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1.0 SUMMARY

This report describes the design, development, fabrication and
testing of a prototype nydraulic Transformer, Hydro-Aire Model
No. 05-055, performed in fulfillment of the requirements of
Contract No., NAS 8-5264 for NASA Marshall Space Flight Center.
The Hydraulic Transformer described is designed to pump hydraulic
0il at a flow of 100 GPM with a pressure rise of 4000 psi, and
does this work by utilizing as a power source the flow of RP-1

rocket fuel at a pressure of 1900 psig.

I'he iiydraulic Transformer is described in detail with individual
descriptions and illustrations of the unit components. The

principle of operation is described and illustrated.

A performance analysis is presented with a mathematical evaluation
of the component operating parameters. The development history
records the steps in reaching satisfactory component operation

Vo= S e Y A T R T S 1 TP
leading to fabrication of ti
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i pil'v

The performance test results of the prototype Hydraulic Transformer
confirm the general feasibility of the design and the principle
of operation. tilowever, the housings of both units of the

tlydraulic Transformer were cracked during testing due to a
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i weakness of the housing as well as excessive pressure surges
originating in the test facility. Performance curves are given

of the iiydraulic Transformer operation. /
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2.0 IWTRODUCTION

The Hydro-Aire hydraulic ‘iransformer, Part Number 05-055, was
developed under WASA Contract hNo. HAS 8-5264 to satisfy the
requirements of NASA Specification M-P&VL-PLB (Revision A),
dated September 13, 1962. This report describes the design,
development, fabrication, and testing of the prototype Hydraulic

Transformer,

The specification requirements, initially related to the Saturn
5-1C Vehicle, call for a pump with a variable capacity of zero

to 100 GPM of hydraulic oil at a rated pressure of 4000 psi. The

" power to accomplish this work is to be derived from the RP-1 rocket

fuel at a pressure of 1300 psig. One conventional approach to this
problem would be to design a fuel-driven motor coupled to a
nydraulic pump. Due to the large flows and high pressures
involved, such an approach would necessarily result in a sizable

nuni1t+ A~ §
AT R 7 4

Instead of this conventional approach, a decision was made to
design a hydraulic transformer, or intensifier, which combines
the functions of hydraulic motor and pump in a single unit.
Basically, the hydraulic transformer consists of a series of

free pistons moving in individual cylinders under the influence
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of the pressure of each fluid, the rocket fuel and the hydraulic
oil, acting on opposite ends of the pistons. The fact that each
piston has a larger fuel side area than oil side area accounts

for the intensification of pressure of the hydraulic oil, which

is pumped by the lower pressure fuel.

The advantages of the hydraulic transformer over a conventional
motor-pump combination include more than a saving in weight,

The relatively small number of moving parts reduces friction
losses, and thus improves efficiency. The free piston construc-
tion means that pumping losses are reduced in proportion to the

. capacity, and thus éfficiency drops relatively little at reduced
flows. The hydraulic transformer is designed to give output
characteristics of a pressure compensated variable displacement
pump, producing flow from zero to rated output at a nearily
constant output pressure and constant efficiency. The performance

analysis presented in Section 5.0 shows how the characteristics

of a free piston unit are adapted to this desired output.

The design of the hydraulic Transformer went through a number
of stages before arriving at the final configuration. These
stages of development were recorded in the progress reports for

the program, and are summarized in this report. The final
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design of the present liydraulic Transformer configuration is
shown in Hydro-Aire Layout Drawing L05-054, and a photograph
of the prototype unit is shown in Figure 2-1, Other photographs

of individual parts are also presented further in the report.

The two prototype units built for this program were not tested
at full rated conditions due to fracture of the housings
during the test program. lowever, sufficient tests were run
to verify general performance characteristics. The tests
were run at lower than rated pressure levels due to initial
difficulties witn the test equipment, and the fracture of the
. housings occurred before the anticipated tests at full
performance. lNevertheless, the principle of operation was
verified and the trend of results indicates that the required

full performance can be achieved with this design.

312-18
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PART NO. 05=0595 NEG.NO.

DESCRIPTION
NAME — Prototype Hydraulic Transformer

Figure 2-1
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3.0 JLoCELPTION OF Uy

ihe requirements of LALA Lpecification U-FEVi-PLs call for a

pump with a variable capacity of zeroc to 10y Oril of hydraulic

01l at a rateu pressure of 4900 psi. The power to accomplish

5
Liils wors 1s to be derived! iron tne -1 rocket fuel at a
nominal pressure of 1uid psiy. Basically, tne hydraulic C3

transforncr consists of a series of free pistonc moving in

o]

rt
e

individual cysinders under the influcnce of e pressure of

each fluiy, tne rccket fuel and tne nyaraulic cil, acting on

opprsite ends of tne pistons, as 1llustrated in Tipgure 3-1,

. Tine fact that cacn plston nhas a larger fuel siue area than

BN S S

oll slde area accounts for the intensification of pressure

of the bhsdraulic o1l, wnich 1s pumped Ly tne 1ower pressure
- Y : P ¥ b

§ ro

fuel, 7The nydraulic transformer exnibits output characteristics
©f a pressure compensated variaocle displacement pump, producing

¢ nearlv constant output

~t

fliow from zero to rated output 4

. ressure, N
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3.1

A

to ald in understancing tne functicnal descri;tion., The -

cperation of tie nydrauilc transforrer 1s as follows:

a)

<)

d)

scnematic o!f tne hydraulls transtormer is shown in Tigure 3-2
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fuel at 1990 psiy enters tne tuael inlet port. A small

amount of fuel flows through 4 passage *o 4 hydraulic motor B
.
anc ,rovides tne :lulc power for tue nyaraulic motor to s

turn the rotary valve. 7Tihe buin of tre tuel fiows through

tiie rotary valve,

The rotary wvalve Cireots ftie fuel, i proyer sequence, to

[

the end surface o a set of free¢ acling pilstons,

glutons are driven Ly tue fuael pressure, acting on the
ldel-side pision dred, and “Lus pressurize ay<raulic oil
mXpGord Lo Lhe Uid.ierl drea at the oil-siue end of the

viston.,  Wudio 1o thne pressure intensliiier action.

foercea cut o under o vossure of wiodl Lol tirouyn a check

va.ve, At toe endd of T recsurising sirvore, the cll check
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shen tho pioton thrdst ctircke 1s completed, the rotary valve
Suppliles nlyn presoure fuei to a vid,cint area of the riston,

IS

forclng tae pi.ton o retirn and exhnausting the fuel in the

;

rear [ucl-clde caarver throu,n the discnarye ports of the

rotary valve,

-+
~

CUritig tne return siroke of the plston, a new guantity of
nydrauiic oilocaters toe oil Drecsurising charler from the
£

luowing thnvoayh anho inlet check valve

whilch 2loses wihiwl The return stroxe (s completed,

#)  The hydraaiic transtiorm:r nas 17 picstons which perform the
operatlons davove in a seguience determined by the timing of
tne rotary valve, whicn 1n turn must rotate at the correct

e ]
Lpeed to aillow for thne dvinamic response of the pistons and
Y : i P
tae olli chech vaives, A speed controller, on the motor which
4 ’

urives tac rotary valve,assures proper rotaticnal speed,
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3.2 poriccnedice Lharacterictices

ine pretotype dnits Luilt for tnls progran were not tested

at full rated vonnitiong, due to ‘racture of the housings

auring tne test yrugrain.  aowever, safficient tests were run

w

to verify general performance charvacterictics.  tlsure 3-3

snows tae recuits of cne ferfornance run,  1ests vere run at

lower thdn rated pressure levels due to initial diifficulties

witl, the test equipnent, anu the fracture of the housings
occurred bLefore tie antlicipated tests at full performance.
Lievertieless, the principle of operavion war verified, and
the trend of the results incicates that the required
performance can be achi2ved. Uhe perlornahce tests are

Glscussed in greater uetaill in cect.on t..0.
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3.3 Description of Components

Much of the development work on the Hydraulic Transformer was
done using test fixtures which allowed testing of individual
components. 7The bulk of the development work was concentrated
on two components: The fuel rotary valve and the pistons.,

The hydraulic motor and the check valves, on the other hand,
required relatively little development effort. A complete parts
array is shown in Figure 3-4,

3.3.1 Rotary Vaive and Sleeve

’ The rotary valve for the fuel flow required considerable develop-
ment work because of the numerous factors involved in its design
and fabrication. As this valve must handle a fuel flow of up to
260 GPM with minimum power losses, a compromise must be established
between the torque required to rotate it and the leakage flow

. R
narvrmiccihla
rv‘. Al P A e A e N B

Sever
rotary valve design was selected as the most promising for
development, A detailed aiscussion of rotary valve performance

1s presented in Section 5.2,

Several rotary valve configurations were tested to arrive at a
design having low pressure drop and balanced pressure forces.

The valve was also stiffened to give better rigidity and less
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deformation in operation., With these improvements, the valve
could be operated with very small running clearances betﬁecﬁ the
valve body and the surrounding ported sleeve, thus minimizing
leakage flow. The rotary valve is shown in Figure 3-5 and

the main sleeve in Figure 3-6,

Another feature of the rotary valve requiring development work
was choice of valve bearings. Initially, journal bearings were
tried, but the resulting starting torque was too great for the
hydraulic drive motor. A change was made to needle bearings and

-

finally to ball bearings.
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NAME Complete Parts Array of

Hydraulic Transformer

Figure 3=U
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PART NO,_Y05=055620
NAME Rotary Fuel Valve

NEG.NO.

DESCRIPTION

Figure 3-5
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PART NO,_20o=056¢ NEG.NO. DESCRIPTION
NAME Main Sleeve for fuel
ribution

Figure 3-8
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3.3.2 Pistons, Sleeves and Dashpots

The pistons are the components of the Hydraulic Transformer which
perform the pumping operation and the pressure intensification
function. Requirements are that they be low in mass, to give.
fast action, yet strong enough to resist the considerable pressure
forces. An analysis of piston action is presented in detail in

Section 5.1,

In the course of the development work on the piston assembly,
several alternative designs were studied. The original design
had springs to return the pistons after the power stroke though

‘ this spring design was dropped after consideration of some

.
Arnhavant Aocian nin
MDA A S = R0 AR I 904
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springs. Therefore, it was decided to use hydraulic instead of
mechanical power to return the pistons. Return action is
accomplished by allowing high pressure fuel to enter a cavity
in the middle of the piston assembly at the completion of the

power stroke, which causes the piston to be returned.,

ilowever, this design required that three sealing surfaces be
used per piston assembly, which presented some fabrication

problems. It was finally found that based upon the use of a
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new precision grinding machine, tne piston-plunger could be
manufactured in one piece and still maintain the necessary
diametrical clearances., Sealing is accomplished at the ends

with piston rings. A piston and sleeve are shown in Figure 3-7,

The design of tne piston assembly also raised some problems, The
pistons travel at a considerable velocity and must be decelerated
and stopped in a very short distance at the end of the stroke,
The solution was rather straightforward for the oil pumping
stroke, using the closed end of the cylinder as a dashpot.
However, at the fuel end for the return stroke, a dashpot

. could not be constructed at the end of the cylinder bore.
Instead, it was necessary to make the dashpot within the end
of the piston, matching a mating projection at the end of the

cylinder. A piston fuel dashpot is shown in Figure 3-8.

312-18
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DESCRIPTION

NAME __Piston and Piston Sleeve

Figure 3-7
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PART NO._Y05-055613 NEG.NO.

DESCRIPTION

NAME Piston Fuel Side Dashpot

Figure 3-8
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3,3.3 0il Siagde Check Valves

The inlet and discharge hydraulic oil check valves required
relatively little development work as the final prototype designs
proved very satisfactory in performance. The main feature of
check valve operation is that their time of operation must be

short, coinciding with the period that the pistons are at rest

at the end of a stroke, so that the pistons will not waste power
by discharging through the inlet port or pumping from the

discharge port.

An analysis of check valve operation is presented in Section

' 5.3. Photographs of the check valves are shown in Figure 3-9
and Fignre 3210, Hatn check wvalveec operated caticfactorily
in the hydraulic Transformer, but the discharge check valve body
had to be made of steel rather than aluminum, as in the original
prototype, and the valve seat was made longer in order to provide

greater rigidity in the housing installation.
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DESCRIPTION
NAME __Hydraulic 0il Inlet Check Valve

PART NO. ¥05-055628 NEG.NO.

Figure 3-9
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PART NO._Y05-055633 NEG.NO.

DESCRIPTION

NAME hydraulic Oil Discharge

Check Valve

Figure 3-10
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3.3.4 fiyuraulic Hotor urive

The hydraulic motor used for the rotary valve drive is a
standard hydraulic motor weslign, whicn in this case is powered
with the &b'-1 rocket tuel, oluce it wasn't kuown if the use

O rocket tuel would adversely affect mector perfornance life,

a ZUd-hour enduraice test was ruai. (he motor completed the

test successiully witiout damage cr any unusual signs of wear,

m

A pdarts arrda, of Tthe kotor 15 shown 1n flyare 3-41,

F

Tiie motor specd control is shown in Picure $-12, ‘the speed

control i3 moudnted in ine metor discharge passage within the

‘ nydraullc transiorier touving, and reguiates flulc low to

; N T IR X K
prevent moteor speed fron excewudiny 1dde niil,
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PART NO. Y 05-055650 NEG.NO.

OESCRIPTION

NAME __Hhyd i ¥ :
Valve Lrive

Figure 3-11
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Figure 3-12
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3.5, ain o Lousing Assenliy

The 'nain housing ¢f tae fLhydraulic trenstorser is a complicated

part Involving a yr-at seal of nachining, ac ray Le seen in !
Flgures 3-i4 and I-ib, ne porits on tue oll sige of the unit

dare in the o1l side enu cap Shown in Vigure s-10, thne discnarge

Leing in tne center, lne fuel sice purts are 500Wn in

Figure 3-it, with the inlet at the top of tie fuel caj.

The housiag proveu o Le g weak puint 1L the ayuraullce trans-
lormer design,  Uhe ouslig material was aluminum to avold
exCesusive welght, and thcw slze was nell a3 CONpact a5 pOoSGiulie
' partly ¢ dccommocate tue davalialle pilict cizes, As a result,
severdl passa;pe Wiils werde oaite narrow, anel thin cendition
was Imaue Ccriticdai due to tae fact that a nurber 3f undercuts

in flow jpassages were nacnined with tou-siar, corners, ouring

Testing, Cracuas Oriplnzted at these Shor;, corners and propag

>

ated
througn the passdge walis.  Tilher difticuities arose cue Lo

The lack of stiitness of thwe Lo2Ling and the fuel cap, causing
binding o internal parts. Lavse prouliens are discusséa in

L

vecticvn L.U in greater wetail,
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PART NO._Y05-055b1 NEG.NO.

DESCRIPTION

NAME 911 Side of hydrgullc
Iransformer lhiousing

Figure 3-13
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DESCRIPTION

PART NO._¥05-055610 NEG.NO.

NAME fuel Side of Hyd?aullc
Jransrormer :(ousing

Figure 3-1b4
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PART NO.___105-055515  NEG.NO. DESCRIPTION
NAME 0il 8ide End Cap
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PART NO. Y05-05¢ NEG.NO. DESCRIPTION

NAME __Fuel Sidc Inlet § Outlet Ports
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4.0 DLVLLOPMLN{ HISTORY

The following account of the development history of the Hydraulic
Transformer is derived and summarized from tne monthly progress
reports submitted during the course of the contract. NASA
Contract jto. NAS 8-5264 was instituted 28 February 1963, for

the design, development and manufacture of two prototype Hydraulic
Transformers to meet the requirements of WASA Specification
M-P&EVE-PLp (Revision A). ‘lesting of a prototype unit was
concluded in January 1965, and negotiations undertaken to conclude
the contract, The uevelopment nistory of the unit is discussed

in several phases as given pelow.

bl Analysis and Design

The initial period of the development progran was devoted to
analysis of the nydraulic Transformer requirements and design

of a prototype unit. In conjunction with design of tne main unit
was a parallel program to design fixtures to test individual
components. 1inus, if changes were necessary in individual com-
ponent design, they could be accomplished early enough in the

program to avold extensive rework of the prototype unit hardware.
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The main components which were tested individually were the
hydraulic motor, the rotary valve, the pistons, and the check
valves, A number of unforeseen problems did cause problems in
component design, which occasioned considerable delay in the
program. This delay eventually made it necessary to negotiate

an overrun contract to extend the time of the program,

Initial efforts were also directed toward definition of the
requirements of the test equipment needed for the final prototype
unit, Due to the rather exceptional magnitude of the flows and
pressures involved, there was considerable difficulty in finding
suitable equipment, Test equipment specifications were written

and procurement of equipment was started early in the program.

.2 Component Design and Development

The design of indiv;dual components was developed by performance
tests using individual test fixtures anq'a special test facility.
This test facility was built early in the program, and was
necegsarily of only small capacity, It was not possible to
simultaneously test with both high flow and high pressure. One
pump was available for low flows at high pressure, and one pump
supplied high flow at low pressure. Instrumentation was available

to check all the significant operating parameters.,

312-18
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Development testing of the hydraulic motor was undertaken.first,
since it was planned to use an existing unit with slight
modifications. Then, the rotary valve had to be developed to
servo as the fuel supply regulation for the piston testing.

The pistons and check valves had to be tested together, since

their dynamic operation is interrelated.

4.2.1 Hydraulic Motor Tests

The hydraulic motor used to drive the rotary valve is a slightly
modified version of the standard liydro-Aire 68-193 motor. The
selection of this motor was made on the basis of the estimated
‘ driving torque required for the rotary valve at the required

rotational speed selectea, 1800 RPM. The only concern was whether
the motor would run satisfactorily with RP-1 rocket fuel for the
required 200 hours. DJDue to the power lubricating properties of
fuel as compared to oil, it was not known whether the wear of

the parts would be excessive.

A 200-hour endurance test was run with the hydraulic motor using
RP-1 fuel. The motor was recalibrated at the conclusion of the
test, with no apparent loss in performance. After calibration,
the motor was disassembled and inspected, and no significant signs
of wear were observed., A photograph of the test motor is shown

in Figure u4-1.
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b,2.2 Rotary Valve Development

A rotary valve test fixture was designed to secure rotary valve

performance characteristics, including the following:

a) Torque, both starting and running
b) Rotational speed

c) Pressure drop

d) Leakage flow

e) Thrust

This fixture, shown in Figure 4-2, was made so that the rotary
. valve could be driven either by a dynamometer, or a hydraulic
motor, as in the prototype Hydraulic Transformer. A picture of

the test fixture using a dynamometer drive is shown in Figure 4-3,

Initial testing indicated that rotary valve starting torque was
excessively high at high fuel pressure, and consideration was
given to using a high torque motor or alternatively a delay
valve to delay the application of high fuel pressure. However,

a more straightforward solution was found, by making changes to

the rotary valve design:

(a) It was found that the main sleeve, for fuel distribution,
was distorting and binding the valve. The sleeve was

stiffened and press-fitted in tne housing, thus preventing

‘ distortion.
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(b) Initially the rotary valve had journal bearings, giving
too much torque. A change was made to needle bearings,

and finally to ball bearings.

(c) There was an unbalanced pressure force on the rotary valve
at starting. This condition was corrected by modification

of the valve and sleeve ports,

After the modifications were made, the rotary valve tests indicated
that the torque requirements were well within the drive capacity

of the hydraulic motor selected for tne prototype liydraulic
Transformer. Two of the rotary valve and sleeve configurations
tested are shown in Figure 4-4, which may be compared with the

final configuration previously shown in Figures 3-5 and 3-6.
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Y05-055-204 Y05-055-203

Y05-055-2034

PART NO. = =" _ NEG.NO.

NAME sy valve Cenfliguratlions

DESCRIPTION

Figure hL-U
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4.2.2 Piston and Check Valve Development

Two different test fixtures were made for testing the pistons and
check valves. The check valves could be checked separately for
cracking and reseating pressure, but dynamic operation was most
convenient to test in the piston test fixture, since the fixture

needed check valves anyway.

A one-piston test fixture was made with provision for recording
piston displacement vs, time by using a linear potentiometer,

The fuel supply to this fixture was regulated by using the rotary
valve test fixture, as illustrated in Figure 4-3, The linear

potentiometer is also shown and indicated by the symbol "X".

A two-piston test fixture was made, to be used with the rotary ,
valve fixture, as may be seen on Figure 4-5. The two pistons
receive fuel pressure from ports 90 degrees apart so that as

one piston is in a power stroke, the other is in a suction stroke.,

In the course of the development work on the piston assembly,
several alternative aesigns were studied. - The original design
had springs to return the pistons after the power stroke. This
spring design was dropped after careful considefation of some

inherent design problems. The main objection to the spring
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NAME Two=Piston Test Fixture

Parts Array

Figure 4-5
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return design was the reduction in the unit reliability., The
pistons would be traveling at a rate of 3600 cycles per minute
and would exert a high stress lcad on the spring. Therefore,
it was decided to use hydraulic instead of mechanical power

to return the pistons.

Hydraulic return was accomplished by allowing high pressure fuel
to enter a cavity in the middle of the piston assembly at the
completion of the power stroke, which caused the piston to be
returned. Calculations showed that this design is more efficient
and reliable than the original spring return design. However,
this design required that three sealing surfaces be used per
piston assembly. ‘The piston was designed in two pieces with a
ball swivel joint connection to facilitate its fabrication, At
least two of the sealing surfaces had to be lap fitted to the
one-piece sleeve, while a third used a piston ring as a seal.

The ball joint allowed some misalignment, and therefore the
concentricity of the sleeve bores and the piston-plunger diameters
was not a critical problem. lowever, during testing it became
evident that this design was deficient in that the lips swedged
over the ball became cracked under the oscillating load, as is
shown in FPigure 4-6, It was finally decided, that based upon
experience with spool type valves and the availability of a new

precision grinding machine, the piston-plunger could be manufactured



PAGE_____ . 413

REPORT NO.__

WDRO-AIRB DIVISION * 3000 WINONA AVENUE * BURBANK, CALIFORNIA DATE 6—30"6 5.~_~

in one piece and still maintain the desired diametrical clearances.
Therefore, the pistons in the final unit are of one-piece

construction.

Considerable attention had to be devoted to piston material. The
pistons must be light to assure fast stroking time, yet must be
strong enough to resist the high pressure forces at each end.
Several types of materials were tested, and the piston design

was also modified to eliminate a stress concentration area created
by a too-sharp corner radius which caused one piston to collapse
under pressure. The final choice of material, based on the tests,

was Graphmo Steel, heat treated to a Rockwell C 52 to 55 hardness.,

The design of the piston assembly also raised some problems. The
pistons travel at a very high velocity and must be decelerated
and stopped in a very short distance at the end of the stroke,
The solution was rather straightforward for the oil pumping
stroke, using the closed end of the cylinder as a dashpot,
However, at the fuel end for the return stroke, a dashpot

could not be constructed at the end of the cylinder bore.
Instead, it was necessary to make the dashpot within the end

of the piston, matching a mating projection at the end of the

cylinder,

3l2-18
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Figure L4-6
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The initial designs of the hydraulic oil check valves were
satisfactory as far as pressure drop flow characteristics were
concerned, but it was found that dynamic response was not fast
enough when used in the piston test fixture. The main feature
of check valve operation is that their time of operation must
be short, coinciding with the period that the pistons are at
rest at the end of a stroke, so that the pistons will not
waste power by discharging through the inlet port or pumping
from the discharge port. Different valve springs were used,
and performance was improved, but eventually a new design was
adopted which was completely satisfactory. The valve modifications

tested are shown in Figures 4-7 and 4-8,
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4,3 Test Lguipment

At the start of the program, efforts were directed toward securing
a test facility for the performance testing of the prototype
hydraulic Transformer. The essential features of the test facility
were that a variable capacity pump was needed to deliver a maximum
300 GPM flow of RP-1 fuel at a pressure of 2000 psig, having a
prime mover drive of over 450 horsepower. The fuel circuit needed
filters, heat exchangers to control fuel temperature, and control
valves with all the necessary plumbing. In addition, an oil
circuit with control valves was needed to regulate the hydraulic
oil flow pumped Ly the Hydraulic Transformer. And finally, the
supplementary equipment required included fuel and oil tanks,
electrical supply, water supply, cooling towers, circulatlng

pumps, and safety equipment.

It was found that the equipment cost estimates used in preparing
the initial proposal were not reliable, and also that pump vendors,
particularly, were unwilling to verify their equipment for the

use intenuded. It was necessary to make a new start. Indications
were that test facility cost would considerably exceed the amount

originally forecasrt.
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In oraer to keep costs as low as possible, it was decided to
invite bids from outside vendors to build the test facility using
available hydro-Aire equipment wherever possible. It was fo&nd
that iiyaro-Aire could supply much of the supplementary equipment,
including tanks and booster pumps, thus limiting procurement to

the main fuel pump, engine drive, and the controls for the fuel

and oil circuits,

Bids were solicited for a test stand containing the essentials

of the test facility. Auto Control Laboratories, Inc., of

Los Angeles, submittea the lowest bid, and with NASA approval,
‘ received a contract for construction of the test stand. The

o demmmd prae o

gned nn 21 June 1963. with uelivery promised for
September 1963, but numerous delays postponed delivery until
March 1964. Various difficulties were encountered with the
equipment, including tne failure of the main pump-drive engine.
The engine was removed, and a replacement was finally installed
in August 1964, 7The facility was tested and found to deliver

the required fuel flow and pressure, although it was found to be

difficult to control flow and pressure to any close degree.

with the start of full scale testing of the prototype Hydraulic

Transformer, the difficulties in controiling the test facility
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became quite critical. It became necessary to make a number of
revisions in the flow control circuits to achieve stable
operation., In spite of improvements in the test facility, it
is believed that pressure surges during operation were a con-
triputing factor in the stress failure of the housings of both
of the .prototype iHydraulic Transformers. 7The latest revisions
to the test facility were made in adding a burst tube for
protection against surges, since efforts were not completely

successful to achieve surge-free control of the system itself.

The final schematic of the test facility is shown in Figure 4-9,

and a partial photograph is shown in Figure 4-10.
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Figure 4-10
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b4 Prototype Fabrication and Testing

With the completion of tests on the individual Hydraulic Transformer
components, the final design of the prototype unit was made. All
the changes in individual components were incorporated which

resulted from the previous testing.

Fabrication of the various components took a number of weeks,

since some of the subassemblies also required shrink fits and
finish-machining. Two prototype liydraulic Transformer units were
assembled, and preliminary tests made to be sure that the hydraulic
motor would drive the rotary valve at the required speed. Further

' testing had to await completion of the main test facility.

When the test facility was operable, tests of the two prototype
units were started. A considerable amount of difficulty was
encountered in both units, with binding of the rotary valve
stopping the unit from operating. The trouble was found to be
pressure distortion of the housing and fuel cap, which was

finally alleviated by using a clamping fixture to limit distortion.

The installation of the clamping assembly is shown in Figure u4-11,
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PART NO. SK~11411 NEG.NO. DESCRIPTION
NAME Clamping Assembly Installed on

Hydprasulic Yransiormer tucl (Cas

Figure 4-11
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In the initial tests, difficulties were already being encountered
in control of the test facility. Finally, in one test a sudden
5000 psig surge in fuel pressure cracked the housing of one
prototype unit, Improvements were subsequently made in the test
system's controls before continuing performance tests with the
remaining unit.

The second unit was tested at several fuel pressure levels,
starting at only 500 psig, to avoid the difficulties which the
test equipment previously encountered at high pressure. The
iHydraulic Transformer was found to operate as expected, though

at low fuel pressure, the flow and efficiency were lower than
they would be as the pressure level increased. A number of
performance tests were run at several fuel pressure levels, until
tne second hydraulic 1ransformer also suffered a cracked housing.
Although the general feasibility of the unit had been demonstrated,
the main cause of failure is attributed to a housing which is

not sufficiently strong for the maximum pressures encountered.
The performance curves of the Hydraulic Transformer are presented

in detail 1in Section 6.0.
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Feprlacing values in equation (11):

4 x /80 x . 460 4X /80 x . 460 -eot
€

q (t) = -

el x10°2 212 x 10-¢

q (t) = 10 400 (/-e'2°t)/

cegtrt <L ce?22 5&£C

walchi is the instantanecus flow from the 4 pistons which are

pumplng at any time, for a strone duration of .U0372 sec. The

. averdge oil flow lor tnls perivd is tnen:
t:.Cx'\;72
-2c
o400 (1-€e ) s
z:o I N
2a 7 = - T 80 ——
CC72 SEC

g, ° 177 GPm

“his I'low is the averare flcw realizec curing the feriod of time
when tne W pistons, which ojerate simultancously, are pumping.

v.niCe the rotary valve 13 constructed 00 that 4 pistons are
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dalways dmping cialtanecusiy, this ol {low ¢t 177 OPM rerrasents

thie thocreticair average odtput of tue intencifier as a whole,

C

Jne analysis iagicates tnat Thoe present dosogn configuration

1s capable of much greater capacity i.an the specification requires.,
In cpuration, tnls 2xcCess Cdpioliy 15 lindrtes by the action ot

the 1nlet anu odtlet Checx vaives walCh nived ade jaate time for
oreratiun,  she rotary valve Is tnus constructed to ailow a

Lime pap ovlween ;15ton stroroen, {or cnecx valve operation, and

tetal Jlow 1s o conseguentey Teduoad,

T will Le realized taat many ol the values chosen for the
pardameters are semi-independent variatlos which are empirically

estals iuied as a4 result of tioe

rt

ects on tne individual components.
The following ahalyses of tne rotary vaive and tne check valves

~10l aiso 1llustrate ooue of the rarionale Lehind tne cholce

GU o lnilviudal paranetor.
! 1 I PEEER . Yy T
e & !L‘Lvll valve k\.¢ [SR S SO

. N - - .. . 3 o [ . ., { o~y &
Tne 7onction oFf trne rotars voave 18 o Jirect thie [low of the
neeae, . he

Llgh pressure lues Lo Tie DIGLILS WL The prop2p 5ejun

: . Ce, TN RS S T [
valve 1. roetateod Ly a L drauslid moltor ariving toe valve through
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a splined shaft.. The rotary valve operating speed may be

represented in the following manner:

where:

The

The
due

the

"

"

?" ,9’:‘/00
Ne T 9 X N,

N =

Rotational speed = RPM

' 0il flow = 100 GPM

Fuel flow

Number of pistons = 12

Strokes per revolution = 2

0il side piston area = ,.460 in.?
Fuel side piston area = 1,090 in.2

Piston stroke = 1.25 1in.,.

Volumetric efficiency = 95% assumed

relationship between oil flow and fuel flow is:

/9/'/43
?F’ Zo —,-(-_"'

flow losses represented in the volumetric efficiency are

mostly

to fuel leakage in the rotary valve and the fuel used to drive

pistons on the return stroke,

rotational speed 1s:

1760 RPM -

Under the above conditions, the
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rased o Tie values above, the rotary vaive cesign must fulfill

tie foilowing rejulrements:

a) FProvide equai flow area for both tne fuel pressure and

reluri .dassday,es in order th avoid Jiuldl hammering.

L) dlrovide tae piston witn tace agprojriaite time roguired to

h

conplete the pressure and tne retiurn streoxe,

C)  irovide the CleCr veaaves (inlet and outlet) witn a sufficient

no-ilow time perica to arlow tnem to close before initiating

The piston uisplacernentl o0 eltimr dlrection,

9]

A1 Une rated speea o! Lthe rotary valve, the angular velocity 1

Fivein Ly

N X 3603/(
cO SEC/MIN

- /C b0 SoLc

Lae cneck vadve clocing tilmes nave Lveen set at to= (0012 second

.

(relicinm) widch Lo equivasent to a wlop.acernent angle of

A - W xL =/0,600 ¥.CO/2 - 2.7 (MNIMA)



PAGE 5: l_l___ e

I-WDHO-AIBE DIVISION » 3000 WINONA AVENUE + BURBANK. CALIFORNIA DATE 6-30-865 —

REPORT NO._,,,,3 l 2 "'l 8

fhe piston stroke time has been set at = ,007 second (minimum),

WiniCihi 1n turn regresents a displacenment angle of

/P s W T 10,600 x . 007 = 74.2° (MINI/MUA)

Tne valve clements are arranged as shown in tigure 5-1, to provide

complete pressure bLalance. Then:

45 g — - X
Np ‘
360 °
/7 go0° - + 5 - 907 - X
Np



90°- 362°
| o

DISCHARGE

/"v’ V

// _d’ J !

2 \
Np & .

, 4
J fi | \\\

SZ\ - \\\\

@

DISCHARGE

5-12

PAGE __ . __

£-30-65

DATE

312-18

REPORT NO

7

/v"
//Z: NLET

Figure 5-1
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To satisfy these relationships, the following values are adopted:

q =4 e =T § =/6°

which allows for the following operating time periods:
t = -,00132 to .0012 sec.

T = ,00725 to .0070 sec.

After the angular values are established, the dimension of the
cylinder bore window width is related directly to the valve
diameter. The size available leads to a convenient choice of

window width:
‘ . W = .45 in.

All that remains to be determined is the window length, L, and
hence the window area 4. . It is most convenient to establish

the window area first, on the basis of a flow velocity low

enough to give reasonably small flow pressure loss. Since fuel

has a much lower viscosity than cil, we can allow higher velocities
than we would with o0il without incurring prohibitive pfessure loss.

Using a fuel flow velocity of

VF = 45 ft S£¢C
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Tnen
/ql’/ = gl"
Yr
an
L = pilAed

2.5 x 23/

45 x LO %12

445
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)¢9 /. 050
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e LheCr Vaave ULl Lon
In o lier precedling dhcé.e, 515, LY Was enphaslzed thal the pluton

remains at rest Curing tae perisd of chock valve coperatlion, and
Tihe rotary vaive shuts oif wiston Jlow fur Lhe reguired Deriod,.
2L tlie ol Cheon vaive operation, thun reprcsents tinme logt for
pitp i attiolg, dhu helte Shluala Leoah Lrier o as possiiie. Lo
aocompaion this oL _eoctive, the foliowing writeria dare estalbiished:
a)  1ie Tass oL e viadlve poipet Sshould L2 oas low as possiwele
T it i
LUNLIoLGnL T o WLln Lne Puegdlrga Slyuaclural denalds,
' L) The rate o! lie Vaave s$pring soouid be as hilgh ab pessible
consistenl wita the reguired siroke and actuating forces.
C)  Lae popevl stroae sh0ULG L@ af snort as ,03sllle consistent
Wit @ reasenacie poppel uwldanelal.
v L4 - . . . P 1 n - . . -
Lnooreer 1o INiLiiloe reslufe Grop Lhrcugn e va.ve, 1T wWas
IS 4 & k]

“esSirabac

to reep flow velocit, lhrou,.. the vaive to a reasonavly
10w valde, in tuol, coee 20 rt./wec,  Tnen the regulred vaive open
area may ie estabilished:
)7 % 231 -
A = %4 T L, P73 /N

20X 12 x50
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wWhere ]

4, = Valve fiow area
= Rated oll flow per piston per stroke = 17 GFN

vg = Uil flow velocity = 2J ft./sec,
selecting a convenient poppet dliameter:
DP = .76,\) irln

The minimum vaive stroke 15 givern Dyi

< 723
S = — - e = L1 N

. 77 Op J./4x . 780

Tne comnoination poppet-spring will have a period of oscillation

plven oy:

TV =
i \/l 2
VAW N j-F&
where:
Jv = Usciliating period of valve
M = JUscilliatin, mass of valve
K = Upring rate
'3 = Dam,ing ratio
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The damplag ratio useu 1s defined as the ratio of the actual
gamping coefficient s to that vaiue of B wnich will give critical
dampling.

é B
g - 2 ——— = 30 (£STIMATED)

eV ixm

o

Tne expected performance from the cneck valve 1s based on an

operating time of t = .UULZ second.

olnce tne vdive 15 supposed Lo travel a distance equal to 5,
' in a time t, which is less than haif of T, tne full period.

Let us choouse:

' Iving for the necessar, spring rate i, USIng 4 mMass:

ihen S0

M= IC6x10t L 5-SECT /v

Thus, ' o357 2 ' / >
’4 6. 28 _
K = / S M = ( ’/0400‘
Vo4t o 7 g s x 0 Tx, 955
’ 7 \
\ / AN
LES
K- S EER x .6 x Jov = oo —



,. n lu t

c
"
&
-

pressupre 1y = by

2L s D0
P x a4 | ey
S - ! =
K
The actual valve opening stroke
required, ,Lli iIn., strose. The
Has Leen oinlimlzed, while ne ti
the timlng aliowances oi the roet

i Hlkky
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Urie vasve stroke will then be
< e
5 x =4 (:Z?)
= /2O /N
a U

15 ThLUS .dryer thnan thne minimun

flow rectriction ¢i the wvalves

me ol Cpweratlon coincides with

ary valve,
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6.0 PLRFURMAIWCE TeST RESULTS

A great many tests were run in the course of the development

program of the Hyaraulic Transformer. Many tests were simply

to aid in design or improvement of individual components. The

tests described in this section are those which most directly

relate to the operation of the final prototype ilydraulic Transformer

units.

bel Rotary Valve Tests

The results of the rotary valve tests which are of main interest
are those which concern torque requirements and fuel leakage
flow. Larlier tests with the rotary valve had indicated that
torque requirements, particularly for starting torque, were very
high. It was subsequently found that the high torque was mainly
due to unbalanced pressure forces on the valve, and also due to
excessive torque in the bearings. The valve was redesigned to
give better pressure balance and was mounted to run on ball
bearings. The resulting torque requirements at various speeds

and pressures are shown in Figure 6-1,
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These torque results were obtained in the rotary valve test
fixture, which did not have the pressure distortion problems
that caused trouble in the prototype iiydraulic Transformer, and
thus represent only normal operating torque loads., The general
parabolic shape of the curves is in agreement with the theory
of windage torque for a cylinder rotating in a viscous medihm.
The increase of torgue with fuel pressure indicates some slight
remaining pressure .area unbalance, though the increase is small

compared to the total value of, torque,

The leakage flow of the rotary valve is shown in Figure 6-2 for
. various speeds and pressures. There is a rapid increase of

leakage up to speeds of 300 RPM after which the flow increase

is small as speed increases., Leakage flow is much more
dependent on pressure and rotary valve diametrical clearance 4

than on rotational speed.
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6.2 Piston Tests

The single-piston test fixture was used to measure the dynamic
behavior of a free piston to see if it conformed with the
performance analysis. A special setup was made to record
piston displacement directly as a function of time, and the

instrument trace is shown in Figure 6-3,

The elapsed time for the selected stroke of 1.250 inches was
.00816 seconds, somewhat over the design time of ,0072 seconds.
However, the increased time is mostly due to the additional B
weight of the apparatus attached to the pistons, a weight
increase of approximately l¥%, Graphical integration of the
results as recorded give a maximum piston velocity of 187.5
in./sec, and an average velocity of 153.2 in./sec, The free
plston travels ét nearly constant maximum velocity over a large m;
portion of its stroke, with rapid acceleration and deceleration
at the ends of the stroke. Consequently, oil flow is also
nearly constant over most of the piston stroke, in contrast to
the sinusoidal form of output given by a typical hydraulic

piston pump.
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A

6.3 Prototype Unit ‘lests

Hluch of the initial testing of the prototype units was directed
toward diagnosing and preventing the binding of the rotary valve,
This binding was found to be primarily due to distortion of

the housing and fuel cap under pressure, and this condition

was largely alleviated by use of the clamping fixture described

in Section u,4.

With the clamping assembly installed, performance tests could be
run on the iiydraulic Transformer, However, one unit had alweady
suffered a fractured housing due to a 5000 psi fuel pressure
surge in the test facility. Although work was done to improve
the test facility, subsequent tests on the remaining unit were
run at reduced fuel pressure, starting at 500 psig, in an

attempt to avoid further pressure damage.

Test results for tests at fuel pressures of 500 psig and 700 psig

&
{0
po
.
op}
]
o
»

are presented in Figures 6- 6-5. Two aspects of these test
results warrant special attention: the great variation in rotary
valve speed and the sharp drop of hydraulic oil pressure at high

hydraulic flows.
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The rotary valve of the llydraulic Transformer is driven by a .
hydraulic motor with a speed control, designed to run at constant s
speed. The fact that the rotary valve speed fluctuates so greatly
indicates that the motor was not developing sufficient torque to

keep the speed constant, or conversely, the rotary valve torque o
loads are overloading the motor and slowing it down. This effect
is most prominent at low fuel flows, while at higher fuel flows

the fuel tends to drive the rotary valve like a turbine, and thus

at least partially alleviates the torque load on the motor,

These tests were run at low fuel pressure which directly reduces
. the motor torque available much below the design operating

conditions, Nevertheless, torque loads were not expected to

vary to such a degree. ‘The reason for the excessive torque
needed to drive the rotary valve has been explained by the fact
that when the llydraulic Transformer was disassembled there was

s8till some evidence of rubbing between the rotary valve and the

main sleeve as in earlier tesis., Although rubbing marks were
slight, it did appear that the clamping assembly was not completely L2
successful in preventing deflections of the unit which caused

contact under pressure.

With respect to the sharp drop of hydraulic oil pressure at the

highest hydraulic oil flows, this defect was due to the fact

s
R
24
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that the oil supply flow was limited by excessive leakage through

1]
a bypass line due to failure of a check valve in the test facility,
Thus it was not possible to increase oil flow beyond 50 GPM even

at reduced oil discharge pressure,

In order to correct the shortcomings of the previous tests, the
oil supply circuit was revised and two changes were made to the

Hydraulic Transformer:

a) The rotary valve was ground down to increase the
diametrical clearance from the existing value of

.0020 in. to a new nominal value of ,0080.

b) The internal drive shaft of the rotary valve was
removed and an external drive shaft was used, so
that the rotary valve could be driven by an external
hydraulic motor having more torque than the internal

motor.

By grinding down the rotary valve, which thus gives increased
diametrical clearance with the surrounding main sleeve, it was
anticipated tnat any remaining bLinding problems would be
eliminated, or at least substantially reduced. Of course,
there was also the penalty of increased fuel leakage flow with
some corresponding loss of efficiency. MNevertheless, this loss

is known and can be accounted for in the performance evaluation.
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By using an external motor drive for the notary valve, it was
possible to drive the rotary valve at constant speed in spite of
changing torque loads. F[urther, by using a calibrated motar
drive, it was possible to know the actual torque required by
measuring the motor fluid supply pressure. The use of the
external drive did not require any modification of the Hydraulic
Transformer test unit, as the external drive shaft extended
through the center of the rotary valve and was brought out

through the side of the fuel supply pipe elbow.

As in previous tests, runs were first made at 500 psig fuel
. pressure and then increased to 700 psig with results shown in
Figure 6-6 and 6-7. In these tests, rotary valve speed wag
maintained nearly constant, though it was necessary to vary
the torque of the drive motor by varying the hydraulic fluid
supply pressure as indicated. The reduced torque at high fuel
flow is again due to the turbine effect of the rotary valve at

large flow rates,

[
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The final test of the prototype Hydraulic Transformer was made
" at a fuel supply pressure of 1000 psig, and results are shown

in Figure 6-8, Use of the ground-down rotary valve resulted in

a fuel leakage flow of 65 GPM which limited the maximum Hydraulic
Transformer overall efficiency to 59 percent for this test. If
it had been possible to use the larger rotary valve, with smaller
leakage flow, the efficiency should have been approximately 75
percent. At the conclusion of this test it was found that the
unit would no longer develop hydraulic pressure and subsequent
attempts to operate the unit were unsuccessful. 7The unit was
disassembled and found to be damaged, apparently by a pressure

‘ surge during the last performance test.
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6.4 Final Disassembly and Inspection of Prototype Unit

Upon removal of the hydraulic end cap, it was found that the
housing had numerous cracks. All cracks appeared to originate
at sharp corners in the hydraulic outlet cavity. Most cracks
started in the section between the hydraulic piston bore and
hydraulic outlet check valve, as this section contained the
sharpest corners. Figure 6-9 is a typical illustration showing
the crack between the No, 2 discharge bore and the No. 3 inlet
bore. |
There was also damage to other components, as ten of the pistons
‘ exhibited g;lling with their sleeves. The rotary valve had
circumferential scribe marks, and the hydraulic motor showed
evidence of a heavy side loading. These other areas of damage
were considered to be a direct consequence of the housing

failure and subsequent distortion.

P ar TEER
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Tne complete housing was sent to a materials testing laboratory.

In summary, their report indicates that the housing material met

the specifications as indicated on the drawings and as quoted by

the material vendor. ho evidence of stress corrosion or material

strength decay due to heating of the housing for assembly of

the rotary valve main sleeve was prevalent. Upon dissecting

the housing, cracks were found to start at sharp corners, and

to then lead off into heavier sections. Cracks were not

longitudinal as would be expected in a high pressure burst,

although displacement of fractured areas indicated longitudinal

stresses were present. The major limiting factor in the design
‘ was found to be knife-edge sections resulting from intersecting

holes,

A typical example of cracks in a dissected section is shown in

Figure 6-10.
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An analysis of the stressés induced in the hydraulic section of
the main housing indicated that these stresses are beyond the
strength capability of the material used. The high stress risers,
in the form of sharp machined corners, together with the hydraulic
loads applied, caused these stresses to be excessive. Due to the
fact that this test unit underwent numerous test phaseg, it is

believed that the fatigue factor contributed to the stress failure.

It is impossible to completely disassociate the various factors
leading to failure. Nevertheless, it should be noted that the
unit was certainly adequate for the rated operating pressure

‘ levels, and had in fact been subjected to static pressure testing
of 4000 psig in the hydraulic outlet passage and 2000 psig in the
fuel circuit prior to performance testing. With respect to pressure
surges and fatigue, the stress risers were undoubtedly a critical
shoftcoming. The sharp corners were much more severe than might
have bsen expected since the corner radii were .005 in. or less,
while the drawing indicated a normal required tolerance of .015

to .040 in., corner radius.

-

The test during which 70 GPM hydraulic flow was obtained with
250 GPM fuel flow, was the last test where satisfactory performance

resulted., It is suspected that at the time of high fuel flow, a
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pressure pulsation occurred that was amplified by the test

facility bypass relief valve, and transmitted into the Transformer.
This pressbre was subsequently amplified by the Transformer itself
to cause an over-pressure on the hydraulic side. Evidence as to
the fuel pressure surge is found in the facf that the safety
pressure relief burst tube was deformed, indicating experience of
pressure slightly below the 2230 psig burst pressure, and

nearly QOuble the fuel-operating pressure for the tests being

conducted.,

The tests after the time of suspected failure served to cause
unequal loading on the hydraulic pistons, which resulted in
distortions and subsequent galling of the pistons and mating

sleeves,




