APL TDR 64-109

FOREWORD

This final report on the program for Research Investigation of Hydraulic
Pulsation Concepts was prepared by Republic Aviation Corporation, Farmingdale,
New York, under USAF Contract AF33 (657)-10622,

It summarizes the work performed by Republic from 15 February 1963 to
15 August 1964, and concerns an investigation into the feasibility of hydraulic power
transmission by pulsating flow or pressure, the layout design of functional compon-
ents that would be peculiar to a pulsating system, the analysis of the dynamic
characteristics of pulsating systems, components, and power transmission. Work
conducted on this program at Republic Aviation Corporation was under the direc-
tion of Mr, W. E. Mayhew, with Mr. F. H, Pollard as Principal Investigator, and
with the assistance of personnel of the Fluids Systems Staff of the Research Division
and the Hydrospace Division. Prof. J.L. Shearer, Pennsylvania State University,
was consultant on the analytical portion of the program.

USAF Contract AF33 (657)-10622 was initiated under Project Task 812807 by
the Transmission Technology Section of the Air Force Aero Propulsion Laboratory,
Research and Technology Division, Wright-Patterson Air Force Base, Ohio. The
work was administered under the direction of Mr. B.P. Brooks of the Aero Pro-
pulsion Laboratory.
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ABSTRACT

This final report covers a program during which Republic made a research
investigation of the technical feasibility of the transmission and utilization of hy-
draulic power through the use of pulsating pressure or pulsating flow concepts. It
was concluded that the pulsating flow means were suitable for power transmission,
whereas pulsatmg ‘might be adapted for signal transmission. The type of system
currently in greatest use in aerospace vehicles is the constant pressure flow de~
mand system that utilizes a pressure-compensated variable delivery pump. Re-
public believes that an adaptation of this system to the requirements of a pulsating
system will produce the most desirable means of control from the standpoints of
efficiency, simplicity, and reliability. Our major efforts have therefore been con-
cerned with the design of such an adaptation.

The research investigation was carried on by two methods: 1) the design
effort, and 2) the analytical method. The laboratory effort was limited to rela-
tively simple experiments intended to verify or facilitate analytic results. The
system analysis was augmented and verified by data derived from a miniaturlzed
pulsating hydraulic system.

As a result of its research investigation, Republic recommends that the ef-
fort be continued and that 2 representative operating pulsating system be investi-
gated to confirm the analytic data and that further investigations be made into the
applicability of pulsating hydraulic concepts for vehicular use,

Publication of this technical documentary report does not constitute Alr Force
approval of the report's findings or conclusions. It is published only for the
exchange and stimulation of ideas,
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SECTIONI - INTRODUCTION

This Final Report covers a program for the research investigation of hydraulic
pulsation concepts. To permit a better understanding of a pulsating hydraulic system's
characteristics, a discussion of its nature and an analogy to electrical systems is
desirable. Heretofore, hydraulic systems have been of the continuous-flow type.

In such a system one line is used for downstream or pressure flow and another is

used for upstream or return flow, and up to the directional control valves each line

is unidirectional in flow. Downstream of the directional control valves the lines are
used for bidirectional flow, but for any preset direction of actuation the flow in each
line is unidirectional. Thus a continuous-flow hydraulic system can be likened to a
direct current electrical system, and the directional control valve to a double pole -
double throw switch. In a pulsating system the flow or pressure pulsates in the lines.
As will be shown later, a pulsating flow system was selected as being more desirable
than a pulsating pressure system for the transmission of hydraulic power. Considering
any incremental volume of fluid, the fluid merely moves back and forth in the trans-
mission line and the motion in the transmission line is bidirectional. Thus a pulsating
flow hydraulic system can be likened to an alternating current electrical system.
Further analogies to direct current and alternating current electrical systems can be
drawn. In z direct current electrical system the pressure or voltage can be decreased
by a resistor (pressure-reducing valve} and the drop in voltage is dissipated by heat in
the resistor and represents lost power.

Increase in voltage in a direct current electrical system is rather complex, as is
increase in pressure in a continuous flow hydraulic system. With alternating current
electrical systems voltage indrease or decrease is readily accomplished in a transformer
as a function of the number of turns in the primary and secondary coils. So also with
pulsating hydraulics, pressure can be transformed to either increase or decrease as
a function of the areas of the input and output ends of the transformer.

Electrical alternating current can be phased, so also can pulsating hydraulic
power, as a function of the power generation pickoffs. Electrical alternating current
is capable of rectification to direct current, as is pulsating hydraulic power. Thus
pulsating hydraulic systems have a very close analogy to alternating current electrical
systems, just as continuous flow hydraulic systems have an analogy to direct current
electrical systems. The advantages that alternating current electrical systems have
over direct current systems are by and large those that pulsating hydraulic systems
will have over continuous flow hydraulic systems.

The basic intent of the program was an investigation of the feasibility of the
utilization of pulsating flow hydraulics. The investigation was carried on through
two methods: 1) the design effort, and 2) the analytical method. The laboratory
effort was limited to relatively simple experiments intended to verify or facilitate
analytic results.

Manuscript released (September 1964) for publication as an RTD Technical
Documentary Report. 1



The first method of investigation entailed the derivation of layout designs
of component parts (pumps, valves, etc.) which would be peculiar to a pulsating
hydraulic system rather than the conventlonal continuous flow hydraulic system.
These components were then schematically combined into 2 simulated aileron
control system which would be capable of operation under the operating loads
and rates of motion specified in the work statement. This system was then
submitted to various analyses to determine the functional characteristics,
operating requirements, and failure modes. The design criteria of pulsating
power transmission were studied as they affected tubing size and wall thickness,
with the resultant effect on line weight. The relative weights of pulsating and
continuous flow hydraulic systems were also studied.

The second method of investigation was analytical. For ease of comparison,
electrical equivalents were derived not only of the various system components,
but also of the over-all system in a simplified form. The transmission line flow
effects were not only studied analytically but a simple laboratory setup was also
used to verify the analytic data. The system analysis was augmented and verified
by data derived from a miniaturized pulsating hydraulic system. The miniaturized
system was also used to assist in indication of the optimum pulsation frequency
and in derivation of system efficiency data.

In the course of the program it was realized that new terms were necessary
to describe operating characteristics and components that were not used in con-
junction with continuous flow hydraulics. In order to avoid confusion in this new
terminology, a recommended list of nomenclature for pulsating hydranlics was
- established. This list is presented in Appendix I.




SECTION II - SYSTEM DESIGN

A. GENERAL

As is true in the design of continuous flow hydraulic systems, the design
of pulsating hydraulic systems or subsystems must be varied so as to conform
io and augment the functional requirements of the services being actuated by
the hydraulic system. Two basic approaches to system design utilizing pulsation
concepts should be evaluated and the type that better conforms to the desired
function chosen. The first basic type is the pure pulsating system in which the
mechanical energy is converted to hydraulic energy in a pulsating form. The
second type is the combined system in which the energy is.converted to hydraulic
energy in a continuous flow form and then altered to pulsating flow,

B. PURE PULSATING SYSTEM

When direct conversion from mechanical energy to pulsating hydraulic
energy is made, the entire system (aside from rectification at the actuator)
should be a pulsating system. For a system other than a small single-actuator
or motor system, the weight and design penalties that must be accepted will
prove such a system to be impractical., Moreover, it is preferred that the
actuator demand a fairly constant flow level, This is due to the design require-
ments and complexities that are inherent in a pressure-compensated pulsating
flow generator.

For a single-line or two-line system (where a fairly constant output flow
or velocity is required) a single- or double-ended hydraulic actuating cylinder
can be employed as the hydraulic pulsating flow generator, as in the miniaturized
system described later in this section.

A typical single-~line pure pulsating system is shown in Figure II-1. It
will be noted that a relief valve is shown between the pump and the fluid replenish-
ment unit, upstream of the transformer. This valve is necessary in case the
- actuator is permitted to bottom or its directional control valve is placed in neutral
to prevent excessive system pressurization. Locating this valve between the
"pressure’ and "return' ports of the directional control valve will accomplish the
same resulf,
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Conversely, for a single-line type of transmission system, a pure pulsating
system is practically mandatory. The reasons for this will be discussed later in
this section.

C. COMBINED SYSTEM

For the average application, the combined continuous-pulsating flow type
of system will be found to have many advantages over the pure pulsating system.
In such a combined system, an evaluation can be made of each subsystem to
determine whether the functional requirements and environment indicate the
over-all advantage to lie with a pulsating system or a continuous flow system.
Where a pulsating system is indicated by the evaluation, a further analysis
must be made to determine the optimum number of transmission lines to meet
the system's functional requirements.

A typical combined system is shown in Figure II-2. It will be noted that
the hydraulic energy is generated in continuous flow form. In general, a
pressure -compensated variable delivery pump will be used for this purpose.
For the subsystems where pulsating flow is desired, the continuous flow will
be converted to pulsating flow by an alternator valve. The balance of the sub-
system will then be designed to meet the design conditions.

D. TRANSMISSION LINES

Transmission of the pulsating flow energy through the plumbing lines of a
pulsating hydraulic system was considered to be a function of system design, The
determination of the optimum number of transmission lines will be one of the
first items that must be decided in the design of any pulsating hydraulic system
or subsystem.

Since the simulated aileron loads and rate of actuation are identical to
those specified under Contract AF33(616)-7454, for a system to meet the work
statement requirements, it is desirable to utilize for this program an actuator
constructed for that contract and designed to operate at a pressure of 4000 psi.
During Republic's work on the above-mentioned contract, where the maximum
flow from the pump was 8 gpm, the system was found to be somewhat marginal
and flow-limited. For this reason, it is recommended that the pump and com-
ponents for this system be sized-based on 10 gpm continuous flow at 4000 psi,
which is roughly equivalent to 13 1/3 gpm at 3000 psi.

1. Single-Line Pulsating System

For a single-line pulsating system to produce a rectified flow with
the power of a continuous flow of 10 gpm at 4, 000 psi lines, flows and pressures
must be as follows. Rectification of single-line pulsating flow will produce an
interrupted half-wave as shown in Figure II-1, Assuming that the pump output
is sinusoidal and a rectified flow of 10 gpm is required, then the pump must
deliver a peak flow of 10/,.318 = 31.4 gpm.
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The average pulsed flow is .637 (the average of a sine wave) times 31.4 =
20 gpm. If the pump piston stroke is limited to 0.5 in. (which will result in a
piston velocity that is not excessive) and the pulsation frequency to 8 cps (the
desired average frequency), the piston diameter required for an average flow of
20 gpm is 3.06 in. The speed of the eccentric drive would be 8 cps times 60 =
480 rpm. It is readily apparent that for operation at a pulsation frequency of
8 cps the pump would be relatively large and heavy. :

-

The line size required for an average flow rate of 20 gpm will be determined
by limiting the fluid velocity to 15 ft/sec. The tube I.D. is calculated as follows:

_Q _ 20x231  _ 2
A =3 80x 15 x 12 -428 in.
d = 1.128 428 = 1.128x .854 = 748 in,

A 1-inch O.D. tubing is the smallest standard tubing size that could be used to
obtain a flow passage of .748 diameter or larger.

To obtain an average pressure during each pulse of 4, 000 psi, a peak
pressure of 4000/.637 = 6,280 psi will be necessary. Assuming an ultimate
tensile strength of the tubing of 145, 000 psi (the value for Inconel-X) and the
conventional factor of 4 between working pressure and burst pressure, the
required tubing wall thickness from Barlow's formula would be:

DP _ 1x25,120 _

W =585 < 7x1i45, 000 _ ‘087 in.

The nearest standard wall thickness would be . 095 in. and the weight per foot of
1 x . 095 tubing .918 1b. Moreover, the motion of a controlled actuator would

be quite jerky.

2. Two-Line Pulsating System

A typical two fluid-line pulsating system is shown in Figure II-2.
A high-speed continuous flow pump would be used to develop the required flow.
The continuous flow would be converted to pulsating flow by the alternator valve.
The alternator produces pulses in the two outlet lines, which are 180° out of
phase and make full-wave rectification posgible.

With full wave rectification, the average flow in the lines is . 637
times the peak flow. If a rectified flow of 10 gpm is required, then the alternator
valve must supply a peak flow of 10/.637 = 15,7 gpm in each of the two lines.
The continuous flow pump will be sized to provide a maximum delivery of 15.7 gpm.



For an average pulsed flow of 10 gpm, the tubing O.D. required to
limit the fluid velocity to 15 ft/sec would be 5/8 in.

The advantage of the two-line system over the one-line is that power
generation would be more efficient and lighter in weight due to the use of a high-
speed multi-piston pump. -

Again, for an average pressure of 4, 000 psi, a peak pressure of
6,280 psi will be necessary and tubing wall thicikmess will be as follows:

.625 x 25,120 _ -
2 x 145, 000 - 054 in,

The nearest standard wall thickness is . 058 in. and the weight per foot .351 1b
or . 702 1b/ft for two tubes.

3. Three-Line Pulsating System

In a three-line system (see Figure I1-3), the average rectified flow
is . 954 times the peak flow. Thus, for the desired average rectified flow of
10 gpm, the peak flow will be 10/,.954 or 10.45 gpm. Since the average flow in
each line will be . 637 times the peak flow, a three-line system will require an
average flow of .637 x 10.45, or 6.65 gpm in each tube. Again using an average
flow velocity of 15 feet per second, we find that a 1/2 in. O.D. tube will suffice.

Since the summed flow (as indicated in Figure II-3) will be rather
constant with only a slight ripple, a peak pressure of 4, 000/.954, or 4,200 psi,
should be readily attainable. Thus, applying Barlow's formula, wall thickness
is

.5x16,800
= —-—————m—; Py
W = $x1i45,000 - +029n.

The nearest standard wall thickness is . 028 in.; however, due to the high cyclic
loading the tubing must endure, the next heavier wall, .035 in., is recommended.
This will weigh .174 1b/ft or .522 1b/ft for three tubes.

Summarizing the above from the tubing weight standpoint, we find the

following:
No. of Lines Tube Wwt. It. Total Wt. Ft.
1 Line 1in. x .095 .918 1b .918 1b
2 Line 5/8 in. x . 058 .351 1b .702 1b
3 Line 1/2 in. x . 035 174 1b .522 1b
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The tubing line weight relationship will be carried over into other
weight considerations. From the functional standpoint, the relatively low ripple
of rectified three-line flow will be rapidly attenuated during flow through lines
and components and the smooth actuation desirable in a servo system, in particular,
will be readily attained. With a two-line system, ripple filtration will be desirable
to produce smooth actuation. The addition of the inductance/capacitance required
for this purpose will increase the weight disadvantage of a two-line system and
reduce its over-all reliability. To produce relatively smooth flow from a single-
line system is believed to be wholly impracticable.

E. CONCEPTUAL SYSTEM

In order to centralize system design efforts and place the design and analytic
results of the program on a basis which would facilitate comparison with that of a
previous Air Force sponsored R&D program, the work statement specified that
a conceptual system for an aileron power control be investigated. The actuation
deflection rate and loads were specified as follows;

(1) The aerodynamiec hinge moment shall be 70, 000 in. -1b minimum.
(2) The surface inertia hinge moment shall be 120 in. -1b minimum.
(3) The moment of inertia of the aileron shall be 5 slug;/ft2 minimum.
(49) The aileron surface rate shall be 25°/sec.

(5) The aileron deflection shall be 30°. '

The work statement also specified an ambient temperature of 1400°F at the
actuator. However, since the program covered by this phase of work was largely
a determination of pulsating system feasibility, the temperature requirement
merely indicated one area of usability of pulsating hydraulics (see Section VIII).

For a typical pulsating hydraulic system which can readily be sized to meet the
specified actuation regime, see Figure II-3. It will be noted that this system generates
the hydraulic energy as continuous flow. For the aileron actuation subsystem, the
flow is converted to three-line pulsating flow by an alternator valve. The rotary
speed of the drive for the alternator valve extablishes the pulsation frequency. The
‘motor for the alternator drive will be a small hydraulic motor and will incorporate
a flow control valve to control the pulsation frequency. For the purpose of the test
gsystem, however, a needle valve will be substituted for the more sophisticated
flow control valve. This will facilitate laboratory investigation of the effects of
pulsation frequency variation. This method of pulsation generation from continuous
flow by means of an alternator valve is recommended in preference to direct
pulsation at the hydraulic energy generating device. It permits the use of a com-
bined continuous flow - pulsating flow system where each basic type is employed
to its best advantage. . ,
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One of the basic features of pulsating hydraulic systems not normally found
in continuous flow systems is pressure transiormation. The pulsating hydraulic
equivalent of the alternating current electrical transformer can transform hydraulic
pressure levels on the basis of area ratios of the input and output ends of the unit
in much the same manner that the electrical transformer, on the basis of the num-
ber of turns in the primary and secondary windings, transforms the electrical
voltage. In addition to its pressure range feature, the hyﬂraulic transformer
presents ancther feature not offered by or pertinent to electrical transformers.
It can serve as a fluid separation point so that one fluid may be used on the input
side and another on the output side. This feature is further discussed in Section III.
The conceptual system will therefore incorporate a transformer. In the general
application of pulsating hydraulics, pressure transformation will not be the dominant
feature necessitating use of the unit; we believe that the feature of fluid separation
will be the main requirement necessitating use of a transformer.

_ Since the fluid downstream of the transformer will be isolated from the
balance of the system, provision must be made for thermal expansion and contraction
of the fluid and for a certain amount of fluid loss by leakage. If the volume of fluid
downstream is large and the thermal range is wide, the volumetric fluid compensation
that must be provided will be large. In general, it will be impractical to provide
for this volumetric variation in the transformer; therefore, a separate fluid volume
compensator unit must be provided, This unit (and the valving involved in its
operation) is described in Section IilI.

For the average power application, a continuous application, of the energy
will be desirable; therefore, rectification of the flow from pulsating to continuous
will be necessary. Check valves (the hydraulic equivalent of electrical diodes)
will perform this function. Once the flow has been rectified from pulsating to
continuous, the balance of the conceptual system will employ conventional con-
tinuous flow hydraulic elements. To meet the simulated aileron Ioad requirements
stated above, an artificial loading device will be used. Calculations of the torque
and inertia elements of such a device, together with a typical actuator installation
and actuator size calculation, are shown in Appendix II,

F. WEIGHT AND EFFICIENCY

, One of the requirements listed in the work statement for the conceptual system
is "the ambient temperature at the aileron shall be 1400°F." Although no minimum
acceptable duration for this high ambient temperature was specified, Republic be-
lieves that this condition rules out a direct comparison hetween the conceptual system
and a continuous flow hydraulic system. Without a major advance in the current state
of the art, a continuous flow system of the specified power level cannot be constructed
and operated. This statement is based on the following facts.

A hydraulic system of a power level identical to that of the work statement was
investigated by Republic under Contract AF33(616)~-7454. The maximum operating
temperatures of this contract were 1000°F fluid temperature and 1200°F ambient
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temperature at the aileron. The fluid used in the system was a mixed polyphenyl
ether, one of the best of the organic fluids in resistance to thermal degradation.

It was estimated that, even with circulation of the fluid from the lower temperature
level portions of the system, the maximum duration of operation at 1000° and 1200°F
that could be obtained was about four hours. Since the rate of fluid degradation was
logarithmic with temperature, an increase of the ambient temperature at the aileron
to 1400°F would so drastically reduce the duration of operatfion as to make the system
impractical.

Because of the oscillatory motion of the fluid in the pulsating system, there is
no flow from cocler portions of the system to the extreme temperature areas.
Therefore, the system fluid temperature will eventually be equal to or slightly higher
than the local ambient temperature and the fluid must be capable of withstanding it.

1. Comparison of Components and Relative Sizes

Comparing the number of components and their relative sizes for a three-
line transmission system (as shown in Figure II-3) with those for a iwo-line system
(Figure [I-2), it will be noted that the three-line system requires three transformers
and a three-bank rectifier as compared with two transformers and a two-bank rectifier
for a two-line system. This might lead to the conclusion that the advantage the three-
line system has in a smoother rectified flow will be offset by a weight increase,
However {as indicated above in Subsection D), the average flow in a three-line system
is 6,65 gpm as compared with 10 gpm in a two-line system. Each transformer wauild
therefore be smaller. Moreover, if the system functional requirements make the
provision of a relatively r1pp1e-free actuator motion desirable, it will be necessary
to add a ripple filter to the rectified continuous flow portion of a two-line system.

This ripple filter would be a restrictor and an accumulator. The weight of these would
almost certainly equal that of a transformer and a bank in the rectifier valve. With a
three-line pulsating system, the ripple would be very small and would attenuate to an
unnoticeable level after a ghort run. In addition, the weight of the transmission lines
per foot of length would be 0.180 1b less with a three-line system than with a two-line
system. In assessing the over-all relative weight, no fixed value can be set for this
weight-saving, as it is a function of the vehicle configuration..

In a continuous flow type of system, the transmission lines will be sized as
for a two-line system, hence their relative weight will be the same as that of a two-line
pulsating system. It must be noted that in the continuous flow case, one of the trans~
mission lines will be a return line and thus will not be subjected to full system
pressure. In some vehicles a lighter weight material has been used for this line;
however, it is felt that this is not a good design practice. Assembly errors may
easily be made; the lighter weight (and hence weaker return tubing) may inadvertently
be used for pressure lines, Therefore, for the purposes of this report, it will be
assumed that a pulsating hydraulic system with three transmission lines will indicate
a weight-saving in the power transmission lines over a similar continuous flow system.,

This weight comparison also points up the desirability, in a combined con-
tinuous flow/pulsating flow system, of locating the alternator unit as far upstream as
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is practicable. By this means a maximum length of pulsating {ransmission line will
be achieved. An additional advantage will often be obtained by this location of the
alternator valve. In most systems where pulsating hydraulics will be used, tem-
perature will also be a problem. It is the tendency of high-femperature systems to
have areas of highest temperature in the vicinity of the actuators rather than in the
vicinity of power generation. In most cases, an alternator valve located as close
as is practicable to the pumping unit will also be in an area of lower ambient
temperature. Accordingly, the design requirements of the alternator valve will be
diminished.

However, for this specific case with a continuous flow type of system,
because of the temperature at the actuator it will be necegsary to maintain a fixed
minimum rate of flow through the actuator at all times to minimize fluid breakdown
due to thermal decomposition. Even with this precaution, there may be a certain
amount of fluid that will be more or less stagnant in the actuator that will tend to
break down with a resulting deposit of solids. This deposit will, in time, gradually
fill all stagnant areas in the actuator and other components and will canse mal-
function, Therefore, from this standpoint alone, a continuous flow system cannot
logically be used except for very short service life under the conditions of the con-
ceptual system, and any weight or efficiency comparison is fallacious.

2, System Eiffect

In addition to component weights of pulsating and continuous flow hydraulic
systems, the over-all system effect must be considered. For example, with a two-
fluid pulsating system such as the conceptual system, the fluid volume control unit
does not wholly represent an item of increased system weight. One of the basic
functions that it performs is to provide space for the increase in fluid volume due to
thermal expansion. Since the volumetfric expansion of the fluid is a function of system
temperature rather than system design, space for it would have to be provided in the
gystem reservoir in a continuous flow system with a resulting increase in reservoir
gize and weight,

The isolation of heat that is possible with a two~fluid system suggests
another area (not readily apparent) in which a pulsating system will save weight over
a continuous flow system. In such a system the transformer acts as a separation
peint between the high-temperature fluid of the pulsating portion of the system and
the fluid of the lower temperature continuous flow portion., It will therefore be
located in a relatively low-iemperature area and the heat from the high-temperature
portion of the system will not be transmitted throughout the entire system. As a
result, most of the system components can be fabricated of lighter weight, more
readily machined materials, thereby also achieving a cost saving.

In addition to providing a weight-saving, a further feature of pulsating
hydraulics that will result in an increase in system reliahility and a decrease in
maintenance requirements lies in the area of system cleanliness and freedom from
contamination. Since in the pulsating portion of the system there will be no flow
through the transmission lines, there will be no transfer of contaminants from one
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portion of the system to another. The main contaminant-generating component in
a hydraulic system is the pump. Since the pump will be isolated from the pulsating
system, its contaminants will not reach any contaminant-critical component, such
as an electro~hydraulic servo valve. The small and compact continuous flow loop
that will exist downsiream of the rectifier valve can be brought to the desired
cleanliness level during assembly and filling and with reasonable care should re-
main clean. The installation of filters should be unnecessary.

In a servo-type system, such as is represented by the conceptual
system, maximum efficiency is achieved instantaneously with the system operating
at its maximum output velocity and at the point of maximum hinge moment. Since
this condition is seldom met except in laboratory tests, it is in effect merely an
indicated efficiency; it is not normally a basic design consideration, for other
design criteria are usually dominant. In Republic's "Investigation of Techniques
for 1000°F Hydraulic Systems" (ASD-TDR-62-674), a step input velocity of 40° per
second aileron motion was achieved at 900°F fluid temperature. The total hinge
moment at maximum deflection was 73, 500 inch pounds.

The output horsepower at this instant was:

TN

HP = ¢3025

Torque in inch pounds
Velocity in rpm

Won

T
N

73,500 (6.67) _
HP = ~=toot 7.78

|

No record was made of the input torque to the pump at this time, but the hydraulic
horsepower delivered by the pump was:

HP = psi x gpm x .000583

]

HP = 4000 x 8 x .000583 = 18.6

Thus the system efficiency was

QOutput Power x 100

Percent of Efficiency =

Ihput Power
Percent of Efficiency = _'7_'3_??::__6100 = 41.7%

3. Some Conclusions

Republic believes that an inorganic fluid is necessary for practical
1400°F operation. Molten salts and liquid metals are the outstanding candidate \
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fluids for the specified operating temperature. In the course of the above-referenced
contract, molten eutectic salt mixtures were investigated and utilized for some por-
tions of the program. The melting point of the salt utilized was approximately 280°F;
its use at 1400°F would be impractical, due to thermal decomposition.

This leaves liquid metal as a candidate fluid under the terms of the work
statement. The outstanding candidate liquid metal eutectic is NaKn,. This fluid, in
common with all other caustic metal fluids, exhibits very poor lubricity, high corro-
sivity, and other undesirable characteristics. Although work under Government-
sponsored contracts has been in progress for several years, the construction of a
system of the specified power level has not been accomplished; however, in a
pulsating system such as the conceptual system, we believe that the undesirable
characteristics of NaKyy will be minimized. The basic hydraulic energy will be
generated by using some readily pumped fluid of good lubricity; it will then be trans-
mitted to the liquid metal through a fransformer, preferably of the diaphragm type.

Summing up, for certain applications it is apparent that a pulsating
system will perform where a continuous flow system will not perform. 1t is
therefore considered that where the thermal conditions are such that an organic
fluid cannot be used, a pulsating system is mandatory. At lower temperature
ranges, heat isolation by means of fluid separation by a transformer will reduce
or eliminate the need for system cooling penalties.

G. MINIATURIZED SYSTEM

Early in the program, a decision was made to construct a miniaturized pulsat-
ing hydraulic system utilizing components that were at hand. The system constructed
was approximately one-tenth the size of the system that would be required to meet
the design loads and rates specified for an analytic basis in the contract. The system
was fully instrumented so that it could be used to derive functional data. A schematic
diagram of the miniaturized system is shown in Figure I-4. Figures II-5, II-6, and
II-7 show the setup and the instrumentation., MIL-H-5606 fluid was used.

The same part number cylinder was used for both the pump and the oufput
actuator -- a tandem cylinder with a working area of 0.405 sq. in., Since the two
halves were plumbed in parallel, an effective working area of 0. 81 sq. in. resulted.
The pumping cylinder drive had an adjustable offset so that the cylinder stroke could
be varied as desired. A sfrain gage was located on the piston rod of the pumping
cylinder to indicate input force and phase relationship.

The pumping cylinder was driven through the offset link and roller chain by a
vari-drive motor, Two vari-drives were used: 1) the low-speed drive could cycle
the pumping cylinder at a frequency of 1 to 8 cps.; 2) the high-speed drive produced
a frequency range of 8 to 54 cps. A by-pass valve was connected as close as possible
to the pumping cylinder to permit pump unloading for drive check out.
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Figure I-4. Miniaturized Pulsating System -
Schematic Diagram

Figure II-5. Miniaturized Pulsating System -
Pumping End
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Figure II-6. Miniaturized Pulsating System -
Output End

Figure II-7. Miniaturized Pulsating System -
Instrumentation
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The transmission lines between the pumping cylinder and the check valve
rectifier bridge consisted of two lengths of tubing (1/4 in. O.D. x 0.035 in. wall).
Ezach tube was approximately 25 ft. long and was wound in a coil approximately
one foot in diameter to save space. As shown in Figure II-4, a pressure pickup
was located at both ends of each transmission line, These are high-response trans-
ducers and were coupled to electromnic recording equipment. From them, trans-
mission line loss data, pulse pressure waveform, and phasing data were derived.
These data were used as a basis for the impedance, line characteristics, and
efficiency data shown in Section IV. A temperature pickup was located in the line
to indicate changes in fluid temperature and thus the fluid viscosity.

A rectifier bridge consisting of four hydraulic check valves terminated the
transmission lines and converted the pulsating flow to rectified continuous flow.
The functional operation of the check valve rectification is described in Section HI
under "Rectifier Valve". A pressure pickup was located immediately adjacent to
the continuous flow '"pressure'' connection of the rectifier, From it, data were
derjived indicating the ripple characteristics of the rectified continuous flow. Func-
tionally associated with the rectifier bridge were two hydraulic accumulators. The
one in the pressure line functioned as a ripple filter and had a pre-charge level some-
what lower than the peak pressure indicated by the transducer adjacent to the
rectifier, A pressure transducer was located downstream of the high-pressure
accumulator to indicate the degree of ripple filtration produced. In the course of the
test program, the pre-charge level was varied to determine its efficiency as a ripple
filter. A solenoid-operated shut-off valve in the line fo the accumulator facilitated
its isolation, The second or low pressure accumulator was located in the return line
fo the rectifier and served a dual function. The pre-charge pressure was very low,
The first function of the unit was to maintain a minimum fluid pressure level to
overcome fransmission line pressure losses during the negative flow portion of a
cycle of pulsation and thus ensure filling of the pumping eylinder during the suction
portion of its stroke. Various pre-charge pressure levels were tested to indicate
their effect on pump performance. The second function of the low-pressure accumula-
or was to act as a reservoir or fluid volume control. Since the system shown on the
schematic is bagically a closed loop, provision must be made for volumetric expansion
of the fluid as a result of operating heat up. The accumulator also compensated
volumetrically for fluid lost from the system due to leakage.

Two system loading devices were provided so that an indication of the working
performance of a pulsating hydraulic system could be derived. One was merely a
needle valve by-pass from pressure to return. The sysiem used was of the constant
flow (for any vari-drive speed and crank offset setting) demand pressure type, Thus,
the restriction of the needle valve acted as a constant load on the system and variation
of the restriction changed the pressure demand, The other loading device was a
cylinder identical to the pumping cylinder. It was connected through a bellcrank to a
torque bar sized to require a differential pressure of 1000 psi across the cylinder at
each end of the stroke. Since the cylinder that was selected had an integral direc-
tional control valve, reversal of porting for stroking was readily accomplished, A
shut-oif valve was located in the pressure line to the cylinder so that the unit could
be isolated when the needle valve was used for system loading. A differential
pressure transducer was connected between pressure and return to record the working
pressure load. A turbine type flow transducer was located in the return line to record
the working flow.
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We realized that a pulsating hydraulic system requires a very tight and gas-
free system, otherwise it would be spongy and response and efficiency would suffer.
Therefore, vacuum filling was used and very little difficulty was experienced in
producing a tight system. The data derived from the miniaturized system were
used to confirm and amplify analytic data and therefore w111 be included in that
portion of this report.

H. FAILURE ANALYSIS

To further verify the design of the conceptual system, a failure analysis was
made. The only unanticipated failure effect indicated by the analysis was that if
overfilling or overheating occurred downstream of the transformer, there would be
no method of venting excess fluid from the low pressure chamber of the fluid volume
compensator. As a result, the negative pulse pressure would increase until a
rupture occurred at the weak point of the system. An overflow valve (of the type
used by Republic when utilizing boot-strap or differential area reservoirg) will
eliminate the possibility of such a failure by venting excess flu1d overboard. The
failure analysis is tabulated on the following pages,
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SECTION IIl - COMPONENT DESIGN
e

A, GENERAL

Many of the component parts used in pulsating hydraulic systems will be
either identical or similar to those used in continuous flow hydraulic systems.
Moreover, in the case of a mixed system, where one portion of the system is
continuous flow and another portion is pulsating, both continuous flow and pulsating
components will be used. Even in the pulsating components, it will be noted that
the various elements which comprise the component are conventional continuous
flow elements in an unusual combination. That there are no basically new or
unfamiliar functional component elements to be derived and studied goes far to
indicate that the use of hydraulic pulsation concepts will be feasible from the
standpoint of component design.

In the detail design of pulsating components, attention must be paid to the \
fatigue effects of cyclic stress loading due to pulsation. As a general case, '
component housings have very low streas levels and their design will not be
affected by the high cyclic stress requirement. The excess strength is due to \
designing to the very low siress levels required to resist handling damage and } .
to a deflection limitation being generally used rather than an ultimate stress. .
Helical springs are normally designed for a very high cyclic life; as a result,

the cyclic loading from the pulsation will be well within normal life expectancy.
Such elements as diaphragms will require special consideration because of
pulsation fatigue effects. Elements which slide due to the pulsation will also
require special attention, but this will also result from wear rather than fatigue.
In such cases, wear and abrasion-resistant surface finishes must be applied.

Because of the fact that there 1s no functional flow from pulsating com-
ponents, contamination effects from sources external to the component will be
greatly reduced. By careful handling, they can be practically eliminated. Flow
due to fluid volume change from thermal effects and fluid volume exchange from
leakage will be the main means of contaminant ingestion by components. By the
same token, however, wear and degradation products generated within a component
will not be carried from the component by flow. Therefore, each pulsating com-
ponent must be tolerant of its self-generated contaminants.

The thermal environment of pulsating components will basically determine
the temperature of the fluid they contain as well as the thermal design requirement
of the components. The fluid temperature within the components will be somewhat
higher than the ambient temperature because of fluid and moving part friction losses.
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B. PULSATION GENERATOR

The type of hydraulic system currently in greatest use in aircraft is the
constant pressure, flow demand system which utilizes a pressure-compensated
variable delivery pump. An adaptation of this type of system to the requirements
of a pulsating system will produce a desirable means of control from the stand-
points of efficiency, simplicity, and reliability. Major efiorts have therefore
been concerned with the design of such an adaptation, which is shown in Figure III-1.

The generator was designed to deliver 10 gpm at 4000 psi with a pulsation
frequency of 8 ¢ps. Two single-acting cylinders were chosen to deliver the
alternating flow pulses with two discharge strokes or pulses obtained for each
cycle. A piston stroke of one inch was arbitrarily selected to minimize piston
side forces and to provide reasonable piston thrust forces. The piston diameter
was calculated as follows.

10 gpm = 1—%’;—23—1— 38.5 cu. In./sec

38.5/8 cps = 4.8125 cu. in./cycle

The eccentric drive shaft speed required is: 8 cps x 60 sec/min = 480 rpm.
Each cylinder discharges once for each cycle or revolution of the eccentric drive
shaft. Therefore, each cylinder is required to deliver:

4.8125/2 = 2.4062 cu. in./cycle
Piston Area = Displacement/Stroke = 2.4082/1 = 2.4082 sq. in.

This area is very close to that of a 1. 75-inch diameter circle (2.405). A nominal
diameter of 1.75 in. was therefore established for the plston The piston driving
force required is 4,000 psi x2.405 = 9,6201b,

A double-acting balanced cylinder was not designed because this would entail
‘the use of two piston rod seals in addition to the piston head seals. Also, to avoid
the detrimental effects of piston rod side forces on the rod seals, a crosshead would
have been necessary.

In the single-acting cylinder design shown, the extended piston accomplishes
the purposes of a crosshead and transmits the piston side forces to the bearing
surfaces of the cylinder bore and end cap. The elongated pistons are then subject to
the conditions imposed on the plungers of a typical aircraft hydraulic pump.

Some fluid leakage is expected to occur past the piston head seals, especially
when piston rings are used. This leakage will serve to lubricate the walls of the
cylinder bore and bearing end cap. To avold leakage past the end cap bearing,
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however, a seal is installed to accomplish a wiping action on the piston skirt.
This leakage will be collected and conducted away by the drain port shown at
the end of the cylinder.

A Scotch yoke and cam mechanism that would impart a simple harmonic
motion to the pistons and result in a sinusoidal flow output was initially investi-
gated as a driver for the pistons. This mechanism was abandoned because of
the relatively large drive forces required and the mechanical complexities
introduced in attempting to vary the piston stroke.

The eccentric drive mechanism finally chosen was so proportioned that the
the deviation of the piston from a simple harmonic motion due to the "connecting-
rod effect” has been minimized.

Variable delivery is obtained in the design shown in Figure III-1 by varying
the piston stroke. This is accomplished in the following manner. The eccentric
drive shaft continuously oscillates the '"saddle' bellcrank through the connecting
rod. The "saddle" bellcrank is connected to the cylinder bellecrank through the
toggle links. The pistons and linkage are shown in the midstroke position with
the toggle set for full piston stroke. The piston stroke is varied by varying the
radial distance of the pivoted joint connecting the two toggle links from the
"saddle' bellcrank pivot. The radial position of the toggle pivot is held and
varied by the toggle cylinder. The position of the toggle cylinder, and therefore
the toggle pivot, would be determined by a slide valve sensing system pressure
and operating in the same manner as an aircraft pump sensing valve. Thus,
piston displacement would be made to vary with system pressure. When no flow
is demanded by the system, the pressure would rise and cause the toggle cylinder
to pull the toggle pivot towards the "'saddle" bellcrank pivot until both pivots coin-
cide. When this occurs, oscillation of the cylinder bellcrank (and therefore piston
stroking) ceases. When the system demands flow, the drop in system pressure
causes the toggle cylinder to move the toggle pivot to the radial position, giving
the required piston displacement.

In this design, the mechanical advantage afforded by the toggle linkage
helps keep down the size of the actuator required to hold and/or shift the
position of the toggle pivot. The maximum force required from the toggle
cylinder occurs at the maximum stroke position shown in the drawing. This
force was calculated to be 2,453 1b from the geometry shown in Figure III-2,
as explained below. '

_ 9620 x3 _ 28,860

“5xcos 12° 5x0.9781 5,900 Ib

_Px5.26 _ 5900x5.25

F=T39z =~ ~ 1392 - 2200
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Allowance for bearing friction = 10% x 2230 = 223 1b

Toggle cylinder thrust required = 2230 + 223 = 2,453 1b

2,453 _

Effective area of toggle cylinder = 2,000 psi ~ 0.613 sq. in.

This area may be approximated by using a piston rod diameter of 0.750 in.
and a cylinder bore of 1.187 in.

TOGGLE CYLINDER

CYLINDER THRUST 9,620LB
Figure III-2. Toggle Linkage Drive

C. ALTERNATOR VALVE

An alternator valve is a component which converts continuous hydraulic
flow to pulsating hydraulic flow. For hydraulics, it performs the same basic
function as its electrical counterpart, which converts direct current to alternating
current. As described in Section II, the use of an alternator valve makes it
possible for a hydraulic system to be partially continuous flow a.nd partially
‘pulsating flow. '

The design of a three-phase rotary pulsating generator or "alternator"
is shown in Figure III-3. Fluid is ported between the rotor and stator at the
lapped interface of these elements where sliding contact occurs.

The rotor incorporates two pairs of radifally opposed slots, as shown in
Figure II1-3, Section B-B. One of these opposed pairs communicates with the
port located on the rotor axis and is used to distribute the pressurized flow pulses.
The other pair communicates with the valve housing fluid and collects the return
flowmlses. 7 ,
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As shown in Figure III-3, Section C-C, the stator of the three-phase alternator
incorporates three pairs of radi;,/ally opposed transmission line ports.

The rotor was designed to incorporate a pair of distribution ports and a pair
of return ports with each pair symmetrically located about the axis of rotation to
effect a balanced loading condition on the rotor face. THis in turn made it necessary
to incorporate a pair of symmetrically located ports in the stator face for each
transmission line. Each pair of ports would be joined externally to feed one of the
three transmission lines.

Another advantage in using a pair of ports for each of the transmission lines
is that two cycles (two pressure and two return flow pulses) are generated in each
transmission line for each revolution of the rotor. Therefore, for any desired
pulsation frequency, the rotor speed need be only half of that required for a two-
port rotor (one distribution port and one return port).

The three-phase alternator design shown in Figure II-3 can be readily con-
verted to a single-phase alternator by replacing the stator element only. The
single -phase stator would incorporate two pairs of symmetrically located trans-
mission line ports spaced 90° apart. In the three-phase stator, the ports are
spaced 60° apart. In both the single-phase and three-phase alternator, a complete
cycle (one pressure flow pulse and one return flow pulse) is generated in each
transmission for every 180° rotation of the rotor. ‘

The four-port rotor is analogous to a four-pole alternator because a cycle
will occur twice in each revolution. Therefore, in an electrical or hydraulic
alternator having P pairs of poles or ports respectively, there will be P cycles
generated for each revolution of the rotor. If the generator is driven at a speed
of s revolutions per second, the frequency in cycles per second will be £ = Ps.
For a frequency of 8 cps, the speed of the 4-port rotor will be 8/2, or 4 revolutions
per sec (240 rpm). It is apparent, therefore, that the speed of the motor driving
the rotor is the basic control of system pulsation frequency.

The system return port as originally designed was also located in the stator
element, but this arrangement was abandoned in favor of the present location for
the following reasons:

(1) It further complicated the fabrication of rotor and stator.

(2) The alternator housing would still require a drain port to
drain off the leakage of pressurized fluid that would normally
occur at the rotor and stator interface.

By porting the system return flow through the rotor and into the alternator
housing, the alternator drain port performs the double function of draining off
leakage flow and returning system fluid to the reservoir. The return fluid also
provides circulation of the fluid within the housing and promotes cooling of the
rotor bearing surfaces and shaft seal faces.
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A three-line or three-phase pulsating hydraulic system is presented in
Figure ITI-4. If the hydraulic flow is assumed to be sinusoidal, it can be shown
mathematically that the average power available in a three-phase svstem is
. 954 times the peak power. In the two-line single phase system, the average
power available is .637 times the peak power; in the single-line pulsation system,
the average power is only .318 times the peak power.

The alternator requires a separate, relatively low-speed drive, but it can
be readily utilized with existing high-speed, high-efficiency continuous flow air-
craft pumps to create a pulsating hydraulic system. (See Figure III-4.)

An alternate solution is to incorporate the rotor and stator elements of the
alternator within the housing of a conventional aircraft pump. Here, the conventional
valve plate is replaced by a valve plate containing three ports spaced 120° apart.

The valve plate is rotated by means of gearing at the desired rps, which is equivalent
to the frequency in cps. The pump then becomes a three -phase pulsation generator.

~ As an example, a pump driven at 8,000 rpm with its valve plate driven through
a 16.67/1 reduction will generate 8 cps of pulsating hydraulic power.

D. TRANSFORMER AND FLUID VOLUME COMPENSATION

The normal function of a transformer is to act as a pressure amplification
or reduction device. However, in a pulsating flow system it performs an equally
important function in that it also acts as a fluid separator. Because of this function,
the transformer is alsc a logical device in which to incorporate some type of fluid
replenishment unit. Hence, for this program the transformers and replenishment
units were designed as a single package and also included provisions for relieving
thermally expanded fluid.

Initial design work was centered about a piston-type transformer and a
piston-pressurized fluid replenishment unit.

1, Piston-Type Transformer

The transformer was sized for a three-phase, three-line, pulsating
hydraulic system operating at a frequency of 8 ¢ps and delivering a rectified flow
of 10 gpm at 4, 000 psi.

Assuming the generator in this system produces simisoidal flow with
a peak value of 10 gpm in each of the three lines, by integrating the sine curve an
average flow of 6.37 gpm is obtained in each of the three lines.
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T

The transformer piston displacement was determined as follows:

6.37 gal/min = 6,37 gal/min x 231 in.3/ga1 x GlO min/sec = 24.5 in.a/sec

For a pulsation frequency of 8 cps, the periodis 1/f = 1/8 cps = .125 sec/cyc.
Since the average flow for each half-cycle is 24.5 i.n.3/éec, the amount of fluid
displaced in each half-cycle is 24.5 x .125/2 = 1.535 in.3

Based on tests conducted at Republic on the miniaturized system, a
piston stroke of 1/2 in. was selected as being compatible with the assumed pul-
sation frequency of 8 cps. The piston diameter was then determined from the
known displacement and stroke.

displacement _ 1.535

Stroke = 5 = 3,07 8q. in

Piston area =

Piston diameter = 1.128 ,/3.07 = 1,975 in.

The piston diameter was rounded out to a nominal diameter of 2. 00 in. , for which
piston rings and seals are available.

As shown in Figure III-5, the piston is a double-ended design with a

- 1:1 ratio. A center land is provided to prevent mixing of any leakage flow past

the seals at the two end of the piston. A drain is provided on each side of the
center land to segregate the leakage. ‘

For a three-phase, three-line, two-fluid system, three transformers
and one fluid replenishment unit will be required. For a three-phase, three-line,
three-fluid system, six transformers and four filuid replenishment units will be
required, as shown in Figure IIi-6. The four piston transformers shown joined
to the fluid replenishment units will incorporate a slightly modified piston. These

‘pistons will be provided with a stud at one end to-enable actuation of the thermal

expansion check valve, 2s explained below.

To be of any practical value, fluid replenishment must be accomplished

while the system is in operation.

To transfer fluid from a reservoir to a closed system, some pressure
must be applied to the fluid in the reservoir. Pressurizing the fluid by means of
an inert gas was ruled out because of the following problems:

(1) Additional system complexity

(2) Additional system weight

(3) Reduced reliability
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Such a system would require the use of stored pressurized gas to
maintain the fluid at constant pressure. A replenishment unit designed along the
lines of a precharged bladder or piston-type accumulator would be impractical
because accumulators cannot maintain constant gas pressure with varying ambient
temperatures. :

In order to overcome the above problems, it was decided to design
the replenishment unit similar to a piston-type reservoir,

In the piston-type replenishment unit, two methods were available
for applying a force to the piston: 1) the use of mechanical springs, and
2) the use of bootstrap pressure,

A replenishing fluid pressure of 100 psi and 0.25 gallori of fluid were
tentatively selected to enable initial sizing of the unit.

Design layouts, on both the spring-loaded and bootstrap pressure
loaded piston units, were made to determine the weight difference of the two
configurations,

N The cylinder dimensions to enclose 0.25 gallon (57.75 in. ) of fluid
were determined from the following formulas, which give the minimum surface
area (and therefore weight) of a cylinder to enclose a given volume:

3

Volume _
DIAMETER = 2 =2 [ 57.75 = 4,19 in.
"/ 6.28

3 3
LENGTH = L1 /Vomme = l.1/57 7 = 4.26 n.

‘ The piston diameter was reduced to a nominal 4,00 in,, for which .
piston rings are readily available. The cylinder length was proportionately
increased to 4.60 in. to maintain the same volume.

For the spring-loaded piston configuration, a pair of nested springs
were designed to provide the required piston force. Several nested spring com-
binations as well as single springs were investigated from the standpoints of
compactness and weight before the final nested combination was arrived at.

The nested spring design afforded an over-all weight saving of 2.27 1b
and a reduction in length of 3,55 in. over the best single spring design.

In the bootstrap pressure-loaded piston design, the over-all length

of the cylinder was 3,75 in. less than that for the spring-loaded piston design
and 11.2 1b lighter,
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~ As shown in Figure [II-4, use of the bootstrap pressurized replenish-
ment unit requires the addition of only two pressurizing lines for a three-phase,
three-fluid, pulsating system. The constant pressure of System "A" is utilized to
pressurize the replenishment unit for System "B". The rectified pressure of
System '"C'' pressurizcs its own replenishment unit, in a real "bootstrap" sense.

The design studies of the two types of replenishment units point out
the big weight advantage of the bootstrap version over the spring-loaded version.
Another advantage of the bootstrap version is that it will maintain constant pres-
sure on the fluid regardless of the amount of fluid lost through leakage.

In the spring-loaded version, the pressure of the fluid decreases as
the volume decreases due to leakage. When nearly all of the fluid is lost through
leakage (short of piston bottoming), the fluid pressure decreases to 16 psi. The
total load exerted by both springs at this point would be 204 1b, This minimum
spring load is also depended upon to overcome the piston seal friction.

The only disadvantage of the bootstrap replenishment unit is the
requirement of additional lines, fittings, and piston seals which tend to lessen
the over-all reliability of the unit.

The fluid replenishment unit incorporates two check valves to control
fluid level. One of the check valves is a ball type that operates automatically to
replenish fluid during the return pulse of the cycle. The second check valve
utilizes a conical poppet and relieves thermally expanded fluid. It is mechanically
lifted off its seat by the transformer piston when the piston oscillates about a
center other than its normal center of travel. Off-center travel is induced by
unequal thermal expansion of the pulsed fluids.

2, Diaphragm-Type Transformer

In addition to the piston-type transformer, the design of a diaphragm-
type transformer was also investigated. Of the two designs, the diaphragm trans-
former better accomplishes fluid separation because it eliminates the requirement
for dynamic seals. However, inherent in the diaphragm transformer is the 1:1

-transformation ratio that makes it incapable of transforming pulsating pressure

and flow from one amplitude to another. The piston transformer, which must
rely on dynamic seals to perform the function of fluid separation, is better suited
to accomplish "step-up" or "step-down" of pressure from one level to another,
which are the functions of a transformer.

In those systems, where pressure transformation is not a requirement
but leak-proof separation of corrosive or otherwise hazardous fluids is an absolute
requirement, the diaphragm transformer appears to offer the most promising
solution. If pressure transformation is required a piston type transformer can
be used, followed immediately by a diaphragm type unit, both within the same
housing. The fluid separation point would then be in the diaphragm portion of the
unit,
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The design of the diaphragm (Figure III-7) is discussed in detail in
the following paragraphs.

The diaphragm transformer, like the piston transformer previcusly
discussed, was designed to be used in a hypothetical three-line pulsating system
. operating at a frequency of 8 cps and delivering a rectiffed flow of 10 gpm at
4,000 psi. The same design parameters were used for both transformers to
permit a size and weight comparison of the two types. It was shown that in a
three-line, 8-cps, 10-gpm system, the volume of fluid displaced during each .
pulse is 1.535 in.’3 This is the volume of fluid the diaphragm is required to dis-
place when it is deflected from one extreme position to the other. -

To snnplify volume calculations, it was assumed that the shape of the
deflected diaphragm is that of a sphere Actually, the shape would vary slightly
from that of a sphere or paraboloid Based on this assumption, some trial
calculations were made using the formula for the volume of a spherical segment
(V = gh (c2/8 = h2/6) to find the chords (¢) corresponding to given heights éh)
of several spherical segments having the same volume. The chord and height o
the spherical segment correspond to the diameter and deflection at the centerline
of the diaphragm, respectively, Since the diaphragm deflects an equal amount on
each side of the mean position, the volume solved for in the above formula is
doubled to obtain the full diaphragm displacement. A diaphragm diameter of
6.00 in. and a deflection of 0. 054 in. each side of neutral gave the required dis-
placement of 1,535 in.3 and resulted in a reasonably low value for the maximum
- diaphragm stress, .

The diaphragm stresses and deflections are determined from formulas
given in the following paragraphs, The formulas are applicable to thin, circular
membranes, edges fixed, with uniform loads applied at right angles to the plane
of the membrane,

The maximum deflection at the centerline is determined as follows :-2

3
= / wa
max y = ¢.662 a Ft
where a = radius to fixed edge of t_iiaphragm, in
w = unit applied load, psi
E = modulus of elasticity, psi
t = thickness of diaphragm, in.
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Since the diameter and maximum deflection of the diaphragm have already been
‘established, the formula was rearranged and solved for w, using different values
for t. A thickness of 0,010 in. was found to give the desired results.

Wy - Y Et C_ 059’ @ax 108 forg)
(.662)%a% .662)° @)%

- _ (.000157) (29 x 10%
590 x 81

= 1.94 psi

The diaphragm stresses are determined from the following formulas :2

_ 3 Ew2 aZ
Stresses at center 5, = 0.423
d tz
: 3 6 2
= 0.423 / 29x10 (1-3)2 (3)
(. 010)

0.423 x 10 3rgrsp—

= 0.423x10°x 21.2
= 8,950 psi
3/ 2 2
Stresses at edge Sd = 0.328 E_wzg__

t

0.328 x 21,200 = 6,950 psi -

The contour of the diaphragm cavity is usually made to correspond to
the contour of the deflected diaphragm so that, on bottoming, the diaphragm is
supported and kept within its stress limits. The contour of the cavity can be
determined from the following formula which gives the deflection of the diaphragm
at any distance (r) from center.

2 5
= maxy (1-0.98% - 01 X )
! ( az i ;.-5 _
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, Another method for developing the contour of the cavity is by the use of
two radii.” The two radii (one at the centerline and the other at the edge) are selected
so that the resulting contour permits the diaphragm to bottom initially at the center-
line, where the stresses are highest. The diaphragm edges, which are forced to
bottom last, develop higher stresses. The net result is a nearly uniform stress
distribution over the entire surface of the diaphragm.

The total working space in the cavity is usually designed to be larger than
the normal displacement of the diaphragm. This is to permit the diaphragm to oscillate
through its full amplitude without being pressed against the cavity contour at either
end of its stroke. Thus, the diaphragm in actual operation never bottoms and operates
only within the maximum stress levels permitted. Even so, the '"designed-in'" over-
travel is still calculated to provide a margin of safety. Moreover, it is necessary
to permit some variation in system fluid volume prior to compensation.

The design shown in Figure III-7 provided for a maximum diaphragm
deflection of 0,100 inch on either side of the unloaded position. The load and stress
at full deflection are: '

v = f’Et3 - - “1° 29 ::3106 x_.010
(.662)°a (.662)° (3)
290 .
290x8L ~ 1235 psi
3
2 2
84 = 0.423 Ew a
t
S = 0423 9/'\/29:{105;12.35)2 (3)2
a - 2
(. 010)

Il

3 10
0.423 ,\/291{10 x152.5 % 9

3

0.423 x10° | / 398,000

31,200 psi

The diaphragm transformer was designed for operation at 500°F. The
materials selected were 446 stainless steel for the diaphragm and titanium for the
housing. The two static seals required could be either elastomeric or metallic.
The total weight of the unit was calculated to be 8. 75 1b.
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As in the case of the piston transformer, some method of fluid level
control was necessary for the diaphragm transformer. Figure III-8 shows a
thermal expansion check valve that would be incorporated in the diaphragm housing.

TO REPLENISHMENT
FLUID CHAMBER

PULSATING FLUID
PORT

DIAPHRAGM

Figure II-8. Thermal Expansion Check Valve

During operation at normal pressure levels, the sensing pin in contact
with the diaphragm will move freely within the poppet. Increasing pressure (due
to thermal expansion) will deflect the diaphragm beyond its normal operating range
and cause the sensing pin to bottom against the poppet. Further motion of the
diaphragm will then cause the spring-loaded poppet to unseat, thereby releasing
the excess fluid.

A check valve similar to that shown for the piston transformer
(Figure III-5) will be used to supply make-up fluid to the system.

One disadvantage of a diaphragm transformer is that failure of the
diaphragm could cause two incompatible fluids to mix, with serious results. An
approach to this problem would be the use of a doubled diaphragm, as shown in
Figure II-9. Here, failure of either diaphragm would be detected by external
leakage that would come from the area beiween the diaphragms.

43



|

T

\SEAL.

HOUSING —/

DOUBLED
DIAPHRAGM

Figure III-9. Doubled Diaphragm

E. RECTIFIER VALVE

To rectify pulsating flow to continuous flow, a hydraulic check valve provides
a very convenient tool; it is the mechanical equivalent of an electrical diode. Two
check valves are used in each pulsating line: one with free flow leading from the
pulsating line to the continuous flow pressure circuit; the other with free flow
leading toward the pulsating line from the continuous flow return circuit. For a
two-line pulsating transmission system (180° interline phase shift), two pairs of
check valves will be required to produce full-wave rectified continuous flow, For
a three-line pulsating transmission system (120° interline phase shift) three pairs
of check valves will be required for rectification to continuous flow.

A design study made to determine the advisability of combining two or more
check valves in a single housing showed that, for the rectification of a single
pulsating line, there is little or nothing to be gained by the provision of a combined
or dual unit. The number of plumbing connections necessary will be reduced from
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four to three (pulsating line, continuous pressure, and continuous return). Even
with a single line, there will be an elimination of the possibility of reversed
assembly of the individual check valves when a dual unit is provided, however,

such a unit must accept some slight penalty of installation convenience. For the
rectification of a pulsating system consisting of two or more lines, there appears
to be a definite advantage in providing for a combined unit. The space requirement
for the rectifier is considerably reduced from that taken by individual check valves.
The elimination of a possible reversed connection still applies. The system
reliability will be enhanced because of the reduction in the number of plumbing
connections (in a three-line system, 5 connections will be required for a combined
unit as against 12 connections for individual units), and the system weight will thus be
decreased,

The conventional check valve design currently being used in hydraulic components
utilizes a conical or a ball type poppet seated against a sharp edge by a spring. Since
in a pulsating circuit a rectifying check valve will unseat and seat for each cycle of
pulsation, the resultant requirement of cyclic life wiil be in excess of that which
can be expected with an edge-seating poppet. Therefore, a design study was made
of a rectifier valve utilizing check valves with face-seating poppets. As shown in
Figure IH-10, this type of poppet is ground with a flat surface which seats against
a similar surface. Such a seat has a much higher leakage than an edge-seating
poppet, which can brinell a full seating ring; however, the unit bearing force is so
drastically reduced that its endurance will be greatly increased and should result
in a unit which will be satisfactory for the high cyclic life necessary for a pulsating
system.

F. SYNCHRONOUS MOTOR AND MECHANICAL RECTIFIER

1. Synchronous Motor

Along with the ability to generate a three-phase pulsating hydraulic
flow, it appeared desirable to investigate the hydraulic equivalent of an associated
component - - the three-phase synchronous motor. Two configurations were
studied, each incorporating three pistons driving a crankshaft through the usual
connecting rods.

In one arrangement, an "in-line'" configuration, the crankshaft will have
three throws spaced 120° apart. In another arrangement, the three pistons are
located radially 120° apart and the crankshaft will have one throw with all three
piston rods attached to it,

Either of the above cylinder arrangements would result in a three-phase
synchronous motor. The speed of the motor would be determined by the pulsation
frequency employed. For example, a 60 cps pulsation-frequency would drive the
motor at 3600 rpm.
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The direction of rotation of the above three-phase hydraulic motor
can be reversed by switching the connections of any two of the three lines, just
as is done in reversing the rotation of their electrical counterpart, the three-
phase induction motor. The switching of the connections to the hydraulic motor
can be accomplished by a four-way selector valve, A schematic drawing of the
synchronous motor and reversing valve is shown in Figure II-11.

— ]

To 3 puAsE ) \
ALTERNATOR
\ 3 FHASE MOTOR
y————s.
l e
REVERSING VALVE : :69' i

Figure TH-11. Three-Phase Hydraulic Motor and Reversing Valve

With the exception of the synchronous pulsating hydraulic motor, all
studies of the rectification of pulsating hydraulic energy to continuocus energy have
been of hydraulic rather than mechanical means. The basic hydraulic rectifier
comprises two check valves. One valve, with free flow away from the pulsating
line, passes the positive flow portion of the pulse into the continuous flow pressure
line; the other, with free flow toward the pulsating line, receives the negative flow
portion of the pulse from the continuous flow return line.
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In the synchronous pulsating hydraulic motor, the rectification to con-
tinuous energy or motion (rotary in this case) is mechanical. The positive flow
portion of the pulse in each cylinder provides the basic delivered energy to the
eccentric or crank to which each pisten is connected. The energy to return the
piston during the negative portion of the pulse is provided by the cylinder or
cylinders which, due to the line difference, are in the positve portion of the pulse.

The flywheel effect produced by the inertia of the rotating mechanism acts as a

ripple filter. Since the velocity or rpm is constant (being a function of the pulsating
frequency), the motor power will vary with the torque. The motor power is a function
of the cylinder thrust. The flow demand of the unit is also a constant since it is a
function of pulsation frequency. Therefore, a constant delivery pressure demand

type of system is most desirable to provide motor power. A variable delivery type

of system which is constant pressure flow demand will be penalized, since the pressure
difference between that needed to produce the load torque and the system pressure will
represent wasted energy. However, where the motor subsystem is one subsysiem of
a multisubsystem complex and the motor is operated intermittently, the penalties

that must be assumed are of 2 minor nature.

In starting a synchronous motor, analysis will show that the worst possi-
ble starting condition is where the first piston to receive a pulse is fully extended and
thus on dead center. Under this condition it is possible for the motor to start in the
reverse direction. However, if a "no back” or over-running clutch is used between
the motor drive shaft and housing, the start will be delayed until the proper phase
relationship is established, at which time the motor will run in the desired direction.

2. Mechanical Rectifier

For linear mechanical rectification, the arrangement shown in
Figure III-12 can be used. The figure is semi-schematic and omits bearings,
supports, etc. The basic mechanism functions shown can be duplicated for each
pulsating line. The pulsating hydraulic input is fed to a cylinder. The positive
flow portion of the pulse moves the piston in the extend direction. A spring or
accumulator connected to the other end of the cylinder returns the piston to its
original position at the end of the positive flow pulse and thus provides the energy
for the negative flow portion of the pulsation cycle.

Attached to the piston rod of the cylinder is a double pawl. One half
of the pawl is operative for each output direction desired. For output direction
reverszl, the pawl must be manually rotated so as to engage the opposite ratchet.
During the extend motion of the piston rod, the pawl, when set as shown, will
engage the ratchet to the left and move it clockwise. During the retract motion
of the rod, the pawl will escape from the ratchet. Shafted to the ratchet is a spur
gear, which in turn drives a rack. As the ratchet and spur gear move clockwise,
the rack will be moved to the left. For the opposite direction of rack motion, the
pawl is moved so that its right end will engage the ratchet to the right. Since this
ratchet will move counterclockwise, the rack will be moved to the right.

48




With a single-line system, motion occurs during the positive flow
portion of the pulse. Thus, there will be output motion for approximately half the
time. During the periods of no motion there will be no force to hold against a load,
80 it will be necessary for the output mechanism to be irreversible. With a two-line
system, the motion will be fairly continuous but may be somewhat rough. To prevent
reversal of the output during the period of load shift from one line to the other, an
irreversible output is desirable. When a three-line pulsating system is used, the
output motion will be fairly smooth and an irreversible output will not be necessary.
One or more lines will be in the positive flow pulse phase at all times.

PULSATING INPUT
CYLINDER—\ ;

RATCHET
SPUR
GEAR

f==1===;=--_*_“ﬂ — e e e = —

- — X
RACK

Figure ITI-12. Possible Arrangement for Linear Mechanical Rectification

In general, where a linear output is required, mechanical rectification
will be heavier than hydraulic rectification. Means for directional control will
also be heavier and rather awkward; servo control will he difficult in addition to
having poor ineremental resolution. The efficiency of mechanical rectification is
not expected to be any higher than hydraulic. Reliability may be slightly higher
than that of hydraulic rectification. It is possible that for some specific application
the use of linear mechanical rectification may be preferable to hydraulic, but as
a general case the hydraulic means will be found to be more advantageous.
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SECTION IV - ANALYTICAL STUDIES

A, GENERAL
1. Method of Approach

In the analysis of systems which are governed by the same equations,
the mathematical procedures used in obtaining the solutions are independent of
the nature of the systems. In other words, a particular mathematical means of
obtaining an electrical system response can also be used to yield a mechanical
system response if both systems are governed by the same eguations and the
excitation functions are the same. An electric equivalent of the mechanical
system is, therefore, believed to have the following advantages:

(1) It reduces the mechanical system to a circuit diagram by
using the conventional symbols for circuit elements and
circuit diagrams which have been developed by electrical
engineers.

(2) It allows the use of electric circuit techniques of analysis
for obtaining system responses.

(3) It provides an easy means of setting up analog computing
diagrams should sifuations arise which require analog
computation.

A four-terminal block diagram is also a powerful means of analyzing
engineering problems. It not only clearly describes the governing equations of a
component, but also provides a convenient means of interchanging the input and
output of both ends of a component in order to match the input and output of upstream
and downstream components.

Both the electric equivalent and the four-terminal block diagram method
are used in this work study. The electric equivalent is used to study the dynamic
response of the over-all system, while the four-terminal block diagram is used to
study the viscosity effect of the hydraulic pulsating flow line.

The method of electric equivalent and the comparison between its two
different analogies are briefly discussed here.
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a. Force-Pressure-Voltage (f-P-V) Analogy

In this analogy, the force, f, or pressure, P, of a mechanical
system is set to be analogous to the voltage, V, of an electrical system. The
velocity U, and flow rate Q, are set to be analogous to the current, I. These
and other relationships between mechanical and electrical parameters are listed
in the following chart:

Mechanical System Electrical System
Hydraulic Mechanical
Solid Mechanical System System
- Force, { Pressure, P Voltage, V
e
2 @ Velocity, U Flow rate. Q Current, I
;:: [
gﬁ Linear Displacement, X Volumetric Displace Charge,
g & ment, j’ Qdt q - f Idt
= = ¢
- >
- Mass, M Inertance, m Inductance, L
Eg Damping Coefficient, b Resistance, Ry Resistance, R
)] . N
§ ’:JE' Compliance, Km Compliance, Kh Capacitance, C

b. Force-Pressure-Current ({~P-1)

In this analogy, the force, f, or pressure, P, of a mechanical
system is set to be analogous to the current, I, of an electrical system; the
velocity, U, and the flow rate, Q, are set to be analogous to the voltage, V.
These and other relationships between important mechanical and electrical
parameters are listed below.

c. Comparison of Both Types of Analogy

The force-pressure-current analogy seems to be more satis-
factory than the force-pressure-voltage analogy from a physical point of view.
For instance, a junction in a mechanical system under the force-voltage analogy
consideration is equivalent to a loop in an electrical system, while under the
force -current analogy consideration it is equivalent fo a node. The latter is
naturally more realistic in a physical sense. However, the velocity, flow rate,
and voltage, analogous to each other in the force-current analogy, can be
measured by a vibration pickup, flow meter, and voltmeter, respectively,
without disturbing the system or cireuit: however, the force and current cannot

52




be measured without breaking into the system. In addition, difficulty is encountered
in establishing the electric equivalent of the hydraulic rectifier by the pressure-
current analogy, as can be seen in Figure IV-37.

Mechanical System Electrical System

Hydraulic Mechanical

Solid Mechanical System System
- Force, f Pressure, P Current, I
[=
FQE}E Velocity, U Flow rate, Q Voltage, V
8,':3 Linear Displacement, X Volumeijric Displacement, Fl:f_x Linkage,
g H Qdt vdt
>

Mass, M Inertance, m Capacitance, C

m

o £ Damping Coefficient, b Resistance, R.h Conductance, G
ol m
[47] H s
%g Compliance, K_ Compliance, K, Inductance, L
aTca|

Both types of analogy are used to establish the electric equivalent
for the pulsating hydraulic system, so that comparison can be made between both
analogies.

2. Types of Pulsating Hydraulic Systems and Their Comparison

Two basic types of pulsating hydraulic systems are possible:
1) standing pressure wave or pulsating pressure systems and 2) pulsating
flow systems. From here on, the pulsating flow hydraulic system will be
abbreviated as P-F hydraulic system.

In the standing pressure wave systems, the fluid fills a closed hydraulic
line and a pressure wave generator is used to generate pressure waves that travel
back and forth along the line. When the reflected pressure wave is of the same
magnitude and in phase with the incident pressure wave, a standing pressure wave
is formed along the line. The following expression and Figure IV-1 show the
analytical and graphical expressions of the standing pressure wave.

P = 2Posinwt cos ¥ X

where: Y = jw % (for nonviscous fluid)
e
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Figure IV-1. Standing Pressure Wave in a P-F Fluid Line of Length,
x =2n/vy

The energy associated with the standing pressure wave can be extracted by devices
locatedat X = L and X = 27 . However, wave systems are believed to be

more suitable for control signal Zransmission than for large power transfer. In
power transfer, changes of input impedance of the output devices or of fluid
properties resulting from a large amount of power variation will not only change
the amplitude and wave length of the standing pressure wave continuously but
may destroy it completely. Because the main concern of the study was power
transfer, wave systems are not discussed further in this report.
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In P-F hydraulic systems, the hydraulic moment and energy are
transferred from one end of the transmission line to the other by back-and-
forth vibratory motion of the entire mass of the fluid in the line about a mean
position. The amount of energy that can be transferred by this type of system
seems to be limited by the necessity of moving the entire mass of the fluid,
but this limitation is not true. By proper design, P-F hydraulic systems can
be used for transmission of large amounts of power., Figure IV-2 is the
simplified block diagram of a P-F hydraulic positional control system.

Figure IV-3 is the schematic of a three-phase pulsating hydraulic system.
The work described in this report was done with this type of system.
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B. SYSTEM COMPONENTS AND THEIR ELECTRIC EQUIVALENTS

1. . Hydraulic Actuator anci its Aésociated Loads

Figure IV-4 is the schematic diagram of a servo-valve and a hydraulic
actuator with its associated loads.

PR —Ips pR
SPRING
EFFECTIVE X COMPLIANGE, Km
PISTON
AREA, A
T
f - M
e hnd. 7‘47 777 74
be— LOAD PRESSURE , P — DAMPING COEFFICIENT,b

Figure IV-4. Schematic Diagram of Servo-Valve and Hydraulic
Actuator with Its Associated Loads

_ The force equilibrium equation of the hydraulic actuator and its
associated loads can be expressed as

P,A =<Msz+bs+K—11n—>x. )

Equation (1) can also be rewritten as

(M8 b 1
P _(Az = +A2K S)ASX @)
m
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Figure IV-5 is the electric equivalent of the machanical output of the hydraulic
actuator and its associated loads when the pressure-current analogy is used. This
is a parallel RCL circuit connected to a current source.

e
I-p TCP —_C=m/A L=KmA gG=b/A V=ASX

Figure IV-5. Electric Equivalent of the Mechanical Ouiput
of the Hydraulic Actuator and Its Asgsociated
Loads (Paraliel RCL Circuit)

The current equilibrium equation of the cireuit is

- o1
I=KCS+ G+TS-) Vv, (3)

The similarity between Equations (2) and (3) shows that the mechanical output of
the hvdraulic actuator and ifs associated loads can be described by a parallel RCL
circuit (with current as its independent variable) if I, C, 1, and G are replaced by

P, ;Mz* , Asz, and b, respectively,

A

Figure IV-6 is the electric equivalent of the mechanical output of the
hydraulic actuator and its associated loads when the pressure-voltage analogy is
used. This is a series RCL circuit connected to a voltage source.

T - N/

I=ASX R=b/AZ

v L=mM/al

=P
l C=Kpm A2

Figure IV-6. Electric Equivalent of the Mechanical Output
of the Hydraunlic Actuator and Its Associated
Loads (Series RCL Circuit)
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The voltage equilibrium equation of the circuit is

V=(LS+R+—6—1-S— 1 (4)

Again, the similarity between Equations (2) and (4) enables representation of the
mechanical output of the hydraulic actuator and its associated loads by a simple

series RCL circuit if the quantities ——1\24—, —bz—, and KmA2 are replaced by 1., R,
. A A
and C, respectively.

2. Hydraulic Servo-Valve

None of the spool displacement vs. flow rate, spool displacement vs.
load pressure, and flow rate vs. load pressure characteristics of commerecial
valves is linear. This is due to the nonlinear characteristics existing between the
servo-valve variables, However, linearization of the servo-valve characteristic
equations is possible when certain specific restrictions are made. For a closed
center four-way valve with constant preszure source, the valve performance can
be represented by the following equation.®: °

2 :
Py =Py~ _%QE_ ; )
g Xy
2
where g =C d w \/%
W = Valve port width
Xv = Spool displacement

When the load is small and the spool is only allowed to oscillate about its neutral
position with an amplitude much smaller than its total siroke, the effect of load
pressure to the valve flow rate is very small and can be neglected. Equation (5)
can, therefore, be approximated by

1 2, 2_ .2
7P g X, ~Q (6)
or
Q=K X, (7)
V'V
Ps
where Kv=g -5
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Equation (7) is the linear expression of a simple displacement-controlled flow
source. It should be pointed out here that Equation (7) is not an incremental
expression. All variables represent their true values.

Figure IV-7a and IV~7b are the electric equivalents of the hydraulic
servo-valve when the pressure-current and pressure-voltage analogies,
respectively, are used,

I=p
— ° .
Olave -
Vg= Xy _Ka Vg =Ky Xy Vi =Q
-1 J
(a) P-C Analogy
Ii =Q
® 2 4 >— \
Vg =Xy C)chVg=Kv’<v VEP
° ]

() P-V Analogy

Figure IV-7. Electric Equivalent of an Approximate Closed Center Four-Way Valve

Figure IV-7a is an ideal voltage amplifier (generating a voltage-controlled voltage
source} which can be described by . '

v, = K, Vg, (8)
whero Vi = Qutput voltage
Vg = Control voltage
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Figure IV-~7b is an ideal current amplifier (generating a voliage-controlled current
source) which can be represented by the following expression:

L = Ko Vg (9)
where Kc = Amplifier gain
I = Quiput current

Notice again the similarity among Equations (7), (8), and (9). A point should be
mentioned here. The control voltage supplied to both the ideal voltage and current
sources is independent of the amplifier output and has importance insofar as the
performance of the hydraulic servo-valve is concerned. In a valve of good design,
the valve spool displacement, » Which is equivalent to the control voltage source
of the amplifier, will not be affected by the valve output.

3. Compressibility Effect of the Fluid Between
the Servo-Valve and Hydraulic Actuator

Equation (10) can be used to describe the compressibility effect of the
fluid between the servo-valve and the hydraulic actuator, if the following con-
ditions exist:

(1) Leakage across the actuator is negligible,
(2) Fluid transmission line is rigid.
{(3) Actuator piston is operated near its neutral position.

v
Q - ASX = % SP (10)

Parts (a) and (b) of Figure IV-8 are the electric equivalents of the fluid
compressibility effect obtained from the pressure-current and pressure-voltage
analogies, respectively. The characteristic equation of Part (a) is

Vi -V =18], {11)
while the characteristic equation of Part (b) is

I, - I=C8V. (12)
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L=—2?—

Vi =Qpm *veasx

(a) P-C Analogy

I;=Q KP :.:r:c=-2%? v

(b) P-V Analogy

Figure IV-8. Electric Equivalent of the Fluid Compressibility Effect

4, The Electric Equivalent of the Servo-Valve and
Hydraulic Actuator with its Associated Loads

Figure IV-9 combines the results obtained in the previous discussion,
and is the complete electric equivalent of the system shown in Figure IV-4, Part
(a) of Figure IV-9 uses the pressure-current analogy, while Part (b) uses the
pressure-voltage analogy. Characteristic equations of the components and their
electric equivalents are also given.
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(b} P-V Analogy

Figure IV-9. Eleetric Equivalent of the S8ervo-Valve and Hydraulic Actuator with
Its Associated Loads and Fluid Compressibility Effect Included
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5. Ideal Hydraulic Transformer

Figure IV-10 is the schematic diagram of an ideal hydraulic transformer.

I p Pa
Q —_—Q,
L

Figure IV-10. Ideal Hydraulic Transformer

The term "ideal" means that the power output equals the power input (i.e., no
friction and leakage loss) and that compressibility and inertia effects are
negligible, The function of an ideal fransformer can best be described by the
following equations:

Force Balance Equation

b T 13)
P, 4y
Continuity Equation
A
Y M
== = =, (14)
Ql Al

where P, A, and Q are pressure, area, and flow rate, respectively.

Figure IV-11 is the schematic diagram of an ideal electric transformer,
which is the electric equivalent of the ideal hydraulic transformer. The
characteristic equations of the electric transformer are

Vo

N
2
2 ._2 (15)
i Ny
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and

2 _ N
L N

(16)

where V, I, and N are voltage, current, and coil turns, respectively,

I;*®  1deat I2tPp 1,*Q; 1deat I27Qj
: "-T .
3-0 £ v | o 3
19 ¢ 2" V=P q Va*Py
4 < R 4 3 K3
NA,  NgsA, CONAL NEA,
(a) P-C Analogy (b) P-V Analogy

Figure IV-11. Electric Equivalent of an Ideal Hydraulic
Transformer (Ideal Electric Transformer)

Notice again from Figure IV-11 that the pressure-current analogy is a more
satisfactory representation than the pressure-voltage analogy from the physical
point of view.

6. Non-Ideal Hydraulic Transformer

Figure IV-12 is the schematic diagram of a real hydraulic transformer.
The characteristic equations of the transformer are

Momentum Equation

.
P A -P,A,=MS"+bS+K) X (17)

Continuity Equations

v
A .
A; SX=Q i SP; (18)

v

= 2 (19
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where K is the spring constant of the bellows or diaphragm and the other para-

metersTare defined as before.

Combining Equations (17), (18}, and (19) and neglecting small order

terms, we obtain

Q =Gy PGy

and

P

P

2

Qy = Gy Py TGy Py,

P "’l'\

M—

/' Pz 'V2

—=Q,

K,z

Figure IV-12.

where

Als
G, > —=t
11

G.. >

12 2

~ A ALS
G21 1772

—AZS
G,, ™ 2
22

M82+bs+ K
”A1A2 )

"“2

\—W—— K/,

Hydraulic Transformer

MS™ + bS+K

MS2 +b8 + K

MS® + bS+K

(20)

(21)



Equations (20) and (21) represent an interacting four-variable system, which can
be represented by a four-terminal block diagram, as shown in Figure TV-13.

P, J 3 »| Gy I |—>Q,
8y 622
Qe——— I 62 |- L P2

Figure IV-13. Four-Terminal Block Diagram

Equations (20) and (21) can also be transformed into the following useful forms:
- L - )
P2= & (Ql G1 Py (22)
12
R ORCIETREY
U 7 G, LN T\ TG/ Pl 3)

The equations that govern the performance of a non-ideal electric
transformer are 5, 6

1
- = = I

L -CS+G+15) Vg 01 (24)
Vor=Vy - (Ll S + R1> I, (25)
L N  Vn -
S I 2 26)
01 2 02

Vg = Vg - <L2 S + Rz) L (27)

The non-ideal hydraulic transformer characteristic equations (Equations 17, 18,
and 19), are rewritten below in a slightly different form:
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Pl - —AZ S + Az + Az . Al SX = POl (28)
1 1 1
Y1
A; X = Q) - B SPI (29)
LT
Vo
Q = Ay SX - 2 8P, (31)

By comparing Equations 24 through 27 with Equations 28 through 30, the equivalent
between a non-ideal hydraulic transformer and a non-ideal electric transformer
can easily be established, as shown in Figure 1V-14.

Several differences exist between the hydraulic and electric trans-
formers. In the pressure-current analogy, the flow leakages through both sides
of the hydraulic transformer are equivalent to the voltage drops across the primary
and secondary effective resistances of the electric transformer, R1 and Ry, respec-
tively, The flow leakages through both sides of the transformer aré zero when a
bellows-type hydraulic transformer is used (see Figure IV-14a), but the voltage
drop across the primary and secondary effective resistances of the electric trans-
former are usually not zero. It is also shown in Figure IV-14a that the hydraulic

transformer has an extra pressure drop term, _1?21_ S2 X which is equivalent to an
A1

additional exciting current term, C S V., that is needed by the primary core of the

electric transformer for establishing the mutual flux, This current term, which is

non-existent in network analysis, is added to Figure IV-14a by connecting a capa-

citor, C, in parallel fo the reactance, L, and conductance, G.
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(b) P-V Analogy

Figure IV-14. Electiric Equivalent of a Non-Ideal Hydraulic Transformer
(Non-Ideal Electric Transformer)
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It should be mentioned that for the P-C analogy the area ratio,
A N

Xl is proportional to the turn ratio, "ﬁl , while for the P-V analogy the area
2 2
A1 Nl
ratio, — , is inversely proportional to the turn ratio, — .
A2 N2
7. Hydraulic Rectifiers

The function of the hydraulic rectifier is to convert an alternative
flow (pressure) into a direct flow (pressure). Two types of hydraulic rectifiers
are discussed in this subsection, Both types use poppet valves as their rectifi-
cation means, However, the poppet valve is not the only means that can be used
for rectification.

For the purpose of convenience, some basic characteristics of a
poppet valve are discussed prior to discussion of the rectifier. Figure IV-15 is
a schematic diagram of a conical type poppet valve. Figure IV-16 illustrates
the typical flow-pressure relation of a poppet valve.

SPRING

POPPET

Po | FLOW, @

Figure IV-15. Conical Type Poppet Valve
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For a poppet valve with adequate force compensation, the flow-
pressure relation is a straight vertical line ag shown in Figure Figure IV-16. Without
force compensation, the pressure drop across the poppet valve (resulting from
the change of flow momentum) increases as the flow rate increases. Therefore,
the flow-pressure relation of 2 non-force compensated poppet valve is seen in
Figure IV-16 to be a parabolic curve.

FLOW,Q
} ACTUAL POPPET VALVE
WITH PERFECT FORCE
COMPENSATION
IDEAL _ | ACTUAL POPPET VALVE
WITHOUT FORCE
VALVE { COMPENSATION
- -
PRESSURE DROP ACROSS

POPPET VALVE, P

Figure IV-16. Typical Flow-Pressure Characteristics of Poppet Valves
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Figure IV-17 is a schematic diagram of the hydraulic full-wave bridge
rectifier, In this figure, the reciifier is made of four poppet valves connected to
form a hydraulic bridge. During the first half-cycle, the path of the working fluid
is line 1, poppet valve 1, load, poppet valve 4, line 2; during the second half-cycle,
the path of the working fluid is line 2, poppet valve 3, load, poppet valve 2, line 1.
For an ideal hydraulic full-wave bridge rectifier (rectifier made of ideal poppet
valves) the flow output is shown in Figure IV-18, which is the graphical represen-
tation of the following expression.

lQi Sin wtl
O
where: Qio is the maximum amplitude of the sinusoid flow input,
Qo_"
> Q; N
LINE |
P, —& TO LOAD
P
— POPPET
VALVES
LINE 2

Figure IV—i‘?. Hydraulic Full-Wave Bridge
Rectifier
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Po+Eo | Qo= |Plosin wt|
Eo= |Ejgsin wt]
QoElo 77 J 7 N
-
o ” 2 3» wt

_ Figure IV-18. Flow and Current Output of an Ideal Hydraulic
% and Electric Full-Wave Bridge Rectifier

If non-ideal poppet valves are used in the hydraulic rectifier, the
flow output shown in Figure IV-18 will be distorted in terms of amplitude and
phase. The degree of distortion will depend on the performance of the poppet
valves,

The electric equivalent of the hydraulic full-wave bridge rectifier
is the electric full-wave bridge rectifier shown in Figure IV-19. The current
flow paths of the electric full-wave bridge rectifier are the same as the flow
paths of the hydraulic full-wave bridge rectifier.

I

+ ¢ ' rd T -—=& TO LOAD

Eo =|E,°cin wt |

L l
E[ = Eio sin wt
e

- DIODES

Figure IV-19. Electric Full-Wave Bridge Rectifier
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For non-ideal 3-phase rectifiers, amplitude and phase distortion of the outpdt
shown in Figure IV-23 will also result. The amount of distortion again depends
on the performance of the poppet valves and diodes,

«—> 0 : |
: ¥ |
 POPPET ¢ n oAt L
VALVES — -
.t
-—b
4P
Figure IV-21. 3-Phase Hydraulic Rectifier
Ij Io
— —
D
Eq DIODES——/ : Eoc —» TO LOAD

Af—

Figure IV-22. Electric Equivalent of the 3-Phase Hydi'aulic Rectifier,
A 3-Phase Electric Rectifier
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The voltage output of an ideal electric full-wave bridge rectifier is
shown in Figure IV-18,which is the graphical representation of the expression

I0 = Ii o gin wt
where: I. = the maximum amplitude of the sinusoid flow input.

io

Figure IV-20 is the volt-ampere characteristic of a typical silicon
P-N junction diode. We notice the similarity between the performance of the
poppet valve and dicde. The voltage output of a non-ideal electric full-wave
bridge rectifier will also be distorted away from that shown in Figure IV-18,
again in terms of amplitude and phase. The amount of distortion depends on
the characteristics of the diode. '

CURRENT
SuRaea 4 ACTUAL DIODE

DIODE,, I,

IDEAL A\—APPROXIMATED PERFORMANCE

OF ACTUAL DIODE

DIDDE—\

0 VOLTAGE DROP
ACROSS DIODE

Figure IV-20. Volt-Ampere Characteristic of a
Typical Silicon P~-N Junction Diode

Figure IV-21 is a schematic diagram of a 3-phase hydraulic rectifier
and Figure IV-22 is its electric equivalent, a 3-phase electric rectifier. The
flow and current outputs of the ideal 3-phase hydraulic and electric rectifiers are
shown in Figure IV-23. The definition of "ideal" is defined as the use of ideal
poppet valves and diodes in the hydraulic and electric rectifier, respectively.
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T Qo=| 0y sin wt |

Qoo I°=|I|° sin wtl

Qlo'IIo R~

Figure 1v-23. Flow and Current Output of Ideal 3-Phase
Hydraulic and Electric Rectifiers

For hydraulic rectifiers of the game pressure and flow output, a
3-phase rectifier has certain advantages over a full-wave bridge rectifier. They
are:

(1)  The line loss is reduced by reducing the flow velocity.

(2) The degree of pulsating filtering requirement is reduced
due to the increase of flow pulse per unit time,

{3) The peak pump outpui pressure, and consequently the
peak line pressure, can be reduced due to the increase
of pressure pulse per unit time.

The disadvantage of a 3-phase rectifier when compared to a full-wave
bridge rectifier is the increase of weight because of the increase of the number
of poppet valves,

3. Accumulators

The three types of accumulators commonly used are: 1) spring-loaded,
2) air-loaded, and 3) added-volume. The added-volume accumulator can be used
to lower the system natural frequency, but is ineffective for pulsating filtering
purposes, therefore, it will not be discussed here,
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a. Spring-Loaded Accumul:a.tor4

Patm
SPRING CONSTANT , K
o BELLOWS
- ._:1r
PISTON P X
AREA , A - Xo |
s ¥
)| 5 L _

Figure IV-24. Spring-Loaded Accumulator

In Figure IV-24 above, the bellows is used to prevent fluid

leakage, - Neglecting the damping and mass effect, the force equilibrium equation is:

(p-p A=k (x-x)

atm )
Differentiatjng Equation 32 reduces to

- K
SP = 3T SX

The rate of flow of oil into the accumulator is

Qd=ASX

The continuity relation is

Q= Q-Qq
Then, combining Equations 33, 34, and 35, we obtain the following governing
equation:

Q = Qp - % sP

where the symbols are defined in Figure IV-24.
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b. Air Loaded Accu.m_ulator

PISTON Xo
AREA,A\ __________
SRS ]
X
Qe p
A

Figure IV-25., Air-Loaded Accumulator

Figure IV-25 is a schematic diagram of an air-loaded accumu-
lator, Neglecting damping and mass effect, the force equilibrium equation is

AP, = AP (37)

Assuming the compressed air ig a perfect gas and the com-
pression and expansion process is adiabatic and reversible, the equation of state is

K K

PpPvyY =p v F

a a ao ao (38)

and
Q = ADX (39)
where Pao and V a0 2r€ initial air pressure and air volume in the accumulator.
Differentiating Equation 38, the following expression is obtained:
_. L (e
Q, K

5, ) DP (40)
I .
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The continuity equation of flow is
Q = Qp - Qa (41)

Neglecting the negative sign of Equation 40, combining it with
Equation 41, and then applying the Laplace transformation on the resulting
equation, we obtain

Vv
Q= Q- & (P—:) SP (42)

It is noticed from Equaiions 36 and 42 that the flow into and out
of the spring-loaded accumulator is proportional to the rate of pressure change.
The flow into and out of the air-loaded accumulator is proportional to the rate of
change of pressure only when small changes are considered.

The electric equivalent of the accumulator is shown in Figure IV-26.

I"Qp I1=Q
& f ' i
- L JRY) ~——_—
v.zP c=£_‘.—°—- y 4
"l P —— " K KeP L_,___.!
‘ |

(a} P-V Analogy

Az Ve
L& e o a—
4’ e o & o W —_
t ! 1
Vp=Qp vea |z

(b) P-C Analogy

Figure IV-26. Electric Equivalent of Accumulator
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9. The Linearized Closed-Center, 4-Way Valve in Incremental Form

Equation 6, which describes the performance of an approximated
closed center 4-way valve, was linearized from Equation 5 by using the follow-
ing restrictions,

(1) The spool opening (from neutral position) and load
pressure are assumed to be very small.

(2) The effect of the load pressure on the rate of valve
output flow can be neglected when Restriction 1 is
satisfied, .

In this subsection an incremental method is used to transform the
valve characteristic equation into its linearized incremental form, Equation 5
is rewritien here for convenience,.

2
P, = Pg - 2y (43)
2,2
g X
Its linearized incremental form is
AP
- AX 4
aqQ, = 4 z (44)
where: 7 = -é}—('- . = X
1 Pﬂ = const T
2 2
FRR.) ] _EX
ZZ aPz = const 4Q ir

e/

X, is the steady spool opening (from neutral position); and Q¢r, the valve flow rate
at any particular valve operating point, as shown in Figure IV-27.
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AQy, AX, and APy are the incremental change of valve flow rate, spool open-
ing, and load pressure in reference to their respective steady values, Qpp, X,

and Pj’,r'

1.Q
Q

!

INCREASING X -

Figure IV-27. Closed Center 4-Way Valve Characteristics

Equation 45 shows that the relation between the incremental change
of the valve characteristics, AX, APy, and AQ, is independent of the supply
pressure, Pg. This apparently is due to the fact that for a system of constant
pressure and variable flow, the supply pressure, Pg, is independent of the
change of the load.
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To represent Equation 45 by the electric equivalent network of the
P-V analogy, it is rewritten;

i/
2 -
(ED AX (t) = Z, AQ, + AP,

2

Y AX (1) = (‘“%r) AQ, + AP, (45)
2 . 3 5. 2 4
g XI' B8 XI‘

or

The term at the left side of Equation 45 is equivalent to an independent voltage
source which is a time function of the incremental spool displacement.

| ] ,
| T
2 +
4Q L
( "')Axm —y

| | AVy A
Zx? A ,_Tt_, g =A%
[
|
(a) P-V Analogy
2
RV £ ?:.fi
® 4Qu Al =AR
N\ > B
]
Qr y -
(—)Axm | 2, | AVp=4Q
Xrl - I_T--J

{b) P-C Analogy

Figure IV-28, ~ Electric Equivalent of Incremental Performance
of Closed Center 4-Way Valve
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Figure IV-28 is a schematic of the electric equivalent of the incre-
mental performance of the closed center 4-way valve.

10. Transmission Line with Lumped Parameters

Whether a transmission line should be treated as lumped or distributed
parameters, depends on the relative magnitude between the line length and the
wave length of the fluid in the line, A general rule is that when the line length is
less than one-eighth of the fluid wave length, the line can be treated as lumped
parameters. When the line length equals or exceeds one-eighth of the fluid wave
length, the line should be treated as distributed parameters. 1In this subsection
only a line with lumped parameters is discussed.

a, Nonviscous Transmission Line with Lumped
Parameters with Flow Input

A nonviscous line of length, L, and cross-section area, A, is
represented schematically by Figure IV-29.

po——— Q=Qp

Q ] 2> 9 Qq f—"t e —l—{ Qb
Py f Pp Pq “Pzpy Pp
c/s area, A
(a) Nonviscous Transmission Line (b) Schematic Representation

Figure IV-29. Schematic Representation of Nonviscous Line
of Lumped Parameters with Flow Input

The governing equations are
T
. Ay _ e
Q - @ = gtsp - ;5 sp (46)
e 8
- = DL =
P Py A SQ, = Z, T, SQ (47)
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The electric equivalent is shown in Figure IV-30.

-PL_
Lo Teds Ip=Qp
7YYL —

AT THET

{a) P-V Analogy

L = .&& = _1-1
1P, By Zs Ip=Py
+
- 4 _pt_
Va 'Qa_ T C= A TeZs VbIQb

(b) P-C Analogy

Figure IV-30. Electric Equivalent of Nonviscous Line
of Lumped Parameters with Flow Input
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Equations 46 and 47 can be combined to result in Equations 48 and 49,
Q = Y. T 8, + [T2s%+1) Q (48)
: 8 e b e b
P t%s2+1) = P+ T Z_ SQ (49)
e b e 8 a

Figure IV-31 is a four-terminal representation of Equations 48 and 49, which shows
clearly how the four variables are related to each other,

Q —> —Tp TE 82+ > —> Qp

Z,TeS ~YgTeS
ToZ 8241 T2 5241

: CL “+ Pp

Pa e Z T.z 82+|

Figure IV-31, Four-Terminal Block Diagram Representation of Nonviscous
Line of Lumped Parameters with Flow Input
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b. Nonviscous Transmission Line of Lumped Parameters With
Pressure Input

When pressure is the input of the transmission line, the inductance
of Figure IV-30 should be moved upstream of the capacitance, and the inductance
of Figure IV-30 should be moved downstream. This is due to the reason that
force always associates with mass. Equations 50 and 51 are the analytical repre-
sentation. Figure IV-32 is the four-terminal block diagram representation.

Teznz
1 TeD 4 +1
P =P, —t— (50)
a b TZDZ a v T2D2
Te ) s(Te 2,
) )
(2 )
P L =p, + Q LD 7 1 (51)
a TZDZ b b 3 5
(L v (100 )
2 P

PU - Tez DZ -'——’Qb

Teo(—2— +1)

ZDZ TEDZ
o (1= +1) Y (—5—+1)
ren (222 4)) Teo(.Isj_Di“)

TeD (2 +1)

Figure IV-32, Four-Terminal Block Diagram Representation of Nonviscous
Line of Lumped Parameters with Pressure Input

C. Viscous Transmission Line of Lumped Parameters with Flow
Input

Figure 1V-33 is a schematic representation of a viscous line

of lumped parameters. Part (a) and (b) of Figure IV-33 represent a line with
laminar and turbulent flow, respectively.
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Qq —;:_—-F -—1=* Qp
(a) Line with Laminar Flow
Pm
1
Qg —» —-—I—Ib Q@=Qp —1+—> Qp
- (—_'] z
’_\P=Pu Pb

(b) Line with Turbulent Flow

Figure IV-33. Schematic Representation of Viscous Line of
Lumped Parameters with Flow Input

The governing equations are 7

- - Ag - e 52
Q Q, B, P SP. (52)

P - P = Rh Qb (53)
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p - P = %SQb (54)

where: Rh = constant for laminar flow
Rh = KQb for turbulent flow
K = constant

The electric equivalent of a viscous line of lumped parameters with flow input
can be easily obtained as shown in Figure IV-34. However, for the line with
turbulent flow, the resistance, R‘h is not a constant but varies proportionally
with the flow, Qb‘

Rh L=T= T.Z.
A LYY Y »>
. I Ip=Qp I
T,
I42Q p— :M:—-'— = =
a “'ICD VuIPa — By Z, Vm® Pm Vb= Pp
.(a) P-V Analogy
AL ]
1P, L2 e s Ip=Pr ' 1yePy
>y e
+
1 J_ r
VazQu R ='R—h C s -El: = T.Z' Vb= Qb

(o) P-C Analogy

Figure IV-34. Electric Equivalent of a Viscous Line of
Lumped Parameters with Flow Input
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Viscous Transmission Line of Lumped Parameters with
Preasure Socurce

The governing equations can be easily derived

PL
Pa=Pm = T2 8, = 2T, 8, (59)
A/ T
Q,-Q, = 5 sp_ = i) SP_ (56)
8
P -P =R Q (57)

Where Rh is defined as for Equation 31.

11.

Viscous Transmission Line of Distributed Parameters

The transmission line of distributed parameters can be represented

by lumped parameters if the line is divided into several sections; the lumped

parameters are shown in Figures IV-30 and IV-34. Figure IV-35 is the
electric equivalent of a viscous line of distributed parameters.

TeZs

Parameters by a n-Section of Lumped Parameters
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Figure IV-35. Electric Equivalent of Viscous Line of Distributed



12. Viscous Transmission Line of Distributed Parameters with Low
Average Flow Velocity

For an unsteady, compressible, low average velocity, and one-

dimensional flow in a uniform tube, the following pair of wave equations can
be used to describe its wave propagation.

(See Appendix for the derivation of
the equations in this subsection.)
2
2L - y2 P = 0 (58)
X
2
2
38 _ yfae=o (59)
aX
where vy, propagation constant =,/ ZY

The solutions of the above wave equations are

P = PlerteyX + P, Wt o 7YX (60)

Q = - P, %’_ gt yX P, % Jwt -¥X (61)

The characteristic impedance of the line, which is the ratio of
Equation 60 and 61 is

(62)

The general impedance expression of the line at a distance X looking towax"d
the load is found to be '

| Z, + Z_ tanh yX
Z, = Z L s

63
X s Z, + Z,tamhyX (63)

where Z 1 is load impedance,
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Equation 63 shows that the hydraulic line impedance is not only a function
of the line characteristic impedance Z , but is also a function of load impedance, Z
and the propagation constant, 4.

Replacing the hydraulic line characteristic impedance, load impedance,
and propagation constant of Equation 63 by that of the eleciric transmission line
produces the electrical transmission line impedance,

Equation 63 and its important parameters are discussed in more detail
here for both viscous and nonviscous hydraulic lines,

a, Line Characteristic Impedance:

The line characteristic impedance is defined previously as

Z_ =% (64)

Substituting general form of Z and Y into Equation 64
1

2
\ PBe Fn
Z, = % L+ 2h (65)
Expanding Equation 65 results in
7. —/PBe [1+ "1 Pn >2+ ] (66)
s M ZpD 8 pD

For a viscous line with low average flow velocity, the following relation El;
pw

usually holds so long as the pulsating frequency is not too small. Therefore, the
characteristic impedance of the viscous line reduces to

zz=[Pre Bé (1 szw> (67)

[

Substituting by zero in Equation 67, the characteristic impedance of the non-
viscous line is obtained.

<< 1

Zg =NTR (68)
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b. Propagation Constant

The propagation constant is defined previously as

Y = \/W (69)

Substituting general form of Z and Y into Equation 6% produces
1/2
y=/P p [1+ Eh-ﬁ} (70)
K Be @

Expanding Equation 70 results
2

R
y =/L D [“2?%‘% (-I-{l‘-D +} (1)

e P

For a similar reason as used in obtaining characteristic impedance, the propa-
gation constant of viscous line with low average flow velocity is obtained as

. wT
NBe 2pw 2 2pw
For a nonviscous line, the propagation constant is

T, w
P B @)

c. Hydraulic Line Impedance

For a line with low average flow velocity and friction loss, the
line impedance is

Z, + Z_ tanh X
zZ, -7 =8

X "% Z_+z, man X (74)

The input impedance is obtained by replacing X by total line length, ¢

Z,+Z_tanh vy ¢
7z =7 4 __8

o 8 ZS+ZE tanh y £ (79)
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For a nonviscous line, the line impedance is:
Z + jZ, tanX
7, =2, Lt (76)

8 + j Z tan X
) 1 v
The input impedance is obtained by replacing X by total line length,

2 + j Z_ tan 2
5 Y
Zo = ZS ZL + jZ tan (T
8 ) Y4

where :

/ T
Be L

X = the distance from the load impedance

Z = the load impedance

This expression is very useful in finding the line resonance condition.

In order to establish an equivalence between the hydraulic line

(with low average flow velocity) and the electric transmission line, the basic
properties of the fluid in a line are represented by their equivalent electric

properties,
ax
Inertance (inductance): L X /—j L
Pa - Pb =(de) (;1_1? Pg — Q Py (78)
Where m, inertance per unit length of line = A’L A ’
Capacitance:
dP VNI NN EENN
Q -~ = (Cdx)ﬁ 9L e, 9
PP PP Al A7 7
where Ch, capacitance unit length of line = A
e
—LLLLL ,—LLL‘

Pa

Ph

VTN AT Ay id

AP-= (RT"-dx)o
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Resistance:

(Pa‘Pb)=(iAh— dx) Q (80)

Where _R_h , Tluid resitance per unit length of line

b=

The equivalents between the characteristic impedance and
propagation constant of the hydraulic and electric line are shown in Table IV-1,

TABLE IV-1

THE CHARACTERISTIC IMPEDANCE AND PROPAGATION CONSTANT
OF THE HYDRAULIC AND ELECTRIC LINE

Characteristic Impedance, ZS Propagation Constant, v
* *
With m [, (s B2 oo [ (B2, s,
Smalil C 2wC, ~2wm h 20\ m "¢ )7
Loss h h h

Hydraulic Line
1l
|
11:\’
™

o
—
'—l
t
| =]
a1 =4
E
e
il
=]
e
6o
=
=) Ib-
£
~—~

W _1 . e
Loss-Less c, “A /pﬁe jw mCp =jw é’-

With L|,,. (G5 _ R 1 (R,G),.
Small G ]:1+J(2wc" ZwL):] W/ LC [:2w(L+C)+'{l

Loss

L .
Loss-less ' jw /LC

Electric Line

* The leakage per unit length of hydraulic line, s, is assumed to be zero.
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C. THE ELECTRIC EQUIVALENT OF THE PULSATING HYDRAULIC SYSTEM
WITH PRESSURE-~-CONTROLLED FLOW SOURCE

1. Electric Equivalent of the System by P-V Analogy

The completion of the derivation of the characteristic equations and
electric equivalents of the basic system components enables us to establish the
electric equivalent of the entire pulsating hydraulic system. The system repre-
sentedby Figure IV-35 is a constant pressure flow-demand system with its source
controlied by the system pressure. The following explanations are given to clarify
and define certain parts of the figure.

Figure IV-36 is the electric equivalent of the system that is derived
from the P-V analogy. It is shown in the figures as well as in the previocus sub-
gections that the electric equivalent of the components of the pulsating hydraulic
system are generally made of two electric lines of different voltage levels (the
live line and the ground line) connected by a condenser and other passive elements.
The size of the condenser represents the compressibility effect of the working fluid
within the component. The solid and dotted arrows shown in the rectifier represent
the flow directions of the rectifier for the first and second half cycles, respectively.
The resistance, R, is the total resistance of the two poppet valves of the rectifier
that are connected in series. The fluid compressibility of the rectifier is neglected.
Therefore, its electric equivalent does not have a condenser connected across the
live and ground lines. Hence, the ground lines are not shown in the figure. The
system is precharged to pressure Ppe- The compressibility effect of the return lines
is neglected.

The incremental model is related to the true value model by a dotted
arrow, as can be seen from the figure. This is done to indicate that the incremental
change of the flow rate and pressure within the components shown in the incremental
model will not change the pressure downstream of the high pressure accumulator.

The sinusoid flow inputs to both transmission lines written in Laplace
transform are:

o) .
_ T 1
Y = QM® | =5 ~—_T8/3 (1)
S+(¢r——) 1-e
_ - 277/T . B_TS/z i 82
QY = Qy® P 2n)z 17 (82)
+(—,I'-;-
-TS/2

The e
have a phase difference of 180°
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Figure IV-36. True Value Model and Incremental Model
 of the Electric Equivalent of the Pulsating
Hydraulic System with Pressure Controlled

Source (P-V Analogy)
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2. System Electric Equivalent by the P-C Analogy

Figure IV-37 is the electric equivalent of the system that derived from
the P-C analogy. The figure is self-explanatory. Detailed explanations given in the
previous subsection will not be given here.

It should be noted that the electric equivalent of the hydraulic rectifier
by the P-C analogy is not obtainable without resulting in an impossible physical
condition. The electric equivalent obtained by P-C analogy results in the condition
that when the voltage equals negative value, the current becomes infinite negative.
The rectifier shown in Figure IV-37 is, therefore, drawn in a dotted line and the
caption '""Hypothetical Rectifier'" is used.

D. THE EFFECT OF FLOW PARAMETERS TO THE SYSTEM COMPONENT
PERFORMANCES

1. Resonance in a Nonviscous Fluid Line of Distributed Parameters

The resonant frequency of a hydraulic line is defined as that at which
the reactive component of the input impedance reduces to zero.

Let the load impedance be

Z = + X 83
P IRR (83)

For convenience the load impedance is replaced by

Z, = Zg (a+if) (84)
where R
X
a = Z‘L sy B = ‘t" and Z p_
8 Zs A

Substituting Equation 84 in the input impedance
Z,+jZ, tan =)

z, =2, 8 j (85)
Z,+jZ, tan g 4

and letting the reactive component be zero, produces the resonant condition

Btanzgz+(32+a2‘-1)tangz-3=o (86)
If « and B are much smaller than unity, Equation 86 can be simplified to

24=-8 (87)

tané
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The resonant frequency can be predicted by Equation 86 or Equation 87 when
the fluid properties, load impedance, and line length are known.

2. Resonance in a Viscous Fluid Line of Distributed Parameters
with Low Average Flow Velocity

The input and line characteristic impedance of a distributed line with
friction loss and low flow velocity are

Z,+ 2 tanhy 2

20=25 % 12, tanhy £ (88)
s £
and
R
_pef, T n
Zs x (1 j pr) , (89)
respectively.

Where the propagation constant

R
Lo (B

The load impedance is

Z, =R, +]X,=Z_(a+]B) (91)
where:
X B
% ow
* "p€ Ry \2 ©2)
x| (o)
R, Ry
x +
N 20w (93)

o]

The resonant condition can be obtained by substituting Equations 90 and 91 into

* Equation 88 and letting the reactive component of the final result be equal to zero.
The mathematical expression of the resonant condition is rather complicated.
However, Equation 87 can be improved to represent the resonant condition by
using Equation 93 as its g term. The resonant frequency can, therefore, be
predicted once the fluid properties, load impedance, and line length are known.
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3. The Effect of Series Condensers on the Pressure Output of the

Nonviscous Fluid Line of Distributed Parameters

As the fluid acceleration increases due to the increase of pulsating
frequency and stroke, the inertia of the fluid will not only reduce the magnitude

but also cause a phase shift of the pressure output.

To reduce (or eliminate if

possible) the inertia effect, two identical hydraulic condensers can be connected

in series with the hydraulic line.

The wave Equations 90 and 95 are solved here in a different manner
to show the effect of the series condensers. The wave equations are rewritten

here for convenience:
2

52 -y p=o
ax
¥q 2

5 ~ Y Q=0
3X

where y, propagation constant=,/Zy

For loss-less line, y¥= jw BP- =j '%J-
e

Equation 86 and 95 reduce to

2 2
4 P=o
aX €
2 2
g—%+L—U—§Q=O
X €

The general solutions of Equations 96 and 97 are

= “W W
P —‘Iflcos€X+\If251n€ X

Q :\Ié cos%”—X+‘I&sin%X

Using boundary conditions

P =P
OvatX =0
Q -Qq,
ok L wp
X ]A Qo
3 ——'wé—P at X =0
X ] Be )
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the constants reduce to

¥ =Py \%:Qo

1 0
—'Qp :—Lg - '-u—', io..
Iy Qo C ( Clsm(_:X+C2 cosg X}
-1 -'é'— =-(-u- - 'E _qJ_
jw Be P0 b { 0331n€X+C4cos€X)
- B . __ .1
‘I’z‘ VA R T J A pBe Qo
. A€ . A
¥ =-j 7 P =-j P
4 Be o .,/Pﬁe o

Substituting the constants in Equation 98 and 99, produces

= w o € o &
p Pocos€X ]AQosmeX
. A€ w

= N O R in-
Q—QOCOSGX Jﬁe Posmex

At X =4, P= Pi and Q = Qi’ therefore the above equations reduce finally to

- w ., _;P€ in &
Pi = P0 cos g 4-1] A Q0 sin = 1 (100)
w . A€ w o,
(101)

Qi=Qo oS & £-3 —B;— P0 sin 75
. The sketch below shows two condensers of equal size connected in

geries with a hydraulic distributed line.

HYDRAULIC LINE
P || P P || Po
[

| |
‘\\“~—couosnssns—~/"’di_.

e
Q; Qo
Applying Equation 100 and 101 to the above sketch
~ (S
= w ,_ Y _¢ in&
P1 = P2 cog < £L-j A QO sm€ L (102)
o (103)

w . A .
Q. =Q cos—= 1-] P,sinz= 4
j 0 € 2 €
| JoB,
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The flow and pressure relation across the condenser is

Q.
. _ - - i
]wcl (Pi Pl) = Qi or Pj = P1 j wCl (104)
. . Qo
i wCl (1?’2 - PO) = Q0 or P2 = Po -j 561 . (105)
Combining Equations 102, 103, 104, and 105 produce
Pi =PO (cos——& -u-f sin% JL)
11/
JP B 2
. e A 1 )
- Q. — (1 - sin = 1
o A pBe w2 C12 €
2 A w
o= cos = 4 (106)
wCl (p"ﬁe €
W A 1 W
Q. = cos -5 - sin—< 1 (107)
i 0 ( € pBe u.1C1 € )
. A W
- P0 sin == i
4953
If the following relation is true
“
-A 1 1-00&|€J€/~ Wl
wC. = I = tan—é-E (108)
PPe 1 sin — 4
€
then Equations 106 and 107 reduce to
P, = P (109}
P A LW
Qi = Qo i Po o8 sin = £ (110
e

Equations 109 and 110 show that the magnitude and phase of the output pressure

are maintained the same as that of the input pressure regardless of the magnitude
and phase of the output flow rate.

If the following relation is true

@w
A 1 Lrees gt L Wk (111)
wC, LW T ool 5€
fPBe 1 Sm"é L _
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then Equations 106 and 107 reduce to

P, = -P_ (112)
. A V -
Qi = _Qo - iR, W (113)
N e

Equations 112 and 113 show that the magnitude of the output pressure is maintained
the same as that of the input pressure, while the phase of the output pressure is
maintained 180 degrees different from that of the input pressure, regardless of the
magnitude and phase of the output flow rate.

Equations 108 and 111 can further be reduced to

A 1 wd
C, = = cot (W -5} (114)
1 ’pﬁe w 2€
A 1 wd
C, = = tan o= (115)
1 JeB, @ 2

cot - _@.—'L.—)

5 e
mw 2€

The size of the condensers that should be used in order that Equations 109, 110,
112 and 113 are satisfied is shown in Table IV-2.

M

TABLE IV-2

AN ANALYSIS OF CONDENSER SIZE WITH RESPECT
TO HYDRAULIC LINE LENGTH

eyt SR :

Relations to be Satisfied
Pl :Po Pi = Po
. A . wd A . 4
S Q Q=Q -jP sin %= Q=-Q -jP sin &
a0 i i (o} of € i 0 o €
g pBe /pﬁe
= A A 1 w4
ol L <% C,=—— = tan >—
= 2 1 f B‘ w 2
a1 A1 w4 £Fe
;% -{’,/-2' Cl = E'— w cot “%o€
g, _2X e
'§, L*—z- Cl‘ 0 -
ol A= X CI=0
where A, wave length = E_’(qu}_
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4. Representation of Composite Nonviscous Line of Distributed Parameters
by a Single Line

The transmission lines in a pulsating hydraulic system may not be con
tinuous but are made up of a series of lines with condenser inertias and leakages in
between the lines (such as hydraulic transformer and the leakage through the con-
necting seals). Therefore, it is important to know that the analytical study per -
formed on a continuous distributed hydraulic line can also be applied to a composite
distributed hydraulic line. It is found that by proper distribution of the apparatus
along the transmission line, the interruption of the wave (of certain frequency)
traveling by the apparatus can be eliminated. The composite distributed hydraulic
line can then be treated the same as the continuous distributed hydraulic line. The
schematic of the composite distributed hydraulic line is shown below in Figure IV-38.

Qo L @ L Qe Omet g L, Sm
l — YV Fa'a's o Yl I _____ a—t YTV 1 Y Y™y I
N 1
r P — — — S
Figure IV-38., Composite Distributed Loss-Less Hydraulic Line
For simplication of analysis, the flow leakage and line loss are
assumed to be zero at the present time. The basic pressure drop and flow
relation of each individual section of the line can be expressed as
P, - P, =L 8Q . (116)
and
Q, - Q4 =C; SP (117)

The condition that the composite distributed line can be treated the
same as the continuous distributed line is obtained by the following:

The pressure drop and flow relationship for two adjacent sections of the line are

P, -P =1L 8Q (118)
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+
o3
;
4
5
H

Py~Pnrq = Ly 8Q, .4

Equation 109 and Equation 118 produce
Phoog "2Pp +Pp 50 5@, -9,
pressure and flow relation across the condenser is

Qn _Qn+1 - Czspn

Substituting Equation 121 into Equation 122 obtains

_ 2
Pn—lnzpn+Pn+1_Ll 025 Pn
Let
2 _ 8
-L. C, 8 = 2sin
172 2
Equation 122 becomes
Po.1 —2Pn cos g+ P ;=0

Equation 124 is a possible solution of Equation 123

P, = Acos (m-ng+B sin{(m-n) g

From Equation 124 we can write

Pn - Pn+1 =Acos(m-n) g+ Bsin(m -n) g

-Acos(m-n-l)e—Bsin(m—-n—-l)e

Substituting Equation 119 in Equation 125 produces

LlsQn+1 = Acos (m-n) g+ B sin (m - n) g
- Acos{(m-n-1)g-Bsin{(m-~-n-1)g
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If n=m- 1, than Equation 126 becomes
Llst=A (cos 8-1) + Bsin 8 (127)
Substituting boundary condition

P=P atn=90
a

and P=Pmatn=m

into Equation 127 and replacing Laplace operator by j (,, obtains

' cos ( - -1-)9 L

P =P 2 +jQ _1 sinm 8 (128)
o m 8 m|C 8
cos 3 2 cos &
2 2

By the same method the following flow and pressure relation can also be obtained
1
cos (m ~ —)6 C X

2 2 sin m

Q,-Q, 5 +1 P T a0 (129)
cos 5 1 cos ]

The pressure and flow relation of a continuous distributed line had been derived
previously and is wriften here

. /L ;
P0= Pm cosad+j Qm c sina £ (130)

where:

a = wfTC

m L1
L= uniform inductance = 1
mC
C = capacitance of continuous distributed line = n

mL m 02
- Replacing L and C of Equation 130 by _L— and —L_’ produces

- o [
P0 = Pm cosa; +jQ ¢, sina, ¢ (131)
and
_mw oI 8
al———L L101—2——Jt,(s|in2

cosa, L= = COo8 (2 m sin %) {132)
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sina, 4 ~sinm@ _ sin (2 m sin _9_) (133)
2
Cos—z'

If 0is a very small number, then Equation 132 reduces to

@ sinm#8=20

or (134)
sinhmBg=0

Equation 133 results in a trivial solution

sinme@ = @i
In order for Equation 134 to be satisfieci, the foilowing relation must hold

-y BT
6=+ = (135)

where K =0, 1, 2, ...
From Equation 133

a;t=2m sind ~ mé (for 8 —small)

2

Because

a =27 = 1

1 7% (A = wave length)

We have

g—;[i =m@ =K
or (136)

_ Kx
=5

Therefore, in order that the composite distributed line can be treated the same
_as the continuous distributed line, the following two relations must hold

in 8 8
51112 ag—z-

and the length of the composite distributed line should be a multiple of half wave
length of the continuous distributed line.
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E. THE EFFECT OF SYSTEM COMPONENTS AND FLOW PARAMETERS
ON THE SYSTEM PERFORMANCE

The load response of the system can be predicted as long as the input and
return pressure of the servo-valve are kmown and kept constant throughout the
system operation. In other words, the load response of a pulsating hydraulic
system depends not only on the system control loop, but also on the capability
of the system to maintain constant input and return pressure in the continuous-
flow section at various flow demand conditions. The capability of maintaining
input and return pressures constant is, in turn, dependent on the accumulator
size, transmission line dynamics, and the pump response of the system. The
discussion of this subsection is, therefore, devoted to the effect of system com-
ponents on the pressure of the continuous flow section.

1. Effect of High Pressure Accumulator Size on the Pressure and

Flow Filtering

For a pulsating hydraulic system with constant flow as its input,
the flow downstream of the rectifier can be assumed to be fully rectified
sinusoidal pulses, as shown in Equation 137.

2 4 1 1 -
Q=2q -9 ['3:' COS 2wt + i COS 4wt + ] (137)

The first term of Equation 137 is 2 direct component of the flow; the other terms
are high-order harmonic components of the flow. Assuming the low pressure
accumulator pressure, P ,, remains fairly constant, the high pressure accumulator
and system load can be represented schematically by Figure IV-39.

" Ky Pg - ——T P

T

LR

Figure IV-39. BSchematic Representation of High Pressure Accumulator
and the Equivalent System Load
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The ratio of pressure variation to the pressure at the accumulator
can be obtained from Figure IV-39 as

APy 2 __K_r_i%._ (138)
Py 3 R}uvaw

Equation 138 can be used to determine the relationship among the accumulator volume,
pulsating frequency, and equivalent load resistance for maintaining pressure ratio,

AP

-T,-—ll , to be equal or less than pre-designed value. Figure IV-40 is the
h AP
graphical representation of Equation 138 for Th- = 0,02,
h

For a system that has pressure as its input, the flow downstream of
the rectifier is close to fully rectified square wave pulses. Hence, the pulsation
filtering is relatively more easily achieved.

2. Effect of Low Pressure Accumulator Size on the System Performance

The purpose of the low pressure accumulator is to provide uniform
and constant return pressure at the continuous flow sectlon during the return
stroke of the flow. A uniform and constant return pressure in the continuous
flow section can force the return flow to satisfy its continuity equation with the
lowest pressure amplitude and reduce the harmonic pressure component in the
direct flow section.

3. Effect of Pump Response to the System Performance

For a system that has a pulsating flow source as its input (such as
the mipiaturized system setup), a pressure sensor can be used at various locations
to adjust the pulsating flow amplitude, as shown in Figure IV-41. The change of
pulsating flow amplitude is necessary to maintain constant input and return pres-
sure between the rectifier and servo-valve during the variation of flow demand.
The maximum transient deviation of the input and return continuous pressure from
their steady-state value depends on:

. The variation of the rate of flow demand.

The response of the pressure sensor, pump stroke
adjusting mechanism, and the pulsating flow pump.

. The size of the accumulators in the continucua flow section.
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Figure IV-40. Accumulator Volufne, Pulsating Frequency, and Equivalent
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Figure IV-41. Schematic of Flow Amplitude Adjustment
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For a known change of the rate of flow demand, increase of the
accumulator size and the response of the pressure sensor, pump stroke adjusting
mechanism, and pulsating flow pump will reduce the deviation of the input and
return continuous pressure from their steady-state value. Optimization is neces-
sary between the size of the accumulator and the response of the pressure sensor,
the pump stroke adjusting mechanism, and the pulsating flow pump for actual system
design.

For a system that has a pulsating pressure source as its input, the
adjustment of flow is achieved by the continuous flow pump. Therefore, both the
accumulator size and the pump response are responsible for minimizing the input
and return pressure deviation at the servo-valve,

4. The Effect of Fluid Cavitation on System Efficiency and Power Capacity

As anticipated, fluid cavitation was observed during the system eifficiency
test. The cavitation of fluid was apparently caused by the formation of a vacuous
space between the pump piston and its surrounding fluid, due to insufficient fluid
pressure in the low pressure accumulator. The low pressure accumulator is located
at the low pressure side of the direct flow section. The pressure within it is neces-
sary to overcome the friction, inertia, and capacitance effects of the fluid and the
line during operation. Experiments were, therefore, conducted, using both the
miniaturized system and the pulsating flow line loss test setup, to obtain the relations
among the pulsating frequency, pulsating stroke, and fluid cavitation. Different
system precharge pressures {precharge pressure of the low pressure accumulator)
were used during the test in order to find their effect on the fluid cavitation.

Figure IV-42 shows both the test results and the approximate theoretical predictions.
The test results are quite close to the theoretical predictions except at the vicinity

of low frequencies. The test results also agree with the theoretical prediction that,
for the same precharge system pressure, the value of the critical pulsating frequency
that causes fluid cavitation decreases as the pulsating stroke increases. For the same
pulsating stroke, the critical pulsating frequency increases as the precharge system
pressure increases.

For a pulsating system that has either a pressure source or a flow source,
fluid cavitation will reduce the width of the pressure and flow pulses. The amplitude
of the pressure and flow pulses will not be reduced unless the vacuous space extends
to motre than half of the total fluid displacement during each half cycle. Two apparent
results are: :

. The reduction of airerage pressure amplitude and lowering of
»  the power capacity of a system of known design.

. The reduction of system efficlency. However, the reduction

in this system resulting from the fluid cavitation is not as
serious as that in machinery such as the steam turbine, etc.

112



saxnsserd a81eyoard WolsAy SNOlIeA 0] wapsAg ofmeIpAl Surjesind pozIANIETUI
o1 Jo sdiysuone[ed uonelIAe) pInid pue ‘ayorls Sunesmd ‘Aousnbeig Supesind - gp- Al aandig

] (s423) N ‘AON3IND3YI ONLLYSING
94 i 2 ol [ 9

1 1 1 1 I T

Bisd OOt =Td

NOLLYWILSY TVDILIUOIHL e o e e
1MNS3H TIVINIWIHILXD

NI

ONLIVSTNd 3IHL N SIHVYLS NOLWYLIAYD

QiMd HIMHM 1V SNOILIONOD 3HL
ANISIHIIY IAHND 3HL NO SINIOd : J1ON

-
-

b/t

2/

¥/€

/11

{ut) S'DOHLS ONILYSINd

113



F. COMPARISON OF PULSATING HYDRAULIC SYSTEMS WITH CONSTANT
PRESSURE SOURCES AND CONSTANT FLOW SOURCES

For analytical representation, a system with a constant pressure source is
defined as one in which the pressure at the input tends to remain constant and the
flow varies on demand. Such a system is exemplified by one in which a pressure-
compensated variable delivery pump is used and the pulsations are caused by the
introduction of an alternator valve.

A constant flow source system is one in which the pulsating energy is
generated by a reciprocating cylinder or similar means, as in the miniaturized
system. In such a system, the flow is a function of the driving frequency and
stroke of the pumping cylinder.

Analytical investigation shows that a pulsating hydraulic system with a
constant pressure source has more advantages than a pulsating hydraulic system
with a constant flow source. The following is a comparison of the two systems;
the advantages of one system are the disadvantages of the other.

1. Advantages of systems with a constant pressure source:

. Small power is required to drive the pulsating valve;
hence the pulsating frequency is more easily controlled
and maintained.

) A commercial pressure -compensated variable delivery
pump can be used in combination with a pulsating valve
as the hydraulic power unit of the system. No new pump
development is necessary.

. Pressure pulses traveling back and forth in the finid line
are near square-wave shape. For the same power trans-
mitted through the line, the maximum pressure level in
the line is thus less than that of the fluid line of a system
with a flow source.

) Depending on the characteristics of the pulsating valve
and pump, the flow pulses traveling back and forth in
the fluid line can also be made close to square-wave
shape, thus reducing the peak flow Reynolds' number,
This fact is very important when the Reynolds' number
of the flow is near or larger than the critical Reynolds'
number,

2.  Advantage of systems with a constant flow source:

0 No pulsating valve and its associated driving mechanisms
areneeded. The system therefore has fewer components.
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It should be indicated here that all the assumptions and boundary conditions
used in reaching the above comparisons have been carefully justified. However,
verification of the comparisons will not be made experimentally until a full-size
pulsating hydraulic system is built and tested.

G. ANALYTICAL STUDY OF VISCOSITY EFFECT ON A PULSATING
TRANSMISSION LINE

Little information is currently available on the friction characteristics of
a fluid in a pulsating system. Several technical papers dealing with gimilar
problems have been published; however, they dealt mainty with direct flow with
sinusoidal flow of small amplitudes superimposed on it. Even though the constantly
transient flow of the pulsating system has the same Reynolds' number as the steady,
direct flow, it is believed that the friction characteristics of the two are quite different.
Therefore, it was decided to emphasize analytical and experimental studies of the
pulsating transmission line loss.

An impedance method was used to study the dynamic responses of pulsating
flow.

For establishing correct and simplified analytical representations of the P-F
fluid line behavior, for rapid analytical study, several simplified four-terminal
block diagrams using different fluid-line models were derived in this subsection.
Those analytical models that best matched the experimental results were used in
the analytical and analog computer study of the P-F hydraulic system efficiency
and dynamic response. Experimental results are shown in Subsection H.

1. Viscous Line With Distributed and Lumped Parameters

Q, = Qq | Qp : Q.
l I Cosh TeD Z L ‘ —‘
R;/z Zs Sinh Tg D -Yg Sinh TeD n'h/g Ry ?Lo"
Cosh TeD Cosh TgD

—_ O

L ~ J J
Y Y
LINE LOAD

Figure IV-43. 4-Terminal Block Diagram Representation
of Fluid Line With Distributed and Lumped Parameters
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In this model, the inertia and compliance of the fluid line are assumed
to be the distributed parameters, while the resistance is assumed to be a lumped
parameter. The lumped resistance 18 divided into two halves and concentrated at
each end of the line, Figure IV-43 is the four-terminal block diagram representation
of this model; all variables in Figure IV-43 have incremental values. The accumu-
lator in the test setup 1s large enough that its impedance, 1/CD, and pressure, P,
can be assumed to be zero, and the downstream pressure, Pg, is negligible. The

imput impedance of the fluid line loss test setup was derived and shown in Equations
139 and 140,

) 2
al - @] & ([Pt en ] -
i q T, 3 8
Z 2 2\ %
8
l:-é— 1 - ¢ sszew] (139)
. Zs(l-az)SinZTew
$, = tan (140)
(ry c +2a z)
where
C. = Cos® T w + w2 Sin'T
1 e e W

!
_{_h
o —(2 +R.{,>/ZS

Graphical representation of Equations 139 and 140 is shown in Figures TV-54a and
IV-54b,

| If the total value of the load resistance (RL) and half of the total line
]
loss Eh; is equal to that of the line characteristic impedance, the input impedance
2

of the line can be obtalned by

z, = 511_ = l Z, , el ¢ - aue
where ] I _ Ry VP By - Ry Be 2 ¥
2, 2 T TR 7 Ay
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B [Be
$ = tan™ ‘21% w ;PB (141b)
e
- +
L 2 A
_ 128 ¢
R'h = .__J-’Z__
7D

The load impedance (R L) was used to match the line characteristic impedance
so that no pressure wave would be reflected back.,

Since the input flow to the system is

Q, = Ry [Qo ejwt} ) (142a)

the input pressure can be expressed as

P, = R [ 'zll ol (Wt + ¢’)J (142b)

where Z, and ¢ are the same as in Equation 141.

Input impedance and phase angle vs pulsating frequency characteristics
of Equation 142 are plotted in Figure IV-44.

2. Non-Viscous Line With Distributed Parameters

Figure IV-45 is the analytical representation of the line loss test
setup, with the line considered to be of distributed parameters and frictionless.
Again, the impedance (1/CS) and the pressure variation (P,) due to the input
disturbances are assumed to be small, The input impedance of the line can be
obtzined as the following form;

7 2 2 2 2
B
lzil C_l a + 1 (1—:1 ) (Sinz Te w) (143a)
2
} sm2 T, w:l

(143b)

it
B
=]
I
|
—
|
I
Q
Bo
R

i
if the load impedance (2 L) is equal to the line characteristic impedance (Zs)
. 1
Z, = 'zll 0 = Zg = & ,[PRe (144)

where ¢ =
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The input impedance va pulsating frequency characteristics of Equation 144 are
also plotted in Figure IV-44.

Q i Q = Q2
5 b
I Cosh TgD ‘ 1
Zy Sinh T D =Yy _Sinh TeD Zp:2, EL'
Cos TgD Cosh TgD s
N — Y Y,
o Cosh TeO P .‘ "

Figure IV-45. 4-Terminal Block Diagram Representation of
Nonviscous Fluid Line With Distributed Parameters

3. Viscous Line With Distributed Parameters

The input impedance equation of a distributed line was derived in
Appendix A and is rewritten

ZL -2z tanh 4 £

BT % T Z, tanhy L | (145)

If the load impedance (Z ) is equal to the line characterisiic impedance (Zg),
or when the line length, ¥ 4, is very long, the input impedance of the line

reduces to
f =) B (

- 2pw> : (146)

which is the characteristic impedance of the line.

The input impedance vs pulsating frequency characteristics of
Equation 146 are plotted in Figure IV-46. It should be pointed out that
Equation 146 will not give accurate results at very low frequency. This is .
because the assumption g, < 1ry, that was used during the derivation of
Equation 146, is not valid when the pulsating frequency is very low.
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4. Viscous Fluid Line With Lumped Parameters

In this model, all parameters of the fluid line are assumed to be lumped.
The lumped resistance is again assumed to be divided into halves, one half con-
centrated at each end of the line. Figure IV-47 is the four-terminal block diagram
representation of the lumped parameter line; its input impedance was similarly

derived.
‘ 2
_(1By oy, L o[ Zs Tew
- 2 C 2 2

s T P, A T T 7 T S e

(147)

(148)

where: C, - (1 - Tez 2) + (_2" Ye T w)

R is assumed to be zero.

H. PULSATING FLOW LINE LOSS TEST SETUP AND EXPERIMENTAL
RESULTS

1. - Direct Flow Loss of Short Transmission Line

To obtain more accurate comparison between direct flow and pulsating
flow losses, tests were carried out to measure direct flow loss using the same
transmission line that was used to measure pulsating flow loss. The test setup
is shown in Figure IV-48. The line is 117 inches long and is bent to a circular
loop that has the same diameter as that of the loops used in the pulsating flow
loss test. ’

Figure 1V-49 s the theoretical and experimental direct flow resistance
vs flow rate characteristics. Figure IV-50 shows the same result, but is plotted
in a different manner. The plots are the frictlon coefficient vs Reynolds number
characteristica. It can be seen from the figures that there is close agreement
between the theoretical and experimental results.
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DIFFERENTIAL PRESSURE
GAGE , AP

2= ur"

FLOW METER,Q\

Figure IV-48. Test Setup of Direct Flow Loss Through
a Short Line

2. Pulsating Flow Loss of Fluid Line With Distributed and Lumped
Parameters : .

Figures IV-51 and IV-52 are the schematic and photograph of the line loss

test setup for studying pulsating flow. During the positive stroke, the pump forces
the fluid through the line into the accumulator; then, during the negative stroke,
the accumulator pressure forces the fluid back through the line into the pump.

The accumulator precharge pressure was varied during different tests
to avoid fluid cavitation. The effect of this variation on the test results is insignif-
icant because of the pressure insensitivity of the fluid bulk modulus, the viscosity,
and the mass density. The linear hydraulic resistor shown in the test setup was
specially designed and has a linear range from 0.1 to 10 GPM. The purpose of
having a linear hydraulic resistor in the test setup was to reduce the amplitude
of the reflected pressure wave, during the test, so that a comparison could be
made with the experimental input impedance of the same fluid line with no linear
hydraulic resistor installed in the test setup. Hydraulic fluid MIL-H-5606 was
used during the test.

The Mark V flow transducer of Rampo Instrument Company was used
to measure the P-F, which has a flat frequency response of about 100 cps. The
flow rate can also be calculated from the pressure drop across the linear resistor.
Because the physical length of the linear resistance unit is much shorter than the
expected shortest pressure wave length, the flow through the linear resistance
can be considered as a slug flow and is essentially in phase with the pressure
drop. Several pressure pickups were installed along the hydraulic line to measure
the flow pressure. All instruments used during the test have dynamic responses
much faster than required for obtaining accurate test results. Tests that were
performed include:

123



ouT'] 1I0US JO SOURISTISOH MOL 109a1( [YIUSWIISdXH PUB [801SI09YL "6F- AT 9In31d

s98 ., _ .
ndu 0'3did IHL HONOWHL MO

m H
9l vl 21 ol 8 9 v 2 0
- T T T T T T Y (o)
ds
P
000' 2 NVHL $S37 'ON SCIONA3YM X > -
w04 FONVISISIH 3NI X xXx X X —-

MON3 LOFNIC TVOLLINO3HL xyX X % =5

u X X ol s

Y [«]

- L

X
X X
X X
_ X
X dv x o
| DL _y
X av-
o ‘NI 961°0=0T
.
‘Nl ZH=¥

124




9qar] J104s Jo

JUDTDYIS0D UOTIOTL] MOTd J00II( TeuswIIadxy pue [BonaI0ayLl -(g- Al aIndig
M/QAg = ¥ ‘NIENNN SAIONAIY
ol <Ol 20l ol
T T T T T 17 T T T T T T T 1 T T oo
B © o000 A 20 Faal:] |
— Hﬁ

dV 7 0,2 2
L _ o
_ o
1S1INS3IN 1531 30 o
- NOILYINDTVD 804 NOILYNO3 - =
- ] L)
o
= ] m
e
- — n
— ]
n m
I — 10 2
bl
)

uasIo= a
v.._\uuow q1 n-O_ LR - VRN
QUI/ous ] , Ol XGEZ= L

$171Nns3Y¥ 1531 O

AYOIHL

o'l

125



aold Supesnd J0] dmag 821, 890] euy] 18- Al aundiy

s ‘wormsaw
HVINII OIriNvddiH
& _u = (M
. 1 = HLONTT
—— A INTT AIN'TA
._ dNNd d-d N
_ .
HOLVINNADOV V By

126




127

Pulsating Flow Loss Test Setup For Line
of Distributed Parameters

Figure IV-52.
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Figure IV-53. Theoretical and Experimental Input Impedance of Short P-F Fluid Line
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(1)

(@)

3
(4)

Line loss vs pulsating frequency and stroke (or Reynolds number).
(Figure IV-50)

Galn and phase change of pulsating pressure and flow vs pulsating
frequency and stroke. (Figure IV-53) '

Input impedance of the line. (Figure IV-54a and Figure IV-54h)

Minimum precharge accumulator pressure to avoid flow
cavitation. (Figure IV-42)

Test results of the fluid line with lumped and distributed parameters were reduced
and plotted in Figures IV-53 and IV-54 respectively.

I. EFFICIENCY ESTIMATE OF THE SIMPLIFIED PULSATING HYDRAULIC
SYSTEM MODEL

Figure IV-55is a simplification of Figure 25a of the Second Quarterly
Progress Report, RAC 933-2. The simplifications include:

) No hydraulic transformer is used in the transmission line.
° The losses in the hydraulic rectifier are neglected.

° The system is operated at low load and low flow conditions,
so that the impedance downstream of the high pressure
accumulator can be approximately represented by the
valve impedance, Rv’ alone.

® The system is not precharged.

Qg Rp/2

——

Qs2 Ry/2

L/2 L/2

Figure IV-55. Simplified Model of the Pulsating Hydraulic System
With Transmission Line of Linear Flow Resistance
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The over-all system efficiency estimations are carried out for systems
that have either pressure or flow as their source.

1. The Two-Line Pulsating Systems With a Constant Pressure Source

If a pressure-compensated variable delivery pump and a pulsating-
flow valve are used, the pressure source, P_,, is a train of pressure pulses
forming an offset as shown in Figure IV-56 bgc}ause of the rectifier's switching
action, the pressure level of P varies between the high-pressure-accumulator .
pressure, Pah’ and the low-prédsure-accumulator pressure, P

ag’
Psy
Pqg
0 > 1
0 T/2 T aT/2
Psa
Pofp == ====mn
Q - 1
o] T/2 T 31/2 2T

Figure IV-56. Pressure Pulse of Pressure Source

For the convenience of calculation, the pressure pulses are repre-
sented mathematicaily by their complex form:

P, (1) = ; Py, ol8 wt (149)
P,y = Yy B, ot (150)
n
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where P + P

)
It

. 2
n = 7! ('n—ﬂ') (Po - Pr)
-2 | . . A
an —E;r'- Ph - PL sin nwt1+3 cos nwtl)

+1,+£3, ...

)
il

=]
il

As shown in Figure IV-55, two accumulators are used in the direct
flow section of the P-F hydraulic system. The accumulator on the high-pressure
side provides pressure-pulse filtering; the accumulator on the low-pressure side
provides a constant return pressure during the return stroke of the pulsating flow,
so that the required peak return pressure is greatly reduced.

During steady-state system operation, both the high-and low-pressure
accumulators are maintained at a constant pressure level. Therefore, for steady-
state system efficiency calculations, a correct fluid line model with its initial and
boundary conditions is all that is needed. Figure IV-55 is further reduced to
Figure IV~-57. Furthermore, the pressure and flow at any corresponding point
of both fluid lines are edqual in magnitude and 180 degrees out of phase. Hence,
in obtaining system efficiency, only one fluid line needs to be considered, as shown
in Figure IV-58.

Rp/2

Rp/2

)

ah = CONST.

=i
L

= 1-..- i ¥
@ = ¢, = Py =CONST.
T |
s aal YL d
L/2 L/2
R, /2 R}, /2

Figure IV-57. Simplified Steady-State Model of the Pulsating Hydraulic System
(with Linear Flow Resistance)
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Qu R;/Z L/2 L/2 R, /2

» \ Y . Y, &

: L.
" L

if—e J_E

Figure IV-58, Further Simplified Model for Over-all Systém
Efficiency Calculations

Because of the rectiffer's switching action, the pressure level of P
varies between the constant high pressure accﬁm:ila.tor pressure (P ah) and the
constant low pressufe acoumulator pressure (P ) s shown in Figure IV-59.
The phase difference between P, and P‘t’1 is caused by the dynamics of the ﬂuid
‘in the transmission Iine.

- Puj
. Py |-
% . T/2 T 7 R -t
N |
h I- T -1
Pal [~
o) d L s -t
ot ty ' t+T

Flgure IV-59. Input and Output Pressure Pulses of the
Transmission Line
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The value of Psl is a given quantity. P ah and Pa,g, are the pressure levels that

can be maintained by the system by using the correct value of load resistance,
Rv’ and system precharge pressure. Therefore, hoth PE1 and P{,l are known

values, except for the time tl and ty resulting from the fluid line dynamics.

The input and output flow of the line, Q

a1’ and QLI can be repre-
sented by the following expressions:

_ o jngt R jnwt
Q,, ® }; G, (nw) Py, &Mt Z; Gy, (in) P, e (151)
L _ in gt ro, —= j

Q0 = Y. o, (ow) B e« Y G (ne) B, o9 as2)

n n

Q Q Q
where: Ga = T)'S—l‘ Gb = pS]-} G:a - PL{!
sLjP,,=0; 11} P =0 s1] P, =0
o - 21
PP op -0
£ sl

Assuming that the change of fluid density due to pressure variation is
negligible, the time tl, and 1:2 can be evaluated from the following two continuity
equations:

t, + T

: Q,, () dt + ) Q,, Madt = (153)
1 2
t2 1:2+T

,{ Qg ) dt + (f Qg 1) =0 (154)
1 _ 2

With the pressures P s1 and PL 1 known and the flow Qsl and Q&l obtained from
Equations 151 and 152, the system efficiency can be easily computed from Equation 155.
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T
P.@®) Q , (hdt
{ 11 11 (155)

T
é' PG @, ® d

2. The Two-Phase Pulsating System With a Flow Source

When a positive displacement pulsating pump (such as the one in the
miniaturized pulsating hydraulic system) is used, the flow source has sine wave
shape flow pulses as shown in Figure IV-60. ,

Qtl
Qo h m
o 3 T/2 T 37/2 —

it e w— — ——

31/2

o T/2 ‘ T
O\J U

Figure IV-60. Flow Pulses of Flow Source

>t

The switching action of P,[,l from P.pto Pa{, (or from P ay toP_,)
is in phase with the change of Q{,l from positive to negative (or from negative to
positive). The time, t1’ resulting from the phase difference between Qsl and
PL 1 is, therefore, the same as that between Qsl and Q;,l' The analytical
expression of P* 1 can be obtained by replacing tl and t, of Equations 153 and 154

with t, and (t, + T/2), respectively.

By the same method the pressure, Psl’ and flow, Q;Jl’ can be
expressed in functions of the independent variables and other parameters of the

fluid line.
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Pt = Z G, (inw) Q, gtwt Z G, (nw) By, et (156
n=1 n

6 = . jngt Z ' o -  jnwt
Q. ® Z G (inw) Qe N G* (nw) Ty, &4 157)
n=1 n

where: n = +1,%£3, ...

The Qsl and PL 1 phase relationship is shown in Figure IV-61. The
following continuity equation is used to determine the value of ti and t£ .

t.! + T/2 t,!

1 1
Q,, ® dt + f Q,,® d =0 (158)
4 f
Qs ‘

</ -t
-Q, }

ol i
Pog
I
9] L' -
e AT

Figure IV-61. Phase Relationship Between Qsl and P 21
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Again, the over-all system efficiency can be computed from the power ratio as
shown in Equation 155.

J. MINIATURIZED TWO-PHASE P-F HYDRAULIC SYSTEM SETUP

Figure II-4 is the schematic of a two-phase miniaturized P-F pulsating
hydraulic system setup. The hydraulic rectifier is made of four check valves,
each with an undamped natural frequency of 25 ¢cps. No hydraulic transformers
were used in the fluid lines. The purpose of this test setup is to verify analytical
assumptions, and obtain quantative information about the effect of various fluid and
system parameters on the system performance.

Tests were conducted with the following purposes in mind:

(1) To determine the effectiveness of a rectifier constructed with
four check valves. Tests included measurement of flow loss,
pressure loss, the dynamic response, and the stability of the
check valves. -

(2) To evaluate the filter characteristics of the high pressure accumu-
lator. Tests included the measurement of cut-off frequency (for
particular load impedance conditions) and verification of analytical
assumptions,

(3) To determine line losses. The test objectives were to establish
line loss characteristics as a function of pulsating frequency, flow
velocity profile, and fluid viscosity.

Figures II-5, -6 and -7 are photographs of the miniaturized system and
the associated instrumentations. The pump used in the system, which has been
converted from an aircraft tandem actuator, is driven by a 3 HP Varidrive unit
having a speed range between 59 and 590 rpm. The pump stroke can be varied
from zero to one inch by means of an adjustable eccentric drive.

The four ball-seat check valves used to form the rectifier are those used in
the 1000°F hydraulic system investigation conducted under Contract AF33(616)-7454.
The masas of the balls and guides, as well as the spring rites, have been determined
for the purpose of studying the dynamic response of the valves.

The transmission lines from the pump to the rectifier are about 20 feet long.
The fluid used during the test was MIL-H-5606 fluid, During the system efficiency
tests the servovalve and actuator were disconnected from the system. A needle
valve was used as the system load. For each variation of the system parameters
(load orifice area and P-F amplitiude and frequency), the pressure and flow data
were taken after the system had reached the new steady-state conditions.

Although shown separately on the hydraulic schematic, the control valve is an
integral part of the actuator. This actuator, which is identical to that used for the
pulse generator, is connected to a mechanism for simulating asrodynamic and
inertia loads. Connected in parallel to the actuator is a throttling valve, which
1s essentially a variable restrictor, for use at times when it is desirable to
impose a constant load on the system. A
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Two piston-type air-oil accumulators are used in the system, one on the
high pressure side and the other on the low pressure side, The low pressure
accumulator is used for fluid make-up as well as fluid expansion, whereas the
high pressure one serves as a pulsation filter device,

Instrumentation includes six pressure transducers connected to a Brush
recorder as well as a differential pressure transducer connected to a Boonshaft
and Fuchs readout. A magnetic pickup with a Hewlett-Packard digital counter
is used to monitor pump cycling speed. A flowmeter in the return line and a
temperature pickup complete the instrumentation.

K. ANALYTICAL AND EXPERIMENTAL SYSTEM EFFICIENCY OF THE
MINIATURIZED PULSATING HYDRAULIC SYSTEM

Figure IV-62 is the theoretical and experimental resuit of over-all system
efficiency of the miniaturized pulsating hydraulic system. Both fluid lines in the
setup are 20 feet long and 0,187 inch in diameter. The fluid line model shown in
Figure IV-55 and the system efficiency equation (Equation 155) were
used in the theoretical efficiency computation. However, the actual calculation
was done by analog computer, The hydraulic rectifier was assumed to have

negligible friction loss and negligible flow leakage. The experimental efficiency
is defined as the ratio of power output through the needle valve to the power input
to both P-F fluid lines. The difference between the theoretical and experimental
efficiency is believed to be due to the following two reasons:

(1) The friction loss in several "T'" or elbow fittings that were
neglected in the theoretical computation.

{2) The flow leakage through the check valves of the rectifier due
to their low damped natural frequencies (undamped natural
frequency of check valves is approximately 25 cps). The
damped natural frequencies of the check valves are believed
to be much lower than their undamped natural frequencies
due to the uncompensated flow reaction force and the fluid
viscosity.

For the frequency and flow amplitude range tested, no noticeable difference
in system efficiency had been observed for systems under the same load conditions.
The maximum power output obtained from the miniaturized hydraulic system during
test was 0.5 HP.

L. ANALOG COMPUTER PROGRAM FOR SYSTEM DYNAMICS AND EFFICIENCY
STUDY

Because of the limited amount of experimental information that could be
obtained from the analytical computation and the miniaturized pulsating hydraulic
system, an analog computer program was set up to obtain quantitative information.
This information is necessary to optimize system geometry for various power
capacity and load conditions.
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Figure [V-63 is the four-terminal block diagram of the miniaturized pulsating
hydrauiic system., Figures IV-64 to -69 are the analog computer programs for the
system components. Viscosity results were used in the transmission line analog
computer programing.

1t should be pointed out here that the analog computer program represents
a pulsating hydraulic system that has a controlled flow source (as in the miniaturized
system) as its independent input. Comparison of data from the analog computation
and the miniaturized pulsating hydraulic system setup,as shown in Table IVL-1 indicates
that the analog computer program is adequate and that the machine is functioning
correctly.

1. Computer Programing and Operation

The basic system configuration and important variables are shown in
Figure IV-63. The 18(° phase shift block indicates that the lower transmission
line was not included in the computer simulation (due to a limitation in the amount
of equipment required) and its cutputs (pressure and flow) taken as the outputs of
the upper line with a 180° phage shift.

Approximately 40 operational amplifiers, 4 servos, 1 square root
function generator, 35 pots, assorted diodes, capacitors, etc., and a six channel
recorder were required for the problem.

The following outputs were recorded on the six channel recorder;
pump flow and pressure, load flow and high and low pressure accumulator pressures.
The last channel was used for various system checkouts,

2, Computer Map Description

_ The flow generator (Figure IV-64) is the solution of a second-order
equation that has the proper initlal conditions, Some feedback {adjustable to
positive and negative values) was added to take care of any random damping
introduced unintentionally into the circuit.

The load (Figure IV-65) 18 simply an orifice whbse equation
Q= Kc */PI-I -Pq, is solved by a square root function generator.

The hydraulic rectifier (Figurei IV -65) is a diode logic device very
similar to an actual A.C. rectifier, satisfying the proper pressure-flow relation-
ships. ‘

The accumulator circuit model (Figure IV-66) 18 somewhat interesting
in that the requirement for a function generator is removed by the use of a circuit
which utilizes a high gain amplifier., The model is basically an equation of the
form
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-k
AQ = K P

It could have been solved in a conventional manner by raising P to the minus K
power in a function generator, taking the derivative of P and multiplying the

two quantities in a servo. The disadvantage of this technique besides the differenti-
ation (which can be removed by integrating both sides with respect to time) is that

P has a large range so that if P K, is obtained by a function generator it suffers a
loss of accuracy for the larger values of P, The basic computing circuit works in
this manner (refer to Figure IV-66). AQ, which is available, is divided by KlP'Kr

(where P—Kr is assumed). The resulting quantity which is —gtz is then integrated
pp K,
to get P. The output of a high gain amplifier is called 5 - This signal is

fed into a servo being multiplied by P to give PP-Kr. The same signal is also
availablé from the previous mentioned sources and both are summed in the high
bp Xr

5 - This value when integrated gives p %

gain amplifier to produce

Figure IV-67a shows the circuit and equations corresponding to a
lumped parameter transmission line. The block diagram solution of the equations
representing the lumped parameter transmission line (Reference 8) is shown in '
Figure IV-67b. The solution is straightforward except for the use, again, of a
high gain amplifier. Q. is available as an input and it is also available (Ql*) from
the solution of the equations. These two values must be the same so that ~ both
quantities are fed into the high gain amplifier and the only quantity missing that is
needed is Plb so the amplifier output is called Plb and fed back to where it was

assumed. This circuit forces Plb to the value that makes Ql equal to Ql* and

this must then be the proper value of Plb' Figure IV-64 is the complete computer
diagram.

As a general rule, a distributed parameter model of the transmission
line should be used when the line length exceeds one-eighth of the fluid wavelength.

The distributed parameter transmission line block diagram (Figure IV-68)
and computer map (Figure IV-69) is the solution to the partial differentiation equations
which describe the pressure and flow relationships in the transmission line, by means
of time delay operations (References 9 and 10 ), The equations are:

®_ . av
St B 3x
3P _ _ 3V
X P 3t
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where

= fluid pressure
fluid velocity

= fluld bulk modulus

p = fluid mass density

w < "
"

The general form of the solution of either equation is:

P = Fl(t+@x> +F2(t-gx>

where F1 and F2 are arbitrary functions. By proper manipulation and qtﬂizlng
boundary and initial conditions, F1 and F, may be determined, and the time
difference equations shown in Figure IV-68 result.

The time delay T 4 Was approximated by the following second order

transfer function:

2 2

2 L2
dS

T (8) =
10 + 4.7Tds + T

This expression gives a time delay which is valid for an T d product (where g

is the frequency of the highest harmonic of the input) of about 4. Therefore,
since a line length of 150 feet (the maximum length being considered) produces
a 34 millisecond delay, the transfer function would be good to a frequency of
about 19 cycles/second (sinusoids] input). For shorter transmission line lengths
higher frequencies could be used.

3. Computation Results

The table below is a comparison of computer and experimental values
that were obtained from the minlaturized system setup for two separate runs.

Figure IV-70 is a representative steady-state run with typical numerical
values for the system variables. Figure IV-T1 is the analog computation result of
the system efficiency vs various system parameters. It should be pointed out here
that more extensive computation results could have been obtained if it was not
limited by the amount of budget and time available.

The equation of the air loaded accumulator and the mumerical calculation
of system efficlency that were used in the analog computer program are shown in
Appendix B. )
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TABLE IV-3. COMPUTER vs. EXPERIMENTAL DATA

Conditions: Transmission line-length 30 feet, diameter 3/186 inch, frequenéy
7 cycles/sec

Pump Pump Load High Press. Low Press,
Flow Qo, Press. Pia’ Flow QL’ Accum. Press. Accum. Press.
ma/sec psig in3/ sec Py, psig P;, bsig
e e ]

Computer 4.5 1080 2.8 720 405 Run 1
Experimental 4.4 1050 2.77 128 355
Computer 5.6 1075 3.7 672 484}Run 2
Experimental 5.6 1000 3.54 635 455

The data shown in this table are sample figures and are intended to indicate the close
conformity that was achieved between experimental and computer data.
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Figure IV-67. Lumped Parameter Transmission Line Block Diagram
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M. OPTIMUM FREQUENCY SELECTION

The optimum operating frequency for a given system configuration will be
defined as the frequency which results in maximum power efficiency within
reasonable parameter limitations, i.e., the performance of a given amount of
work in a certain time should require a minimum power input.

It must be realized that varying the system frequency affects many parameters.
In general, as the load input and system (pump or alternator, lines, rectifier, and
accumulator) output are more closely matched, the higher is the efficiency. Since
impedances are a function of frequency, it can be seen that conversely the efficiency
is a function of frequency. From the fests on the miniature hydraulic system, a
frequency of 5 cps or more results in a higher efficiency.

Analytically, the efficiency may be computed from
T

1
Tf P,e,l le dt
0
T

1
Tf Pa1 Qsl dt
o

Because of the complex inter-relationships among system parameters, the deter-
mination of optimum frequency is not amenable to a closed form solution. To
determine the optimum frequency it is desirable {0 program the particular problem
on the computer and then vary the frequency, evaluate the efficiency, and choose the
operating frequency which corresponds to the maximum efficiency (within practical
equipment limitations). This operating frequency would then be the so-called
"optimum frequency."

In general, it can be said that for a range of frequency from 5 to 12 cps
(average 8 cps) the effect of frequency variation on the parameters that affect
its selection will be quite small. Where the transmission lines are longer than
two or three feet, the inertia of the fluid which must be accelerated for each
pulsation will be found to be a governing parameter. Since the work of accelerating
the fluid is a function of the square of the velocity and the number of accelerations
of the fluid per second is a function of the frequency, it can be seen that for the
length of transmission line that is found in most applications a low frequency is
dictated. Since (as stated earlier) the undamped natural frequency of the check
valves of the rectifier is in the order of 25 cps and the damped frequency is some-
what lower, a frequency below this range is desirable. Experience has also
indicated that, except where a system is very closely coupled, the natural range
of hydraulic system response is 15 cps or less. Therefore, it is considered that
the desirable average frequency for a pulsating flow hydraulic system will be
approximately 8 cps. Detailed computer analysis may indicate a slightly different
frequency for a specific system, but such an analysis will be extremely complex
unless the pulsating system is very simple. In cases where a system is very
closely coupled and the transmission lines are quite short, higher frequencies
in the order of 100 to 200 cps are desirable.
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SECTION V - MATERIALS

No materials or process work wag accomplished during the course of the
contract. A literature survey of materials usable with liquid metals (such as
NaKg,) at temperatures to 1400°F is presented in Appendix V.
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SECTION VI - CONCLUSIONS AND RECOMMENDA TIONS

A, GENERAL

As a result of the research investigation performed under this contract,
Republic concludes that the construction and operation of a pulsating hydraulic
system is feasible, In some cases, a continuous flow hydraulic system may
be superior to a pulsating hydraulic system in efficiency and weight. However,
as will be indicated below, broad conclusions are valueless when it comes to
designing a hydraulic system for a specific vehicle, For certain applications,
pulsating hydraulic systems will be found to have a definite advantage over con-
tinuous flow hydraulic systems. It is in these areas of application that further
studies are recommended to define the efficient use of pulsating hydraulics.
Moreover, it will be noted that in some of these areas further studies will be
necessary to produce the technology which will make the application of pulsating
hydraulics practicable,

B. APPLICATIONS OF PULSATING HYDRAULICS

To permitf a more precise conclusion as to the applicability of pulsating
hydraulics, it is first desirable to examine those applications where it appears
that pulsating hydraulics will have an advantage over continuous flow hydraulics.
In general, these lie in the areas of fluid separation or isolation, pressure vari-
ation efficiency, and motion or speed synchronization.

1. Fluid Separation or Isolation

The most general application indicating an advantage for pulsating
hydraulics over continuous flow hydraulic lies in the ease of fluid separation by
use of a barrier or transformer unit. This separation of fluids can be utilized
for several purposes, some of which are indicated below.

In a pulsating system, the {ransformer is a very simple barrier unit
with a diaphragm or piston separator that will transmit the energy of the system
into a downstream fluid with only minor attenuation due to the diaphragm spring
rate or the hysteresis of piston friction. Transmission of continuous flow energy
into a different fluid in a barrier unit requires, in addition to the basic barrier
unit piston, position sensors and a means of flow gwitching that will reverse the
flow from one portion of the unit to another. Because of the additional elements,
this results in a component with great functional complexity and hence reduced
reliability.
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The type of system in which fluid separation is often not only desir-
able, but in some cases mandatory, varies considerably. One such case is
isolation of muclear radiation. When a subsystem is required to operate in an
area subject to radiation, fluid separation can be utilized to isolate the radiation
to a portion of the vehicle that is readily shielded. This will carry with it an
additional design advantdge in that materials which are susceptible to nuclear
degradation can be used in the uncontaminated areas.

In cases where vehicle environments are such that a wide range of
ambient temperatures will exist at any given time during the course of a mission,
a greater over-all efficlency of system design and reliability of components can
be achieved by the use of fluids in the various areas that are more compatible.
with the thermal range to be encountered. In some cases of continuous flow systems
design penhalties have been taken in order to utilize a fluid at temperatures in excess
of its level of inception of thermal breakdown. In some of these cases, system
conditioning has been applied by various means in an effort to keep the fluid from
reaching its breakdown temperature.

By-passes and built-in leakage paths (conditioning flow) are supplied
in actuators and valves to prevent fluld breakdown, In such cases, there is always
danger of fluid stagnation in some portion of the over-temperature components;
this may result in local fluid breakdown with attendant coking and other undesirable
glde effecta. The application of the system conditioning also has a very definite
reduction in over-all efficiency, since the conditioning flow represents wasted
power. This wasted power also increases the basic over-all thermal problem of
the system, since it represents energy dissipated in the form of heat. Jacketing
and other means have also been applied to components to maintain the fluid tem-

" perafure within certain limits. This represents not only wasted power for the
flow through the jackets in the conditioning system, but also wasted weight and
lost performance, . se

Attempts have been made to use liquid alkali metals as hydraulic
fluid where the ambient temperatyres are extremely high. However, because
of the extremely poor lubricity and corrosion characteristics of these fluids,
pumping or energy generation is a very serious problem and has necessitated
use of very low efficfency and low power components. With a pulsating system,
-the energy can be generated in a readily pumped fluid and then transmitted
through a barrier unit or transformer to the alkall metal fluid, This permits
11:he liae of high efficiency atrcraft type pumps and the generation of high power

evels. ]

From time to time, various types of system deaigns, have been em-
ployed in an effort to isolate the effecta of battle damage or component failure
and maintain the balance of a system in a functional condition. Among these
means have been the use of 1) open-center systems; 2) a requirement for the
automatic return of directional control valves to a blocked neutral; and 3) the
introduction of quantity and flow-measuring fuses. The first two of these methods
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gave no warning that the system was damaged and that subsequent efforts at
operation would result in the loss of the entire system. The fuses were erratic
in operation; their response to a slow rate of fluid loss was either absent or
highly variable. With a pulsating system, a barrier installation would completely
isolate each subsystem., Damage to the subsystem would merely bottom the bar-
rier, from which a signal could be relayed to the central control to advise of
subsystem failure.

2. Pressure Variation Efficiency

Another application of pulsating hydraulic systems that will prove an
advantage over continuous flows systems stems from the ability to change pres-
sure in the gystem by the use of a transformer, in much the same manner that
an electrical transformer changes the voltage in an alternating current circuit.
By the use of different areas on the input and output sides of the transformer,
the system pressure can be readily increased or decreased. When a reduced
pressure level is required in a continuous flow hydraulic system, a pressure-
reducing valve is normally employed. The energy represented by the difference
between the reduced pressure and the system pressure at the subsystem flow
rate is digsipated in the form of heat. The result is a drastic decrease in system
eificiency. In extreme cases, a heat exchanger may also be necessary to dissi-
pate the heat and prevent system overheating. Pressure increase in a continuous
flow hydraulic system requires the use of a rather complex component and has
seldom been utilized in aerospace system design. With a pulsating system, a
transformer is capable of creating any desired pressure reduction or increase,
with coincident inverse flow~rate variation and without energy loss other than
the hysteréesis of the transformer,

In several current aircraft, the fuel system pumps (engine feed and
intertank transfer) are being driven by hydraulic motors rather than the electric
motors that have heretofore been the conventional drive means. Because of the
variation in the flow rates that are required (particularly in the engine feed pumps),
it has been necessary to take certain penalties in hydraulic system design to ac-
complish this. Republic believes that a more efficient fuel pump drive system
can be accomplished by the use of pulsating hydraulics in lieu of continuous flow
hydraulics.

A typical schematic diagram for a fuel pump drive system which
utilizes pulsating hydraulice is shown in Figure VI-1. In this system an alter-
nator valve converts the continuous flow to pulsating flow. The number of lines
or phases of the pulsating system will be a function of the number of pumps in
the system. Moreover, if it is desired to operate some of the transfer pumps
sequentially, they can receive their power from the same line as is shown with
the upper pair of pumps.

During the maximum flow condition, the motor pumps that feed the
engine (the two lower pumps in the figure) will have the shut-off valve that by-
passes the transformer open so as to apply full system pressure to the motor

159



wasAg a1 dung 19nd  "1-1IA 2ansig

160

IFAWA 0MLINOD
IAVA
Mo1d VYN0 440-1NNHS
] .
R:E\ = 4
c334 NINUOISNYEL—_ |
uz_mzm/ JAWA dNNd
| A0ULNOD 1/
by i N
Sy L e
| r—\LL | =
‘ od - | +
m,:.:u\ \
IKWA
xu...m:«c._,/ HOLVYNYIALY
_ o4 - @
- . L1
\ MIOAN3S3Y
AATVA _I_ JOMANOD
T0NLNOD MO4 | INNTI0A
gind




for maximum torque output. Since this would also apply full system pressure

to the large piston of the volume control unit causing it to overflow, the shut-off
valve in this circuit will be closed. Since the motor-pump units will require
two operating speeds, a dual flow control valve will be used. The high flow por-
tion will be shut off during cruise operations.

The motor-pumps used for transferring fuel from one tank to another
will have only one operating condition and will therefore be fed full system pres-
sure. Since these will be smaller units and, as mentioned above, will in some
cases operate sequentially, it is probable that they can all be connected to a
single line or phase so as to balance the interline power demand.

3. Motion or Speed Synchronization

In aerospace applications it is often desirable to synchronize the
motion of two or more actuating cylinders. Various types of flow dividers have
been tried for this purpose, butnone hags been effective. Specification MIL-H-5440
recognizes this by placing a close restriction on the use of flow dividers.

The alternator valve designed in the course of this project provides
an excellent means of accurate flow division, The number of lines coming from
the valve will be equal to the number of cylinders to be synchronized. Since the
valve will rotate at a fairly constant rate and the variation in rate for a single
rotation will necessarily be negligible, the basic flow volume of each pulse will
be the same, Figure VI-2 shows a schematic diagram of a possible application
of pulsating hydraulics to flow division and actuator synchronization. It will be
noted that each pulsating line requires individual rectification and that the motion
of the actuator (since it is in effect a single-line system) will be rather jerky;
however, for most applications where synchronization is necessary (such as
wing flaps), the jerky motion will not be objectionable since it will be in very
short steps. By the application of pulsating synchronization, cables, push rods,
and other mechanical synchronization devices will be unnecessary, with a con-
siderabie weight saving resulting.

A further application for pulsating hydraulics stems from the appli-
cation of the synchronous hydraulic motor described in Section IIl. Since the
speed of this motor will be a function of the pulsation frequency, a constant rate
rotation can readily be achieved by close frequency control. The pulsation fre-
guency is established by the rate of rotation of the alternator valve, or rather by
the motor element of this component, which controlsthe frequency by its speed.
Because a combined continuous flow/pulsating flow system is powered by a
pressure-compensated variable delivery pump, basically it will be a constant
pressure system with the pressure loading of the alternator valve relatively
constant. The driving force required from the motor will be largely due to valve
friction, which because of constant pressure loadings will also be constant,
Therefore, changes in the load of the synchronous motor will not appreciably
affect the load on the driving device. As a result, a combination of an alternator
valve and a synchronous motor into a single unit will provide a constant speed
drive which is not susceptible to frequency or speed variation as a result of
major load changes.
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C. SUMMARY

The applications that the feasibility study has indicated to be desirable and
efficient stem from two of the basic features or elements of pulsating hydraulics
which are either not found or inconvenient to produce with continuous flow hydraulics.

The first group deals with the pressure transformer or fluid barrier and
energy transmission applications. Some are coupled with extreme temperature
applications and utilization of hydraulics and two or more fluids in a system.
Others are basically concerned with energy transformation and conservation,
which is a feature of the pressure transformation capability. The second general
area deals with the action of creating pulsation and resultant pulse control either
from flow division, pulse rate, or frequency control. In each group it will be
noted that the desirable applications of pulsating hydraulics lie in areas where
continuous flow hydraulics suffer penalties in operation.

Because of the additional components that will be necessary in most pulsating
systems, such a system would appear to be heavier and less efficient than a con-
tinuous flow system. For the specific applications involved, however, pulsating
hydraulics will not only be more reliable and lighter in weight, but also more
~ efficient than continuous flow systems.

- D. ANALYTIC STUDY CONCLUSIONS

1. Comparison of Theoretical and Experimental Results

Figures IV-53 and [V-54a are the theoretical and experimental input
impedances of short and long fluid lines of zero load resistance, respectively.
The theoretical impedance is computed from various simplified fluid line models.
The short and long lines are defined as lines that have lengths less or more than
one-eighth of the pressure wave length. The Iumped resistance, , and the time
for the pressure wave to travel from one end to the other end of line, T , that
were used in the theoretical input impedance calculations were obtained from exper-
iments for the purpose of minimizing the deviation of the theoretical predictions
from the test results. Because of the limitation of the test setup, the average flow
Reynolds number (over the positive pump stroke) of all the tests did not reach or
exceed the critical mumber of 2000. The maximum average flow Reynolds number
during the test was 1700, The maximum pulsating frequency tested was 20 cps.
The test results in Figure IV-53 show that within the pulsating frequency range
tested, Equations 147 and 148 are a better representation of the short P-F fluid
line than a non-viacous fluid line model. Experimental input impedances obtained
from another fluid line, 20 feet long and 0.18 inch inside diameter, for the same
frequency range, confirm the above result.

The test resulis plotted in Figure IV-54a and IV-54b show that for
pulsating frequencies up to 20 rad/sec., the experimental input impedance of the
fluidline that was tested lies between the theoretical input impedances computed
from Equations 139 & 140 and 147 & 148. At low pulsating frequencies, the
length of line is a relatively small fraction of the pressure wave length; and con-
sequently, the fluid moving back and forth in the line behaves more like a2 lumped
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parameter system, rather than a distributed parameter system. The results in
Figures IV-54a and IV-54b also reveal that for frequencies from 20 to 122 rad/sec.,
the experimental input impedance of the long line that was tested falls between the
analytical values obtained from Equations 139, 140 and 143a, 143b. The similar
agreement between the computed and experimental input impedances of the same
line with load resistance, R, = 15 lb-sec/in5, shows that the amplitude of the
reflected pressure wave is extremely small. This indicates that the reflected
pressure wave component existing in the experimental results is negligible.
Figure IV-T1 is the analog computated efficiency and Figure IV-62 is theoretical
and analog computed efficiency of the miniaturized P-F hydraulic system. Both
fluid lines in the setup are 20 feet long and 0.187 inch inside diameter. The fluid
line model shown in Figure IV-47 and the system efficiency equation derived in
this report were used in the theoretical efficiency computation. However, the
actual calculation was done by analog computer. The hydraulic rectifier was
assumed to have negligible friction loss and negligible flow leakage. The
experimental efficiency is defined as the ratio of the power output through the
needle valve to the power input to both P~F fluid lines. The difference between
the theoretical and experimental efficlency is believed to be due to the following:

(1) The friction loss in several tee or elbow fittings that were
neglected in the theoretical computation,

(2) The flow leakage through the check valves of the hydraulic
rectifier due to their low damped natural frequencies. The
damped natural frequencies of the check valves are believed
to be much lower than their undamped natural frequencies
due to the uncompensated flow reaction force and their fluid
viscosity.

For the frequency and flow amplitude range tested, no noticeable
difference in system efficiency had been oberseved for systems under the same
load conditions. The maximum power output obtained from the miniaturized
hydraulic system during test was 0.5 HP.

2. Conclusions

With the frequency range and average flow Reynolds number range
that were tested, the following conclusions can be reached in regard to the P-F
fluid line:

(1) A short P-F fluid line can be represented by a fluid line of
lumped parameters that has its total resistance divided into
halves and concentrated at each end of the line.

(2) A long P-F fluid line can be represented by a fluid line of dis-
tributed inertia and compliance with its total equivalent resis-
tance divided into halves and concentrated at each end of the -
line. The total equivalent resistance is approximately equal
to half of the total lumped resistance of the line,
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Within the pulsating frequency and flow amplitude range investigated,
both the computed and experimental system efficiency show that:

(1) the system efficiency is very sensitive to the system load
impedance;

(2) for the same load impedance, the system efficiency is rather
insensitive to the change of pulsating frequency and flow
amplitude, so long as the average flow Reynolds numher
remains less than 2000.

The above results show that, to determine the optimum system pulsating frequency

and flow amplitude, other parameters, such as the pulsating flow line input impedance,
resonance conditions, number and size of pulsating flow line, etc., rather than the
system efficiency will have to play a decisive role. Analytical and experimental
results indicate that 5 to 12 cps is a practical pulsating frequency range from

practical system design point of view. Low pulsating frequency tends to increase

the ripple filtering problem.

E. RECOMMENDATIONS

Based on the research investigations that Republic has performed in the
course of the contract, it appears to be thoroughly feasible to construct and
operate a pulsating flow hydraulic system. When a pulsating hydraulic system
is used under the conditions which are stated in the conclusions, it will be
superior and preferable to a continuous flow hydraulic system.

Although the miniaturized pulsating system that was constructed produced
very satisfactory results, it should be noted that two of the components that are
basic elements of the desired applications of pulsating principles were not con-
structed but were developed only to the point of layout designs. In order to
determine fully the functional characteristics of the alternator valve and the
transformer-fluid volume control combination it is desirable that representative
components be constructed and tested not only as individual components but in-a
simulated system.

The miniaturized system which was operated under the contract had a very
low power level; although it produced very useful data, it was not representative
of the type of pulsating system that would be used for the more representative type
of pulsating flow hydraulic system application. Therefore, it is recommended
that a higher power level system be constructed and operated at a more repre-
sentative power level which will be indicative of the capabilities of pulsating system
operation. Such a system should contain the alternator and transformer elements
referred to above, so applied as {o indicate their system compatibility. It is felt
that the recommended system operating investigation can be accomplished in a
system as envisioned by the load and rate operating requirements that were listed
in the work statement. Moreover, since these loads and rates of motion are
identical to those employed in the "Investigation of Techniques for 1000°F Hydraulic
Systems, ™ the results obtained in the recommended investigation will be directly
comparable with data already available.
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At the present time the technology of system desigh and operation at temper-
atures in excess of 1000°F has not advanced to a point where it 1s feasible to operate
at high power beyond this limit., Therefore, it is recommended that for the present
a temperature goal of 500°F to 700°F maximum be authorized.

From this operation and investigation of a representative pulsating system
a much more complete evaluation of the feasibility of operation at temperature limits
in excess of 1000°F will be achieved. Moreover, the specific operating characteristics
and functional problems that may arise in the operation of a full-scale system will be
delineated and solutions to the problems will be provided. The work will thus form
a solid basis for future expansion to more critical areas of design, since it will be
based on an area of investigation where there is a considerable store of experience.

It is also recommended that a further study intended to better delineate the
areas of pulsating system usability be undertaken. For this purpose, comparative
studies should be made of typical subsystems that appear to offer some advantage
under pulsation concepts as conirasted with operation under contimious flow con-
cepts. Further, since investigations to date have indicated the definite superiority
of pulsating hydraulics in the area of extreme high temperature applications, it is
recommended that preliminary investigations be undertaken along the lines required
to advance the technology necessary for pulsating system operation under extreme
thermal conditions.
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APPENDIX I - NOMENCLATURE FOR HYDRAULIC PULSATION SYSTEM

Term

Pulsation

Alternator

Pulsation Generator

Transformer

Transformer Ratio

Rectifier Valve

Number of Lines

Line Difference

Cyelic Shift

Positive Fiow

Negative Flow

Fluid Volume
Compensator

Frequency

Definition

A reversing flow wave. The flow rate is considered as
being basically sinusoidal in form.

A component which convertis continuous flow to pulsating
flow,

A component which converts mechanical energy to pul-
sating hydraulic energy.

A component which transforms pulsating pressure and

flow from one amplitude to another. If can also actas a
barrier or separator between two fluids. The pulsating
hydraulic energy is transmitted from one fluid to the other.

The ratio of input to output area,

A component which converts pulsating flow to coniinuous
flow. '

The number of parallel lines in a pulsating transmission

circuit, This term is used rather than '"number of phases™
because the analogy to an AC electrical system is not

complete. For example, in a three-phase electrical system

a potential is measured between two wires of different phases

or between one wire and ground, whereas in pulsating hydraulics
pressure is measured in each line or tube.

The angular cyclic difference between the lines of a pulsat-
ing circuit, This difference is equal to 360° divided by the
number of lines. '

The angular deviation from proper cyclic relationship
between one line and one or more other lines.

Flow in a pulsating line in the normal pressure direction
away from the power source.

Flow in a pulsating line in the normal return direction
toward the power source,

A component that compensaies (either automatically or
through a controlled means) for changes in the volume of
fluid in a closed hydraulic circuit.

The number of complete pulsation cycles in a given time
period. Usually stated as "eycles per second” (cps).
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i

This nomenclature is cumulative; it includes symbols from the First,
Second, and Third Quarterly Progress Report.

A = Area R = Resistance
b = Damping coefficient Re = Real component of a complex number
C =  Capacitance R, =  Distributed hydraulic resistance
Cq = Discharge coefficient
R’ = Lumped hydraulic resistance
= = Sonic velocity :
R Reynolds number
D al%_ y yno
S Laplace operator
E Voltage 8 Hydraulic line leakage per unit
f Force line length
G Conductance Te‘. Wave traveling time through a
‘ line of length ¢
c, w2
g d p U Velocity
I Current v Voltage
K, Compliance (hydraulics) W Valve part width
K Spring constant X Dlspia:iement
K Ratio of specific heat 'XV Spool displacement
r of air Xp Pulsating pump stroke
Ka Amplifier gain Y Admittance
Kc Valve orifice constant Y s Line surge admittance
Km Compliance (mechanics) 2 Impedance
Z Line surge impedance (or
1 Leng‘th of line 8 characteristic impedance)
L Inductance B8 Bulk modulus
M Mass Be Equivalent bulk modulus
m Inertance per unit length B
" of line Y Propagation constant
N Number of coil turns A Increment
P Pressure P Fluid mass denSity
P, Load pressure w Frequency '
¢ Impedance phase angle
P Supply pressure
8 v Volume
Q Flow 3
IX Partial differentiation with
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APPENDIX II - DESIGN CALCULATIONS

A, TORQUE BAR CALCULATION

The twisting of a 7075 ST aluminum alloy torque bar is used to simulate the
aerodynamic hinge moment.

To find the length of bar required, assume a 2, 4-in. square bar of 7075 ST
aluminum alloy. The stress sustained by the bar for the torque induced is given by

Ss - £ 3
0.208h
where
T = torque, in.-lb
h = depth of square bar = 2.4 in.
Ss = ——-19‘—‘?-0—0——3 = 24,400 psi
0.208(2.4)

This stress is well below the yield point; therefore, permanent deformation
will not be a critical parameter.

The length of bar required is calculaied by the formula

L = Bh Eg 8
- T

where

length of bar, in.

numerical factor based on bar cross-section (0.141)
depth of bar, in,

modulus of rigidity of bar, psi

angle of twist in radians

=T
o

<@ 3
()

I
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substituting:

_ {0.141) (2, 41 (3. 9x10 } (0.5623)
670,000

= 136.00 in.

B. INERTIA MASS

To find the weight required to simulate a 5 slug ft2 moment of inertia,
assume 2 lead weight, cylindrical shape, and 1-ft diameter (or 6-in. radius).
Using the formula :

_ Mr2
I = 2
w
h M= ——
where g
I = Wr2
= o
solving for W
W = _;5 (2) (5) (32 2)
(0. 5)
_922.00 _
W = ~0.95 = 1288 1b

For ease of handling, the thickness, L, of each lead disk was made 2 in,
(0.166 ft).

Net volume of each disk = er?"L-th = (7 Rz-hz)

subatituting:

214.56
1728

2[¢s. 14)(6) -(2. 4) Jeuft = 214.56 cuin. = = (0.124 cu ft

Density of lead

Weight per disk

For f{ifteen disks
in series

710 Ib per cu ft
710 x0.124 - 88,04 1b

wo

W 88.04 x 15 = 1320.60 1b

Fifteen 1-ft diameter x 2-in, thick lead disks are sufficient to simulate the
5 slug ft2 moment of inertia.
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C. ACTUATOR

A typical actuator for controlling a typical alleron surface with a hinge
moment and characteristics in accordance with data specified in the Work Statement
is shown in Figure AJI-1. Basic data and dimensions of the actuator are given in
Table AII-1.

TABLE AII-1 - ACTUATOR DATA

Drawing number FS3316024
Type : Balanced piston
Total stroke, in. 4,625
Working stroke, in. 4,825
Bore diameter, in. 3.321
Rod diameter, in. 1.4756
Net area, instroke, in, 2 6.95

Net area, outstroke, in, 2 6.95
Volume, actuator instroke, in. 3 32,14
Volume, actuator outstroke, in.3 - 32.14
Exchange volume ' 0

Time, full stroke (in-out), sec 1.835 sec
Rated flow rate, gpm 4.6
Maximum thrust, 1b (4, 000 psi) 27,800
Surface movement + 30°
Surface rate, deg/sec 32.7
Maximum hinge moment, in.-lb 73,500
Moment arm, average, in. 4.39
Thrust required, 1b 18, 800
Load preasure, net psi 2,367
Actuator hp, load 6.35
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ACTUATOR ASSEMBLY

ROD END BEARING

i

/CHANNEL WELD ASSY {REF)

IDLER LINK

el

\
- BEARING INSTALLATION

CRANK ASSY

CONNECTED TO

TORQUE BAR

Figure All-1. Actuator Test, Bearing Installation .

174




APPENDIX III

DERIVATION OF CHARACTERISTIC EQUATIONS
FOR TRANSMISSION LINE OF DISTRIBUTED PARAMETERS

UNSTEADY, COMPRESSIBLE AND LOW AVERAGE VELOCITY FLOW IN A
' UNIFORM PASSAGE

One Dimensional Flow

Figure AIII-1 shows the control volume of an unsteady, compressible and
viscous flow in a uniform passage. The average velocity is assumed to be small,
and the flow is one dimensional.

CONTROL VOLUME

\\\\\\\\\\\V\AX\\\\\\L
i-—“-vm_l a
V— — v+ L¥ux
1 I ax
] |
| o
P } | P+ S0 4x
i 1 8x
' !
P i : P+apdx
! RdAX | X
[ S
f\\\\\\\\\\\\\‘\\\\\\ﬁT
0 |

Figure AIII-1 Control Volume of Unsteady, Compressible
and One -Dimensional Flow in a Uniform Hydraulic
Line

Continuity equation:

pvAa - [ PVA + ﬂs;ﬂ) dX] = A&X gtg (AII-1)
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Equation of state of liquid:

dp= _P_ gp
Be
where
1. 1
B, B "

Combining Equation AIIf-1 and AITII-2, results in

2V PP =~ . r-14
P 3 3X f;a

\'A
+
LA

(AILI-2)

(AITL-3)

When the velocity is low enough we may neglect the second term on the left side
of Equation AIII-3., The simplified continuity equation is, therefore, obtained.

_alr- = - --—-1— —a_-?_
aX ﬁe ot
or 9 - A
= ~ = DP
. X 8,
where D = L = jw

The momentum equation is:

PA -[ PA+-§-?Adx]-Qthx

X

2
a{ gV A) 2 3
e Y RLE RS -
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= [ szA +
(AIII-5)

f pvdA X
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Carrying Equation AIII-5 out, and again neglecting the terms that have V as a
coefficient, the momentum equation is reduced to

oP _ v
- —— p at +

ar
~%P= -}T(Rh%-pD)Q (AIII-6)
Let ‘;‘—e D and % (Rh+ pD )} be represented by Y and Z, respectively,
Equation AITI-4 and AIII-6 can be rewritten as
-1 -
X YP (AIIL-7)
P
-85 = 2q (AILI-8)

Equations AIII-7 and AIII-8 are the pair of wave equations that describe the wave
propagation in the distributed hydraulic line. '

. Differentiating Equations AIINI-7 and AIIl-8 with respect {0 X and substituting
Equation AIII-7 and AIII-8 into the proper terms of the differentiated equations, the

following pair of equations can be obtained.

2

jx—g - 2P =0 (AILI-9)
d%q 2

dxz -y Q =0 (AIII"'].O)
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where vy, propagation constant = ../ ZY
The proper solution form of Equation AIII-9 is

P=c "™ + g X | (AII-11)

Differentiating AIll-11 with respect to X

dpP ¥X

= - 017’3 vX

- C,ve = ~ZQ (AIIT-12)

Therefore, the solution of Equation AIII-10 must be in the following form

- yX -yX
Q = Cl% e + 02 .%- e .
or
e G X s+, X (AIT-13)
z, zZ,

where: ZB, hydraulic line surge impedance = /%

Letting X = 0, Equation AIII-13 reduces to the following expression which is the
instantaneous pressure at the section X = 0 on the hydraulic line

P = f::1 + C, _ (AIII-14)

It should be noticed from the above expressions that the quantities Cl and C, are

constant with respect to X but vary harmonically with respect to time. Therefore
the terms C, and C, may be of the following form
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. p. Jut
01 P1 e

and
p, o (AIII-15)

9]
"

Substituting AIIl-15 into Equation AIlI-14, Equation AIH-14 becomes

P = P1 ej‘""t + P2 ejwt atX = 0 (AI-16)

Substituting Equation AIII-16 into AHOI-11 and ATII-13 results

P= Plej“"t e”X 4 P, eIt oY (AIL-17)

and -P P
Q=57 oW X 4 2t X (AITI-18)

8 8

Let us consider the wave traveling in the positive X direction only. The surge
{or characteristic) impedance of the line 1a obtained by taking the ratio of the
pressure and flow rate.

P_fz _ 1
8- @~VY ¥ (AII-19)

The phase velocity of the traveling wave is

— (3]

~ which is the sonic velocity of the fluid in the line. This velocity may be affected
both by the line wall rigidity and the amount of air dissolved in the fluid.

Let us consider a line of surge impedance, Z g which is terminated
at a load impedance, Z L as shown in Figure Amm-2.°
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X=X X=0
Figure AIll-2. Terminated Transmission Line

Qi and f’i are the incident flow and pressure wave. ‘Qr and ﬁr are the reflected
flow and pressure wave. They are complex functions of position. The resultant
flow and pressure wave are the sum of the incident and reflected components

+ P (AIII-20)

I‘-‘=P1 r

o
i

Q +Q (AIII-21)
s _ X
where F, = P, e
P = Pre""’X+ 1<
Q = Ql e‘YX"jG
Q =Q_e='7x+j(C'5)
r

{ is phase shift at load
8 is phase difference between the pressure and flow

At the load (X = 0)
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QI‘ a Ql‘ jc e
= - g °© = P
Qi i q
where Bp = reflection coefficient of pressure wave
Bq . = reflection coefficient of flow wave

1t follows that

P=pP (e'yX + B e Y% )
and 6=Qi e-jﬂ'(eyx + 3 e—}’X)

By the definition of characteristic impedance we have the following
relationship

P P P P
7 = _nQi - _él S Eil: el® (ATII-24)
i i Q r
T
At the load _
z = X (AITI-25)
tQ
Substituting Equation AIIT-24 and AIIT-25 into Equation AITI-21 we have
5 P T P . P
L; = ?i . _r = i r (AIII-26)
£ 8 Zs ZS
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Substituting P by Equation AIII-20 we have

P+ Py - PP - B
Zy Zo
“ﬁr
Solving for ——  ylelds
‘ P
i
P Z, - Z
r i 8 =
- = Z, - Z = pp ' (AII-27)
P 1 8

By a similar method we can obtain

Z -ZB

ool
i
1

7, T B (AIIL-28)

(AITT-29)

Substituting the appropriate equations into Equation Alll-29, the impedance of a
line with linear friction loss is obtained as

Z, + Z, tanh ¥X
Zy = Z -
X 8 \ Zg 7 Z; tamh VX

. (AIII-30)

For a frictionless line ( ¥ has imaginary part only) Equation AIII-30 reduces to

W
X 8 e
2!B + i Z-L tan : X

(AIII-31)
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APPENDIX IV - EQUATION DEVELOPMENT

1.  Ailr Loaded Accumulator - Equation Development

(AIV-1)

(AIV~2)

PV
P Bl P
r Fy
Q, — Q
Basic pver = p, v,
. - N T ' dp
Edquations: Qz = Q1 Kr ( P ) 3t
where Pi = initial aceumulator pressure
V1 = initial accumulator air volume
C
Kr = EP_ (ratio of specific heats, isentropic process)
v
1

S R T{L
Vo=l —1 = p, Br
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2, Power Input
The system efficlency 7 was computed by use of the equation

(PH N PL) QL== power output _
«FQ- power lnput

where PQ = %I, f PQ dt

Due to the irregular waveform of P a numerical technique waa used to evaluate
the integral. See below:

qﬂ
n| Y
Q
po
| lcl
P
~ b ot
T
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APPENDIX V - MATERIALS FOR USE AT 1400°F

As presently designed, the hydraulic system will probably use a fluid such
as a mixed polyphenyl ether for operation fo 700°F. Since Republic had previous
experience with this fluid during developmental work on its 1000°F hydraulic
system (Contract AF33(616)-7454), this knowledge will be applied in the selection
of materials for use in the 700°F zone.

For operation to 1400°F, the most suitable fluids appear to be the liquid
metals, with NaK, . (sodium-potassium eutectic) receiving primary consideration.
The use of liquid metals will have an effect on the containment materials with
respect to corrosion, erosion, deterioration of mechanical properties, and sliding
and bearing properties,

'A number of materials that are compatible with NaKq» for operation at
1400°F are shown in Table AV-1. The austenitic stainless steels as well as the
cobalt-base and nickel-base alloys are among those materials with good corrosion
resistance, The refractory metals, including columbium, molybdenum, tantalum,
tungsten, and chromium are recommended for use in NaKg, to 1680°F.

. There are many factors which affect liquid metal corrosion, among which
are the following:

(1) Teniﬁerature

(2) Temperature gradient

(3) Cyclic temperature fluctuation

{4) Surface area-to-volume ratio

(5) Purity of liquid metal

(6) Flow velocity or Reynolds number

(7)  Surface condition of containment material

{(8) The number of materials in contact with the same liguid metal

(9) Condition of the material (the presence of a grain boundary
precipitate, the presence of a second phase, the state of stress
of the material, and the grain size)

Liquid metal attack may take place by several fairly common mechanisms.
One is a relatively uniform solution attack on the solid surface by the liquid
corrodent. Another common method of attack is direct alloying, the interaction
between liquid and solid to form surface films or typical layers of intermetallic
compounds and solid solutions. These films may form a loosely adherent scale
or, if held tightly, may serve as a barrier to slow down additional diffusion,
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TABLE AV-l. MATERIALS COMPATIBILITY WITH LIQUID NaKqq

FERROQUS METALS

Ferritic Stainless Steels 400 Series
Austentic Stainless Steeis 300 Series
Low Carbon 8ilicon Steels (w/wa Mo)
Low Iron High Nickel Inconels
Low Carbon Steels 1020, 1010, etc.
Pure Iron

NON-FERROUS METALS

Cobalt & High Cobalt Alloys (Stellitea)
Beryllium

Nickel, Copper and their Alloys
Titanium and Vanadium
Chromium
Zirconium

REFRACTORY METALS
Molybdenum
Columbium
Tantalum
Tungsten

OTHER METALS '
Brazing Metala Ni-Mn, Ni-Mo, Ni-P
Silver Brazing Alloys
Noble Metal Brazing Alloys
Tin, Zinc, Cadmium and Lead
Aluminum & Aluminum Alloys

CERAMIC MATERIALS
Aluminum Oxide
Beryllium Oxide

Glasses

Graphite (Mono-Metal Syatem)

1 2 3 4 5 6 7 8B 9 10111213 141516 17 1819 20

Temperature, °F in hundreds
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Selective reaction of the liquid metal with minor constituents of the solid may
result in intergranular penetration or in the depletion of a dissolved component of a
solid. Selective grain-boundary attack can drastically alter the physical properties
of a material without appreciably changing its weight or appearance. This type of
attack is often accelerated by the application of stress to the solid during exposure
to the liquid metal. Particular care will be exercised in designing any part which
will be subjected to stresses; a minimum of stress parts will be used.

Attack also results from corrosion by contaminants rather than by the liquid
itself, Such contaminants may include oxygen, nitrogen, or carbon, dissolved in
the liquid or present as part of a compound in suspension. For example, in oxygen-
contaminated systems, the container metal may become coated with a layer of its
own oxide if its oxide is more stable than the oxide formed by the liquid metal. The
oxide layer, as with alloy layers, is sometimes tenacious and adherent. Hence,
the layer acts as a diffusion barrier, thereby inhibiting further attack, On the
other hand, the oxide layer may be non-adherent, in which case drastic weight loss
ensues, especially under dynamic conditions. There remains the possibility that
a film, once formed, can be removed by the fluxing action of other oxides.

One of the major problems inherent in the use of NaKyq is the formation of
potassium and sodium oxides. The most harmful effects of this oxide contamin-
ation are increased corrositivity and cold zone precipitation. The precipitation
on close-fitting parts is of primary concern; of almost equal concern is the fact
that in a flowing system the oxides may accumulate in a cold zone and plug the
system. This will be avoided by keeping NaKy; flow out of cooler areas (< 700°F).

One of the most serious manifestations of liquid metal behavior (in which
actual corrosion plays only a small part) is diffusion bonding or welding of solid
metal surfaces to each other. Such self-welding takes place when contact with
an alkali metal occurs and is intensified if the metals are held together under
pressure. This effect becomes increasingly serious with increasing temperature.

Of particular interest in most liquid metal systems 18 a type of mass-t{ransport,
thermal-gradient transfer. This transfer is a result of the coexistence of 2 temper-
ature differential and an appreciable thermal coefficient of solubility. Even though
the actual solubility may be low, large amounts of a solid component may be dis-
solved from the zone of higher solubility and precipitated in the zone of lower
solubility. This continued removal of the dissolved component from the system
accelerates corrosion attack in some areas, eventually causing plugging of flow
channels. Certain impurities, especially oxygen, may accelerate solution and the
thermal-gradient transfer effect. .

The selection of materials for the seal surfaces and bearings will be of
major imporiance. Bearings which use hydrodynamic films for lubrication will
be carefully designed in view of the exceptionally low viscosities of the liquid
metals. Normally, oil lubricants form strong adherent surface films which reduce
metal-to-metal contact or remove it entirely, However, with few exceptions,
liquid metals tend to promote metal-to-metal contact by reacting with and dis-
solving protective surface films.
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Data on the bearing properties of metals in NaK;~ is very limited. Com-
patibility tests have been performed on a variety of materials at 350°F, using a
fixed specimen bearing against a rotating sleeve. Material pairs showing the
best wear properties include a fungsten carbide-cobalt cermet, a 6-6-2 high
strength tool steel, white cast iron, and 17-4PH stainless steel against the
tungseten carbide-cobalt cermet (carboloy 779). Austenitic and ferritic stainless
steels, low-carbon steel, cobalt-base alloys, and a copper alloy showed poor
compatibility in NaK,r. Bearing-material compatibility teats in NaKnq at tem-
peratures to 950°F have been performed with the following results:

(1) Chromium carbide cermets are unsatisfactory bearing materials.

(2) Porous tungsten carbide cermets gave excellent results and are
considered the best for oactllating bearing materials.

(3) A combination of titanium carbide cermet against tungsten carbide
cermet has excellent compatibility characteristics and low coeffi-~
clents of friction,

(4) The lower the percentage of cobalt in the tungsten carbide cermet,
the less is the tendency for superficial damage. This is attributed
to the increase in hardness and finer grain structure, the latter
being considered more important.

(5) There 18 less tendency for surface damage to titanium carbide
cermets if they do not contain a solid-solution type of carbide,

(8) Titanium carbide cermets tested with similar cermets tend to have
less superficial surface damage when tested at temperatures below
850°F.

(7) Cermets with equivalent compositions tend to have similar com-
paiibility characteristics.

(8) The compatibility of nickel-bonded cermets compares favorably
with the compatibility characteristics of cobalt-bonded cermets,

{(9) Metal-cermet and cermet-cermet combinations have fractional
compatibility characteristics which are directly proportional to
temperature. -

(10) Copper and some copper alloys are most compatible with chromium
or cermets at temperatures up to 800°F,

(11) Nickel and nickel alloys, with the possible exception of Colmonoy 6,
do not have good compatibility characteristics at high temperatures.

(12) The chromium-tungsten-cobalt alloys showed fair compatibility

characteristics at 600°F; however, above this temperature per-
formance was poor,
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(13) Iron-base alloys are also unsatisfactory at temperatures above 600°F,

(14) Surface-treated materials behaved according to their substrate
materials,

(15) Surface finish is suspected to be an important factor in the com~
patibility of low-ghear-atrength materials which do not weid readily
to the complementary material.
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APPENDIX VI - MAJOR EQUATIONS FOR ANALYTIC STUDIES

Of the equationa shown in Section IV, the following are those that are of
greater importance for analytic studies of pulsating hydraulic systems:

Equation
:‘: } Non-viscous line of iumped parameters with flow input.
50
51 } Non-viscous line of lumped parameters with pressure input.
-
52
53 ) Viscous line of lumped parameters with flow mource.
54 |
P
5b
56 % © Viscous line of lumped parameters with pressure source.
57
7 Distributed Parameters
62 Characteristic Impedance of viscous line, general.
63 Input impedance at distance X.
67 Characteristic impedance of viscous line, low flow velocity.
68 _ Characteristic impedance of non-viscous line, flow velocity.
72 Propagation constant of viscous line,
73 Propagation constant of non-viscous line.
75 Input impedance of viscous line.
7 Input impedance of non-viscous line.
B8
90 Line resonance conditions.
91
138 Flow filtering effect, pressure variation ratio to accumulator

pressure.
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Equation

141a
141b

143a
143b
144
146

147
148

151
152

163
154

155

156
1567

158

)
)
)
)
3

Line input impedance, lumped resistance at ends.

Non-viscous line input impedance (distributed parameters).

Viscous line input impedance (lumped parameters).
Input and output pressure-flow of line (pressure source).

Continuity Equation (pressure source).

System Efficiency.

Input and output pressure-flow of line (flow source).

Continuity Equation, flow source.
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