7

200 REM R4 IS THE RADIUS OF THE ORIFICE LOAD.

210 LET R4=.03

220 LET R4sR4/12

230 REM KS 15 .THE SPRING CONSTANT OF THE MAIN VALVE ASSY.

240 LET K5=100

250 LET KS=K5%12

260 REM X8 IS THE INITIAL COMPRESSION IN KS

270 LET X8=1

280 LET X8=X8/12

290 REM R7 1S THE SEAT RADIUS IN THE MAIN VALVE ASSY.

300 LET R7=.5

310 LET R7=R7/12

320 REM ™ IS THE PISTON WEIGHT.

330 LET M=.3

340 LET M=M/32.2

350 REM RS AND R6 ARE THE P1STON OUTER AND INNER RADII.

360 LET RS5=.5

370 LET R6=.2

380 LET P=3.1416

390 LET AS=P*(R512-R612)/144

400 REM T9 IS "HE PLUNGER HALF-ANGLE IN THE MAIN VALVE ASSY.
410 LET T9=P/6

420 REM R1 1S THE BALL RADIUS IN THE PILOT VALVE ASSY.

430 LET R1=.12

440 LET R1=R1/12

450 REM R2 IS THE SEAT RADIUS OF THE BALL VALVE.

460 LET R2=.1

470 LET R2=R2/12

480 REM R3 IS THE CAPILLARY RADIUS IN THE PILOT VALVE ASSY.

490 LET R3=.005

500 LET R3=R3/12

510 REM L IS THE CAPILLARY LENGTH.

520 LET L=«5

530 LET L=L-12

540 REM K IS THE SPRING CONSTANT OF THE SPRING IN THE BALL VALVE ASSY.
550 LET K=300
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GSFC14 CONTINUED

560 LET K=K#12

570 REM X0 IS THE INITIAL COMPRESSION IN K

580 LET X0=.04

590 LET X0=X0/12

600 REM S IS POSITION OF THE PLUNGER IN THE MAIN VALVE ASSY.

610 LET S=0

620 REM SO IS THE INITIAL VALUE OF S.

¥0 LET 50=0

640 REM V IS THE PLUNGER VELOCITY.

650 LET V=0

660 REM VO 1S THE INITIAL VALUE OF V.

670 LET V0=0

680 REM A0 IS INITIAL ACCELERATION.

690 LET A0=0

695 LET PO=XO*K/ (P#R212%144)+KS#X8/ (ASS144)

696 PRINT "REGULATOR SET FOR" PO "PSIG."

697 PRINT

698 PRINT "MICROSECS.","LINE PRESSURE, PSIG."

700 LET T2=1E=-6

710 LET T3=S0%1E-6

720 FOR T1=0 TO T3 STEP T2

725 REM HO IS HEAD LOSS ACROSS LOAD.

730 LET HO=(Q0/(.654P#RA12))12/(243242)

740 REM COMPUTE A VERY ROUGH APPROXIMATION TO THE PILOT FLOW

750 REM NEGLECTING FRICTION AND BALL VALVE LOSSES.

755 REM H2 IS HEAD LOSS ACROSS BALL VALVE.

760 LET H2=ABS (HO=H1)

765 REM Q IS FLOW THROUGH THE CAPILLARY.

770 LET Q=P#R312*SAR(2%*32.24H2/1.5) A

810 REM. IN 800 TO 1130 COMPUTE X2, THE BALL DISPL. BASED ON PRESSURE
820 REM APPLIED TO THE BALL, AND COMPUTE X, THE BALL DISPL. BASED
830 REM ON ASSUMED PILOT FLOW. SOLUTION EXISTS WHEN THEY ARE EQUAL.
840 LET Z6=100 - ‘ :

850 LET Qi=Q/Z&

860 LET @3=24Q

£70 FOR Q=Q1 TO Q@3 STEP Q1

875 REM V1 IS VELOCITY IN THE CAP ILLARY.

880 LET V1=Q/(P#*R312)

£90 LET V1=ABS (V1)

90C REM COMPUTE FRICTiON FACTOR IN CAPILLARY.

901 LET N=VI*R3#%2#R/(32+2%1+7E-6%144)

902 IF =0 THEN 940

903 IF N<1E3 THEN 907

904 IF N>1ES THEN 909

905 LET F=.3164/N1.25

906 GOTO 940

907 LET F=64/N

908 GOTO 940

909 LET F=.0032+.221/N1.237 . : . '
920 REM ' COMPUTE PLUNGER POSITION BY BALANC ING roacss. POSITION THEN
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GSFC14 CONTINUED '

930 REM DETERMINES NEW LINE FRESSURE AND SOLUTION 1S REPEATED.
940 LET HI=(] .5¢F3L/(2%R3))%V1 12,(2%32.2)

990 REM FS 1S FORCE ON PISTON DUE TO DROP ACROSS CAPILLARY.
1000 LET FS5=AS5%Hia*R :

1005 REM F6 1S SPRING FORCE ON PISTON.

1010 LET Fé6sKS5x(S+X8) :
1015 REM F7 1S DRAG FORCE ON PISTON. DRAG CNEFF. ASSUMED 1.
1020 LET F7s1%A5%.5%R%Vt2 '

1030 IF 5<S0 THEN 1050

1040 GOTO 1060

1050 LET F7==F7

1055 REM A6 1S PISTON ACCELERATION.

1060 LET A6u(FS5=F&6=F7)/M

1065 REM V IS VELOCITY.

1070 LET V=sVO+(A6+A0)/2%T2

1075 REM S 1S DISPLACEMENT.

1080 LET S=S0+(V+V0)/22T2

1090 IF S<0 THEN 1110

1100 GOTO 1120

1110 LET S=0

1120 LET Q7= 7#42%PsR7#S#COS(TII*SQR{2%32:,22H0)

1122 REM Q8 1S FLOW CAUSED BY PISTON UPWARD MOTIOW.

1125 LET Q8=V»AS

1130 LET Q03Q4-07-0-0%

1145 REM Q2 IS FLOW THROUGH BALL VALVE.

1150 LET Q2=Q+Q8 .

1155 REM AZ IS BALL VALVE AREA.

1160 LET A23Q2/(.65%SQR(2%32.2%x(HO0~-H1)>)) .

1170 LET Rsa-aa+snacaata+4tpratnxtaaaasa)

1180 LET REB=R&/(2%P*R1)

1190 LET L1=SQR(R1t2~R8?2)

1200 LET Xi=R2xL1/RS8

1205 REM X 1S BALL. VALVE OPENING BASED ON FLOW VOLUME .
1210 LET X=X1=-SQR(R112-R212)

1215 REM X2 IS BALL VALVE OPENING BASED ON PRESSURE DROP ACROSS VALVE.
1220 LET X2=(HO=-H] )#R*P%R2 12/K=X0

1230 IF X2<X THEN 1250

1240 NEXT Q

1250 PRINT T!tlEGaHD*R/!da

1260 LET VQ=Vy

1270 LET AQ=Aé6

1280 NEXT T1

1400 END
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200DATA144,137,137,244 510.40 »489,360,247,147,144,152,148,163,173, -
201DATA21T,151, 160 182,182,° 4u,l40 140,137, 129 140 133.I40 134.153.
202DATA125, 131 138,140,137,134,125,183, 240 20! l90 2568,186,155,130,
203DATAI59 144,145, 152 lS° Led, 170 179 119 125, 152 126 133, 22 126,
204DATAL2S, 130,!29 126,12, 142 122 l23 l2$ 130 125 168, 187 168.240,
20;DATA352 205,198,159, !44 148 163 !48 l37 134 ISB 118 130.123 126,
206DATAL29,130,122, l22.122 !22 llB IIB 1117, ll? ll? 117,122,117,117,
207DATAL37,166,152, 255 355,198, 159 175 147, 110 l47 117, 137 133 125,
208DATAL25, llT 125,121, 117,133 t17, I25 129 125 IIS !22 121,121,117,
209DATA122 121, llS 117 l'i,»&? 143 151, ISI 124 140 124 190 l82 tat,

2I10DATAL21,121,817,125,139,198, 147 121, 125 121, ll3 ll4 ||s 122 Il?

2LIDATAT 1,133, 118,114,113, 114,118,117,157,122,129,199,217,193,139,
212DATAZ1 4,163,169, 144,017 ,133,121,126,117,1170103,421,113,117,132,
213DATA1AS, 13341170 |”=,z:° 116,117,025, 117,112, 113,113,118,128,125,
214DATALI70,163,129,132. 117,129,118, lso 117,122,114,198,182,152,140,
ZISDATAL22, 118,130,113, 122,122,118, 114, 118,118,113, 118,118,114,122,
216DATAL 14y 122,163, 176 4156,318,222,199, 187,144,163 156,133,118,125,
21TDATA148,118,118,118,114,114,130,122,118,118,122,115,118,122,122,
2(3DATAIG4,118,122,123,114,122,123,160, 183,195 ,276,187,153,153,155,
21SDATALZS, 126, 172,153,210, 145, L A1 1410154,126,119,119,122,01140119

220DATAL14,123,126, 818,119, 114,118,114,119,118,119,160,187,160,214,

221DATA192, 145, 134,123,134,130,131,133,126,122,115,114,127,118,126,
122DATAL 19, 118,115,119, 018,119,118, 815,015,123,114,119,119,123,118,
23DATALS6,210,161 42575152, 158, 126, 126,134,168, 168,123,130,118,134,
224DATAL1S, 118,123,122, 115,014s019,115, 118,119,114,119,114,119,114,
225DATALI9,115,119,119,156,164,160,279,226,175,126,133,134,118,118,
22GDATAL18,122,118,122,122,122,122,115,114,125,113,114,114,114,118,
ZZTDATALIB 1 14,115, 118,128,1174114,0145148,271,191,519,268.245,171,
228DATA 123,144,140, 138, 140,202,202, 130,140, 167,175,134, 138,126,130,
229DATAL 15,118, 118,130,130,114,126,126,130,129,123,119,140,202,256,
2330ATM206.¢4l 245, 156,133,130, 145,140,140, 134,134,152,179,164.164,
25IDATALAL, 34, 127,i25,126,118,123,114,122,118,:15, 115, 114,114,115,
232DATAL14,115,176,171,148,318,268,206, 171,152, 155,148,152140,126,
233DATA122,122,115,118,118, 114,108,818, 115,119,01001190119,114,114,

1000 LET T=5

101G LET V=102

1040 PRINT

1041 PRINT

1042 PRINT "TEST NUMBER"™V

1043 PRINT

1044 PRINT

1050 PRINT * ", *,"SIGNAL ANALYSIS"
105! PRINT

1052 PRINT

1100 DIM A(509),B(12)

1110 MAT READ A

1115 MAT A=(T)*A

120 LET T250,6

4125 LET D=0

1130 LET Pi=INT(510%T/(62,5%12)+,5)

1i-12



JANEL CONTINUED

40 FOR K=0 T2 P|
45 LET Ci1=0
50 FBR M=0 TO 3%xPi+5
70 FOR N=O TO 2
1180 LET B=0
1200 IF M=NxPi+K THEN [220
1210 G@TO 1230 4
1220 LET B=| T
1230 LET C=A(M)xB+C| : 3
1240 LET Cl=C
1245 NEXT N
1250 NEXT M
1260 IF Cl<D THEN 1280
1265 LET D CI
1270 LET Mi=K
1280 NEXT K
1295 LET Ci=0
1297 LET D=0 :
1298 LET Y=INT(Mi=P1/4)
1299 LET X=INTCY=-P1/2)
1300 FOR N=t! TO 12
1306 LET Xi=X+N%P|
307 LET YizY+N%P|
1310 FOR M=X1 T0 ¥i
1320 LET B=A(M)+2+C]
1321 LET Ci=B
1325 LET D=D+|
1330 NEXT M
1340 NEXT B ,
1350 LET B=SQR(B/D)
1360 PRINT "RMS VALUE @F SIGNAL BETUEEN PEAKS="B
1361 PRINT _
1367 LET D=0 :
1368 LET X=INTI{MI=-P.,/2) '
1369 LET Y=INT(X+P1)
1570 FoR N=1 TO 12
1372 LET G=0
1378 LET X1iz=X+N%P|
1379 LET Yi=Y+N*Pl
1380 F@R M=X! T@ YI
1390 IF A(M)<G THEN 1410
1400 LET G=A(M) .
1410 NEXT M
t415 LET B(N)=G
1420 NEXT W
1430 F2R N=1 T0 12
1440 IF B(N)<D THEN 1460
450 LET D=B(LN)
+460 NEXT N
1470 PRINT "MAX. PEAK AMPLITUDE="D
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1471
1475
1480
1490
1500
1510
1520
1521
1525
1530
1540
1550
1560
1570
1571
1572
1573
1574
1580
1590
1591
1600

§10
I611
1620
1630
1700
1701
1702
1710
1720
1750
1800
1810
1820
1821
1825
1830
1835
i840
1841
1845
1850
1860
1870
1871
1875
1880
.8%50
2000

—_— = s am

CONTINUED

PRINT

LET H=0

FOR N=1 TO 12

LET HzH+B(N)

NEXT N

LET H=H/12

PRINT "MEAM PEAK AMPLITUDE:="H

PRINT

LET S=0

Fgr Mz0 T@ 509

LET S=S+A(M)t2

NEXT M

LET S=SQR(S/510)

PRINT "RMS VALUE="S

PRINT

LET U=D/H

PRINT "MAX. PEAK TO MEAN PEAK RATIO="U
PRINT

LET Q1=D/S

PRINT “"PEAK T@ RMS RATIZ2=z"@el
PRINT

LET Q2zH/S

PRINT "MEAN PEAK T@ RMS RATIO="Q2
PRINT

LET Q3sB/S

PRINT "RATIO OF SIGNAL BTW. PEAKS TO RMS AMPL.="Q3
PRINT ,
PRINT

PRINT " "," "s"DISCRIMINANT ANALYSIS"
PRINT

PRINT

LET Z=0

IF B>90 THEN 1820

GOT® 1830

;R}g% "EXCESSIVE SIGNAL AMPLITUDE BETWEEN PEAKS™
R

LET Zz=Z+1

IF D>400 THEN 1840

GoTo 1850

PRINT “EXCESSIVE PEAK AHPLITUDE"
FRINT

LET Z=Z+l

IF H>290 THEN 1870

GOT? 1880

PRINT "EXCESSIVE MEAN PEAK LEVEL®
PRINT

LET Z=Z+!

IF 5>~130 THEN 2000

GOT2 2020

PRINT "EXCESSIVE RMS AMPLITUDE“

m o e e e e ek o B e iy e B m ek e B e e e R S ek A AR e e R M Em Am AR MW P AR - e MM M M e e - = . = 4 A um — e e

11-14



JANE]l CONTINUED

2001 PRINT

2010 LET Z=Z+1

2020 IF U>1.5 THEN 2022

2021 GOT@ 2029 '

2022 PRINT "EXCESSIVE MAX. PEAK Te MEAN PEAK RATIQ"

2073 PRINT

2024 LET 224!

2029 IF QI>3,5 THEN 2040

2030 GBT@ 2050

2040 PRINT "EXCESSIVE PEAK T@ RMS RATI®"

2041 PRINT

2045 LET ZzZ+l

2050 IF Q1<2,5 THEN 2070

2060 GAT® 2080

£070 PRINT "DEFICIENT PEAK T@ RMS RATI@"

2071 PRINT

2075 LET Z=Z+1

2080 IF Q2<2 THEN 2100

2090 GOT@ 2110

2100 PRINT "DEFICIENT MEAN PEAX TO RMS RATIO®

2101 PRINT

2105 LET z=Z+1

210 IF Q3>,8 THEN 2130

2120 GOT@ 2400 :

2130 PRINT "RATI® OF SIGNAL BTW. PEAKS T RMS AMPL. EXCESSIVE"

2140 LET 222+l

2400 IF Z»>0 THEN 2500

2410 PRINT "N@ DISCRIMINANTS OUT OF LIMITS,.”

2500 PRINT

2501 PRINT . : .
2502 PRINT ™ *," ","RECOMMENDED ACTION" | E
2510 PRINT |
25t1 PRINT | : -
2520 1F z=0 THEN 2600

2530 IF z>3 THEN 2650

2550 GOTO 2620 o

2600 PRINT "NBRMAL MAINTENANCE BNLY,"

2601 PRINT

2605 GOTO 9999 o
2620 PRINT Z"DISCRIMINANTS GUT OF Llnlrs. SCHEDULE INSPECTIEN WITHIN® *
2621 PRINT "ONE MONTH," «
2622 PRINT

2630 GOTO 9999

2350 ER%NT Z"DISCRYMINANTS @UT GF LIMITS, IMMEDIATE @VTRHAUL REQUIRED,”

9999 END
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