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. ABSTRACT

AYILERS 5k vt

I

1soihermul secont bulk modulus data was obtained from simulated hydraulic systems .and
compared with referenced data. \eference sources have been the only ovmlable data
from which to select bulk modulus vclues for system and component design. Therefore
a definite need existed for additional mform\\tm\ s design values are presently selected
arbitrarily or from experience. Often these values are arbitrarily modified for certain

systam design and vary greatly with the experience of the design;.r‘.‘\“Tl'iis study ‘was made

| to compare the omount of fiuid compressibility existing within a typical airplane hydraulic

i

system ond within a standord bench test system. Additional comparisons were made with

published reference sources. ( |
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II. SUMMARY

This study vas made to compare the amount of fiuid compressibility
existing within a typicﬁl eirplene hydraulic system and within e
steanderd bench test system. Additionel comperison was made with
published reference sources. As these reference sources have been
the only available date from which to select bulk modulus (compressi-
bility facfcr) values- for system and component design, a definite
need -for additiocnel information exists because presently these values
are often arbitrarily modified for system design and very vith the

exbgrience of the designer.

Bulk modulus, a measure of fluid compressibility, is an important
‘fluid ‘property in the design of systems employing fluid for force

‘transmission end wmotion control. The fluid, acting &5 a spring in a

spring-mass system sffects such system fectors as response time, force

‘available from limited stroke actuators, and stebility of servocontrolled

hydraulic systems.

The form of bull modulus most commonly found in reference sources is

the isothermsl secent bulk modulus. It is defined as the totel change

in fluid pressure divided by the total chenge in fiuld volume per unit

volume under pressure at a constant tempersture. It i. expressed by

the following relation:

E; s - <:élz—- /9;54’
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It is defined graphicslly a5 the slope of the line connecting two

pressures of a pressure versus AV/V curve (Figure 1), For our

Consranr
s TEAPELATVRE
'y 4

SECANTs — P /.

(.9_‘{;‘ o
v 7/,

Pl L X0 L & =9

Figure 1  Definition of Secant Bulk Moduius

computations, one pressure was equal to zero.

-

- mmtm——. e yo——

In this investigestion two laboratory systems were employed to develop

fluid compressibility, e simulated flight control (hydraulic) system

snd a2 conventionel ststic bench system. The Pressure-Volure-Temperature
method was used in both systens to obtein the bulk modulus datea. With

this method o change in o0il volume is messured for @ given pressure change,

vielding & static bulk modulus vslue.

The fluids used in this study were MIL-H-5606B, WSX-6885, end Skydrol
S00A. 'The WSX-6885 fluid is under consideration for use in the Super-
sonic Trensport. The MIL-H-5606B and Skydrol S00A are production fluids

in genersl use in militery snd commerciel aircraft.
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3 v{ : . _ For the three fluids tested, the bench values compared uith the published
A . .
data within acceptable margins. Ccmparisons of the .hydraulic system

déta resulted in different trends for the three fluids. With the

PYREY N IGNETAN Y S TP A2 D Ml Mps PRI g
L]

'MII~H-5606B fluid, the initial values were the highest, the four hour

values, the lowest {Figure 2 ). For both the WSX-6885 and Skydrcl 500A

PO o
.

) Kt fluids, the initial values were the highest, followed by the 4 hour

and 18 howr values in decreasing ordér (Figwre 3 ). With a 100 psi

A RN A PR A
'

dormant period test section pressure, the bulk modulus volues were

Fepcateble within the range of test tolersnces for both WSX-6885 and.

. Skydrol 5004 fluids.

PR

LN LE T LR e
-]

i’n order to determine if system cycling will restore the value of bulk

modulus to its initisl velue following dormeut unpressurized periods,

L2 RO IR SR Npante 10 o' 2

‘hours. ‘Following bulk modulus measurements, two more cycles end measure-

!
|
%‘ ( " two full stroke -cycles were conducted after data was taken et four
i
; ments were made.. In three of the four tests conducted with WSX-6385

snd Skydrol 500A fluids, complete recovery from the lower four howr

velues to the initial values was made following the four cycles.

The air content of the fluid and its veristion with cycling wes investi-

' geted by the use of a Seaten Wilson "Aircmeter." A negligible difference

ROOREI A A i e A I I AT AL e W%

existed between cycled and uncycled fluid.

- P
;o The bulk modulus of & flowing fluid was also obteined. In determining ‘
o this bulk modulus, the wave speed of & disturbance induced in the fluid 2
of
{ - g i
o
o « e e e e e e e
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AD 1546 D

is measured and combined with the fluid density and tubing correction

~ 4
fectors to obtain an adiabatic bulk modulus as expressed by the relation:.

Cu | .

B= faisz (sée Appendtx ) .
£+’ - ppate, L B

vhere "a" is the wave speed.

Based on the dsta obtained, the following conclusions are :égliée&.

1. Por system conditions involving dormant unpressurized periods, es
in utility systems, the Tluid bulk modulus is initially low but
eporoeches the published value within the first moments of system

actuation.

2. Dissolved and entrained 2ir or ges remsining within a hydraulic
systen vhich 1s continucusly pressurized has no apprecisble effect
on the fluid bulk modulus and consequently the system stiffness.,
This cffect applies to primary flight control systems and to systems-

in vhich the actuator remoins pressurized but inactive over extended

time periods.,

3. Acceptable correletion was obtained between our bench rmeasurements,
and published data for MIL-H-5606B and WSX-6885 fluids., With Skydrol
S500A an accurate assessment uas difficult to realize due to the in-

consistency of the published data available,

4, The system measurements produced initial values which compared very

favorably with the bench results for the three fluids tested.

o

. '
bbb van e ) B
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5. The system measurements following pressurized dormant periods

yielded the most sccurate correlation with the initial system

velues .8nd subsequently the bench end published values.

- 6. The tethod employed to measure the bulk modulus of a flowing fluid

DR R e S

At
R

also produced accepteble results for both WSX-6885 and Skydrol 500A

R
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III. INTRODUCTION

This investigetion arose from the need to obiain additional information

on bulk moduius of a fiuid in & hydraulic system, as the vaiue of .

bulk modulus used in celculstions is often arbitrary or selected om

the basis of experience. Bulk modulus is a measure of the conpressibility
of a fluid, and is an important fluid property in system design ss it affects
such system factors as response time, force awvailable from liwited styoks
actuators and stability of hydrsulic servos and servo-controlled hydraulic
lyatens.l The datas compiled in this document should provide an insight

into the behavior of bulk modulus under sctual opersting conditioms.
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1 Isothermal ssosnt bulk modulus, one of seversl forms of bulk modwlus and

Measurements vere made both in a standard bench fixture sand in & hydrsulic

xilitary and commercial aircreft.

‘IN.  DISCYSETON

g’ medaure of fluid stiffness, is the most commonly found form in reference
sturcas., It is defined as the total change in fluid pressure divided by
the total change in fluid volums per unit volume under pressure ai constant
tesperature. %The gquation for this form of bulk modulus is
B, = ﬁ—_‘i PsSi
V ¢
Gruphically, it is defined as the slope of th? line connecting two pressures

of & pressure versus AV/V curve (Figure 4),
In this investigation, fluid isotheral secant bulk modulus values ware

obtained for three fluids at various temperstures and pressures.

servo-actuatay mta The purpose of using two systems was to investigate
any varistions in bulk modulus obtained with fluid contained within a
simlated flight control system and values obtained in conventionsl

static tests. The fluids used vere MIL-H-5600B, WSX-68385, and Skydrol 50QA.
The W8X~6885 fluid is under consideration for use in the Supersonic
Transport wvhile the other two are production fluids in genersl uss in

he Pressure-Volums-Temperature method was used to obtain the dats.
This wethod yields the volume change for a pressure change exeried on &
given inftial fluid volume., The values obtained can be substituted in
the relation above to obtain the bulk modulus velus.
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Description of Test

The bench fixture consisted of & coil of tubing as the test section and
s hand pump and associasted equipment (Figures 5 through 7). This
system has been used in previous tests &t Boeing for the measurement

of fiuid bulk modulus values. The hydraulic system employed & servo-
controlled single-ended actustor losded by a torsion bor. The test
section comprised the actuator to servo-valve tubing and is pressurized
by a hand pump connected to the head,end of the actustor (Figures 8

through 10), Measurement procedures are identical for both systems.

In selecting the tubing as the test section instead of the actuator,
the following criterie were used. In using the sctuator with fhe head
end comprising the test cavity, the piston seal leakage and structural
compliance of the sctuator could not be accurately determined for

81l conditions investigested. The leakage is directly releted to the
bore-to-seal clearance. This clearance is affected by pressure, struc-

tural complisnce of the barrel, longitudinal position of the seal in

the barrel, snd the seal wear, In addition, & suitable m:ens of locking

the piston-rod wes necessaiy. The use of tubing alleviates these pro-

blems r3 a leak-tight chember coulc be attasined between twe velves and

the complience of the tubing could be determined methematically. Becsuse

the test section comprised the rcd end to servo-valve tubing, it was
assumed that the fluid in this section and in the actuator is subjected
to nearly identical conditions. Therefore, the bulk modulus vslues

obtained are representative of the fluid bulk modulus in the actuator.
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In addition to the above stetic velues, the bulk medulus was also obtained

for a flowing fluid by means of wave speed meafurements. For measure-
ment of the bulk moduius, 8 szcticn of tubing approximately 100 feet in
length was incorporeted in the servo-actustor system adjacent to the
pump. This section wes eguipped with a solenoid velve for testing of
WSX-6385 snd a pressure control servo-valve for Skydrol 500A fluids.
Pressure trensducers were incorporatea in each eni of the test section
to determine the elapsed weve travel time of the disturbence created
by closure of the valves. (Figure 1l.and 12). The wave travel
time was utilized to éetermine the wave speed of the disturbsnce. The
heating and cooling effect generated by compression snd e<psnsion waves
cccurs very rapidly =nd mey be considered an adiebatic process.‘?’3
Therefore, the wave speed in corjunction with the fluid density and
tubing correction factors yields an edisbatic bulk modvlus when sub-

stituted into the relecion

- PalEL
£t -o0pa’C,

(See Appendix A)
in which "e" is the wave speed of the disturbence.

Test Procedure

The data was taken under the folicowing conditions for the three fluilds

under consideration.

. e e

BOEING |0 D6-58362TN
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- Predsure Test

Yiuid Y 1,000 Tenpersture Pixture
123545 S

MIL-N-5606B X XXX TOF¥, 2007 Beuch ’
xx 100 ¥, 200 ¥ Systen
Wax-6885 XX X X 1007, 350 F Bench
X X X x 00Pr 3507 System
X 100 ¥, 200 ¥ >
Sydrol 500 X X X X 100 ¥, 200 ¥ Bench
X X X X 100 ¥, 200 F System
b 100 ¥, 200.¥ B>

[I> vave speed measurements with a flowing
fluid.

In order to determine if system cycling will restorse the value of bulk
nodulus to its initial velue following dormsat unpressirised periods, tvo
full stroke cycles were conducted sfter data wes taken at four hours.

Pollowing bulk modulus memsurements, two more cycles and measurements

_ were made. This sequence was performed at 100 F and 350 F and at

100 ¥ and 200 ¥ for WEX-6885 and Skydrol 500A fluids respectively with

messurements being mede at 1000 and 3000 psi.

Bulk modulus measurements vere made threa times at each tempereture and
series of pressures. for each specific fluid. System cycling was
conducted for fifiszen minutes prior to the initial meesuressnts.
Tollowing a four hour dormant period at zero pr'ou\u"a_. the dulk modulus
meagurexents vere rpested. A final messurement wes asde sfter & second
dorment period of 18 to 11% hours. This procedure was followed for all
three fluids and, $n addition, wes repeated for WSX-6885 and Skydrol SO0A
uith & pressure of 100 psi on the test section Guring the dormant periods.
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Extended cycling with MIL-E-5606B wes slso conducted for periods.cf

7 and 14 hours. Bulk modulus messuremsnts were wads st a tempersture
0f 200 ¥ and pressures of 2000, 3000, #000, and 5000 psi. The dormsat '
periods were conducted at zero pressure. JYollowing the m cyeliag -
the system was drained and refilled with new m»n-m fluid and the
bulk modulus measurements repested under the previously mentioned

procedure.

C. Test Results
1. BPBanch and System Tests

In comparing the bulk modulus veluss obtained with MIL-H-5606B, the
bench dats and system data for uacycled fluid yielded curves of the
same general slope. The system values exceeded the bench valwas
(Pigure 13 ). Although the numerical values are noticeably
different. the deviation did nct exceed 7.5 percent (Figure 14 ),
In comparing this dats with published data from The Boeing Design
Manual, the difference in curve sio?e ie considerable {Figure 15 )},
However, the mximum deviation between the bench and published data
was less than 8 percent (Figure i5 ).

In comparison of the hydraulic system data, the initisl valuss were the
highest; the four our veluss, the lowest (Figures 16 through 22' ),
The 18 to 114 hour values were between the initial and four hour data
with the exception of two cases in which these nluag were less than

the four hour values (Figures 18 and .19 ),

Although the fluid volumes in the bench and system test Aiffexed
by & factor of approximately three, the AV's recordad differed -
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only slightly when expressed as AV/V. At the moximu pressure, a

’ q | - - a . . - . e sis -
? i W naxinup Apy from the bench of 36 cc with en initial voliume of 1136 cc .
i o yic¢lds a AV/V of 2.17. A similer. AV of 11.7 cc from the system with .
7 I 8 ) - - ’ }
Eod - e N ; < s '
M .. an initial wvolure of 306 ce yielded a '\'/V of 2.96. Al‘nough the date .
P oF ;
AR\ L , : 1
L' g ) taken exhibits some repeatsbility, particularly good vhen couparing ini- f .
: A |
: ‘tial vith initisl, etc., an e::n’anavmn for the variance with tine is
: ! :%
! . not apperent (Figures 23 through 28). One possibility is thet air comes ‘ A
4 - - X 4
-3 ~ out of solution during the dormant periods causing ihe bulk modulus to . f ;
L ‘ _ decrease. With subsequent pressurizations (0-2000 psi initisliy) the f i
:5 # - ’ - - i
e i : .- . . . . . ey s a s . .. ' §
- air is again dissolved in the Tluid and the bulk modulus increases. This . 2
3 :Pi' might eéxplain the results obtaired after four hours but is discounted ' o
kD, - - g ;
o :: - ~ - ‘ ;
S by the 18 to 11k hour date. It moy also explein the increase in slope
R . - f
¢k obbained with I howr and 16 to 11& hour dete. Cbservance of this trend
< 3
B § .
o - in initial test results led to the inclusion of the 100 psi pressurize- ,
# z q . f
e i tion in later WS¥-6835 and Skydrol 5004 itests. ' 4
= o . : -
2 Tae uench dele obltained wiih WSY-6335 fiuid was compared with published X
: !
| ’ . deta for ETC-5251 (Tigures 29end 30). These two fluids sre very ‘
g I . i
A : similar so the accuracy obtsined was deemed sufficient. The deviation ‘
;oY . ] - ‘
"’g . ‘beticen the bench and published dato reeched a maximun of 3.5 percent )
- st 100 ¥ zhd of 7 percent at 350 F (Figure 31). :
;o - ‘
;. ! i
t o) I
I The systen datz for VOX-G235 exhivited 2 slightly differsnt trend than i
i) : the MIL-I-5GUGE data., The initial velues vere the highest, with the )
3 N 1
E 4 % and 18 hour data following in decreasing order (Figuresd? ané 33). i
- & i !
v This data was for zero seclion pressure during the dormant pericds., ;
L
3 With & pressure of 100 psi on the btest section duwring the dorument
& b 4 R Iy . -
T | { P, o. periods, the bulk moaulus measurements yielded date thet was
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- -explanation for these results, in accordance with the reason given
jpnuouu 1o that the. nir'imin‘c 4n -solution vita the Nuid due

to pnnm In cﬂplring the veriation of the hulk. nﬁulu iith
time, ﬂn effcct of pressurizetion during domnt ‘periods can also be
-Soenl with the 18 hour values changing little :goi_’tho initisl velies

differeat results for each tamperature. At 100'F the four hour data
~ decreased as expectsd, further decreased following two cycles, and
* inéreased after two additional cycles (Figure 40.). The slope of the

pubnlhod deta from three sources -as sufficient single source data

‘etween bench and published data were not calculated as they would be

repsstable vithin tést tolerances (Figures 34 and 35 ). A possible

(Pigures 36 tarough 41 ).

Fluid cyéling following & four .hour dorwant period yielded grestly

curves-also changed. At 350'F the slope of the curves.chenges
.81ightly viﬁg cycling with the values remmining essentially unchanged

-
S

(Fgure 41 ).

The bench:data obtaihed with Skydrol 500A fluid wes compered with

ves not-available (Figures 4% and 43 ). This dsta ves obtained
from The -Boeing Design Manusl and from two separate Monsanto lourc'qs.
Due ?to the inconsistency of this dets when compared, the deviaticas

‘meaningless. This inconsistency. is not uncommon when bulk nogiuluﬁ
dsta from various sources is compared and further cosplicates the

" pioblen of determining the most correct value.

The systen dsts for Skydrol 500A exhibited & trend similar to the W8X-
-6885 data., With zero test section pressure during the dorment periods,
the initnl mu vere the greatest followed in decreasing order
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P

by the & hour smd 18 hour values (Yigures 44 and 45 ), wméwomz', .

test section pressure d'wing the dormet periods, the bulk wodcius {late
vas repeatabls vithin the accuracy of test meaguremsats (Piguras 45 .

.

and 4?} ). Comparing thie data with the WEX-6835 Sata 1)lustrates the
ixlar trend mentiumed previcusly. This comparisc also Wldatvesas
that dus to the similar results with pressurication the sems effedt-
could possibly be remdized with fluids other than WEX-6885 and -
Bxydrol 500A. Examinetion of tie varistion of bulk mofulus with time
for Skydrol 500t alzo shows the offact of pressurization with the %

and 10 hour values varying little from the initisl valuss (Figures

48  tarougn 51 ).

For Siydral 500, cyeling folloving the four hour dormant period yielded
sinilar resulis at both 100 F and 200 ¥. The four hour data desteased
markedly from the initial data. Kearly cosplete recovery occurred
following two cycles, with conplste recovery after tvo additicnal

cycles (Figures 52 and 837 ). At both temperaturss, the slopa of

the four hour curvec mcmhd sharply but dscreesed with m '

to clossly approximste the initisl curve slope.

In cycling with WEX-6885 and Skydrol 5004 the fluid which wes not
initially in the test section end sudjected to the pressurisetios .
during measurcoent aud to test tarperatares during the dormat periods
enters the tost esction. After t¢wo cycles a porticm of this fiudd
remaing in the test section. "Assmuing no ﬁxing, appraoxivetaly

9 cubic inches of fresh fluid reseing in the test section

(volume = 24 cudip inches) (Pigure 54 ‘. ) As can be seen, this
voluse of ‘'0il. is exchanged with each pair of full stroke cycles.

This fluld could possidly alter the bulk modulus veluss obtained
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due to its different temperature and possibly different contemt
of dissolved and entrained air.

Wave Speed Measurexents with a Flowing Fluid

In analyzing the test date, buik modulus values were computed based
on the wave speeds obtained from oscillograph recordings. ZThe

wave speed is affected by temperature but is not a function of
flow rate (Figures 55 and 56 ). An average bulk modulus was
computed for identical flow rate and temperature conditions.

These values are compared with published data and tabulated
(Figures 57 and 58 ). Adisbatic tangent bulk modulus data

for WSX-6885 fluid was ottained from information awail;blc within
Boeing (Figures 59 and 60 ). Comparable data for Skydrol 500A

was obtained from Monsanto publications (Figures 40 and 61 ).

The maximm deviations of test data to published data was 15.6
percent at 100 P for WSX-6885 and 13.8 percent at 100 F for
Skydrol SOOA (Figures 57 and 58 ). The following discussion

may in part explain these deviations.

In determining the bulk modulus by this method, the most accurate
value would be obtained from a single instantaneous disturbance.
This would be the ideal case and would theoretically be a vertical
pressure trace on the oscillograph recording at time zero. A
disturbance of this type is not possible due to hardware
limitations. However, this condition can be approasched by
utilizing the most rapidly closing valve obtainable. A rapidly
closing valve is one which has a closure time of less then 2L/, (x)

RlSece_Aesuonx A)

AD 1546 O

REV SYM

o D6-58362TN
.‘I¢z¢§ﬂﬂﬂﬂ?| %>_
IPAGE 71

6-7000

o5
v 2X:
tod
4§=
i
42
22
: g

o

-

AR Y e A YA L IR LA T WA B ST AAR DA TS S RS AN W ST 00 DA

PR R T D 3

b S R T SRRV




e SIE TRtV

A

c o n
_ Te)
{ AN
; iy W \i;
; 0 -
Q ]
. s N S
w o
X ~
j S
! , | Y
f - s te
‘ ~ ' P
¢ )
| \ 3
i - . [P
i X
A
; ’ ) \
¢ ! o
; N v2
V
B (u A/f“
. i
. ) ! “.. |
X A |
: -~ “
m [} 11 5 e
¢ ‘st E "
; 15} v
} I3 P
H < !
! |
9 © Pt
{ X S 2 w - Q |
‘ Y3 A
W
@ Q @. * ! x m
¢ DFTS LS -~ aRFLS FAIA ) _
m |
M "
{
3

J
U
J

- —— - by . —— -— - S - G - Stw AS, Ao o = v o

212

béjseaézTN

— e e a4

1>

.- /

Var

A$?




56
6-58362TN

-
.~
y ~e

1

Lo I3

co £

20

’
+

- ZFA

o

.

R RV

Yz

P

PRI

Alit (el v e

-—

.
|

o ——

i
>
-
1t
R
[
-\-
S
Lo
y o
.-
[} 1
L
mr.~
mr:
W
.
— .
' i
b
ﬁ i
; !
" ~
Ja o =
‘ ]
, i
P
-t e
i
H
|
4
i

All’ Wa l”]‘.-l'l J
—/v \; A N
Py 7 b3S

e b T

-
-?

DESS ~ < M

R

o




Fre. 57

{\,\

5 A puvd ewnized <]
S\ 000V TZ [oooBrT | Oootr T 6\ oG I s +
L 000 'GT |[dosTT gz v S6\ ololoy A Q\ €
>\ 00Q's\ T | Qo8I T ooV S6\ w4l-r4 =3 A
A QOO'HNT |QQOWTL oot L6 ®187 or4 ]
N'al | OQOYLT (QQO'EET QeI (S o897 S 2 g
S0l QOOLIT | 00O LT | SETY Tz 8ga7 Q! s
P\ | 00O LT | ooo'oYT | S8\ <€\ Qo7 S) r4
= 00O 'QT | 0QQ' v | OTLYv or Al ole=1r4 g 1
< 1sa 1S4 S/ 1 o . wd 6
NOLLN NS0 %0 sa = o A A © O
aasavmaayy
AlN3  S889 -XSM
AQAINTIE DNMNMOTIH ~VViva sSninaow ATNag

D6-58362TN

74




m.,
[ FETER el

" —

VLW (T  QuYENO A

S el |[0o08eZ |000e6mz | <o+ 36 o0R6&T o o €
8¢l |looo'Lez |oodosz | S80OF Sat €987 oS! z
Mo COQNZT | OCQLET oPEt o) <1872 S a) {
6\ o000 ‘are | coo'art O006S QIT SlLow oo\ +
oo oQO 1T | Q0O 41| SEB8S Yo g4 S1.87 oS <
oL o0 4T | ooo6TZ S LET 861 X T- 74 2L Z
>0 00O 1| Coo'srvr o =115 oo 1=1-3-¥ A o0z i
<7 sd sd >=3s/143 Ho Isd wd 6
NOULVINDA % a g o 1 a ) O
wiva AN (=]
ANSTIGENd Y AOV VY
QI3 VOO QA KANAS
AINTIE S5SNIMNMO 1A - vivda sSNATNAOW ATNa

F/d. 58

D6-58362TN

75




At - et s RENEE Y

ek

- - o — —— T O A T . LY ———p—s n s ——— s — vty memm eee  a -

59

J-

Z
=
o
0
M o
0. N
B
.0
aQ

[a}
2
™ . /w ! { _

/

’

Am. \ b
: LA R
) . P
Q P b ]
? a-\.
,5 | A |
N 1
oy
tl

Y
2z
Vo

Y&
=<y
-~
-
e’

—
ZEY
..
Ny Ror
L e

5
.
i
3% -

f
v cd e o v e e 4 ot vt f 4 e e c—— e aon -

0 Q 0 O ) 0
~ Q Y

[4Y ) S
N ¥ ¢ N of N
§E X LA = STTP TG FYIOET ANEIT YL, LN NIT

“790

320
3/0

T
R
J Voo
i A
T
R
LA U
3 _mm
!

_

{

!

'

25
7
2320
e e et e e e

b -._..L_...._..._. ————
l
&
.

R FYI

s ev new s . « . « PO - - PR, - . N o e e

et e L L KOO b T T AN T G P s ek S e e s R




TSI

b TV

-
"
pai

L6157

1

77
REF

Foals

g v

o)

———r —————— ———— ——— —————

290

l)‘/-

Pl
25¢

N Q 2]
N 8 .
N X

W\
N

D

~

N
g XIS = K2V NI LN

e

\

1§
{1
~

L DUV o)

deso

Jceo

SKE -2

/C00

/70

r”?‘

~ANERS

) s oo

o vEemv et e g

P

PR me my e S .t v - ——

e B, cvmw e bt mrce e = vt e

PP

N e

1’
)
;
.
7
'
H
H
i
m

Hel

s oy o o w——
re

D6~58342TN

-
N e ————

oA~

e
My

Co.P.

s
.:’:1

RN

e

*i
)

[

-




e

Seck e o

RN S i bt e

R gt M

TS

i a2 o

b
3

e e e o

| 4

330

s 8
0

s

¢

Avagaric 7AVGeN T Bkic S ius — ms/x 0%

- - -~ - e -
+

260
250
Monstnro Lard
240
Jooo 2000 Fo00 oo o0
. FRESSURE — £S5/

cALC | reviseo | oare .
. FousLISHED DATA — /00 b6 4
APR Sivioel SO0A FLuip D6-583621
(] N
- THE BOEING COMPANY ““"r-;:gLJ
TO &4l C 24

N

Al

AN

R

PP IR YN

i s N A E s




* 1
MTTERFTIT I . L A .o
o -,...vv '.u.i_. .!n! 4 b ‘ ! 3" Yo 0 ..: -1 . b - \ehN
5 SN LY .»n,. ‘u.uf(o‘....;.. e 4 AT TR ,.,.v. S, : . o ,
Y P 7— 1 -v:.» >, .rr»» pa sy WY z e AoV ) wrer, ;.fhut..» x5 -.:.Yn..._ \__\.4. »1;‘ ~y< (.- - — . vty
“ e o e ji .? R ,r,.x e : : T ) u
. - (34 ‘...?- « | I -5 . ;
, A x~. .m..w o “ v.-._..uv, M .M x_n..x.. K . A s
. i . . oy
A v. A4 ed O i . .- - ; b > :
m ' N 0 m
o - . - P E
) . ~ .
e

a.a

e Il Tl S ctw)

) _ 0.
- . oL, Q
: . oot ST aﬁ 3 £
, S RRERIEN BN
) . : ' .” , \ ﬂ A m«w
; ' ' _ S
o “ | o . S 8o
o B S H ﬂ z
: R ' w
o
! Rk
! : w Yt
o S . J SiF
| 9 DR
: : { . ,W‘S
- Y
M
, W ”m M N :”v
i ! . S ° \ )
. - 3 N N %
Coo M.Q\k\.m_.-\ ~ SYYMTIOWY Iy LNFESNY/ 2UYEVETY ’
_ S . e . . NERE
. ML

10 4! C¢




EECTak Tt

TR AT

2 iy !’{ »

FANED AP A AN § S ASRE S £

BT

TH

TS T

XS

ke 3:265)

TN g RN

[YRTaTY

TN TN, B R IR

e e it e A n

———— - a e e e o - - -~ . - -

1546 O

AD

2
{
i
!
|

REV SYM

L}

thais being the time required for the disturbance to transverse the

length of the line and return. Construction of the valves utilized

for these measurements prohibited determining the closure t}me. However,
an estimete of this time mey be obtoined by observing the pressure traces,
This vas complicated by the fact that tump ripple was surerimposed on

these iraces.

In testing vith WSX-6.335, th2 percentage of 8ir in the fluid was obteined
by use of the Seatou-Vilson "Airometer.” Fluid semples of new and
cycled rluid were taken, the cycled fluid being drawn from the system
folloving 2¢ minutes of cycling end after the 4 and 18 hour dorrant
periods at a2 temperzture of 100 ¢, 'The new fluid yielded an average

cf .75 percent air. Vitn the ¢ycled fluid, the air content ranged

from (.3 to 2.0 percent (Figure63 ). Cycling the fluic did not appre-

an ve seen. Both dissolved and

(¢

ciabiy change the air contont es

r Lthese measurements. However, es the

(&}

crbreine eir is reflected 1

3

ow

satiples could not be evalueted immediately upon removal from the systen,
it 1is cuspected that the entroinzd oir migrated to the fluid surface

and vas releas~d.  An incication c¢f iuls was the formalicn < an air

[

bubble ebeve the sampse is a Lreviously full conteiner. o, the valueg
obtained are rrobably mo-t reuresontotive of the gir discolved in the

fluigd.
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WeX-6885 FLUID

CYCLED FLUID

READIG NBEW
4 HOLE |10 nove
\ =~ | O C ED
UMK LON YL o DORMANT
22 MIN | pepion | PERIOD
1 & .O% T.5% T.0%, T1.5%
Z 6.5% T7.0% 0.0, . 75%
3 o.0O% .5% .S T1.28%.
4. % 8.0%

€ VACUUM  APPLIED FOR 5 MINLTES
INSTEAD OF CLUOSTOMARY 2 MINUTES.

* ¥ DHSAMPLES OF OJCLED FLULUID TAKEMN

AT A TEMPERATURE OF

100 F.
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V. CONCLUSIONS

Based on the dato obtained, the following conclusions are realized.

Acceptable comrelation was obtcined between our bench measurements ond pub-
lished dato for MIL-H-5606B and W5X6885 fluid. An occurate assessment of
the Skydrol 500A data was difficult due to the inconsistency of the published

date available .

The system measurements produced initial volues which compared very favorabl,

with the bench results for MIL-H-5606B and WSX-6885 fluids The data obtained |

with Skydrol 500A bracketed the initial values with the curve having a slightly

4

greoter slope.

The system measurements following pressurized dormant periods yielded the most
accurate correlation with the initial system values and subsequently the bench

and published values.

In measurements for a flowing fluid, the method employed also produced accep-

10ble results for both WSX-6885 and Skydrol 500A flyids.

For conditions of continuous demand and pressurized dormant pericds, which
exist in flight control systems operations, the fluid bulk modulus does not vary
appreciable from published dato obtained by the Pressure-Volume-Temperature

method .

For aircraft operating periods with the system unpressurized, os in utility systems,

the fluid bulk modulus is low initially but approaches the published value within
the first moments of system actuation, Therefore, for design purposes, the pub-

lished value would be the most accurate.
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APPENDIX A
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St. Louis: Misseuri * -
4
Septeaber 16, 1956 < A

Tilcon Faaslton

iaterial Zansincering Dept.
Tne Zoeingm Company

~anioan, VWoshington
zzar Uilson:

50 Decing reguested tict we supply your comhany
. 2 »cloting to Skydrol 5004, Skydrol 5003 and 5G00..
Siecifically you requested viscosities, densltics, pres-

> viscosities, bulk modull, and vopor precsures for.

et 6O
£

ticse products. In addition you wrequested alr colubility
ané ssted o sound data for Skydrol S00A. Attached to
this letter our a nuaber of data siicets on which you will
2ind the requested inforxmation. I we can be of any
further service to you on this subject please let us know.

Vory truly yours,
F. H. Langenfeld

A Jadde .,
Atvaciuments .

cey lir, Jerey Johncon
atericl Engincering Dept. ¢

ire Al Decmer
Eagineering Stafs
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- © NONSANTO CO¥PANY
A ORGANIC DIVISION RESEARCH DEPARTHENT

¢ 7 ... wiscellaneous Nonsante Data on.Skydrol 500 and MIL-H-5606

-y . - ¢ »
) . B

Skydrol 500 MIL-H~-5606
‘ - _ A B A _ B
1» v;scoszty, cs at -bo 562 . 761 yr1 469
o s 0° F, 100.9 105.4 103.6 97.1
S <Dl 100°F . 11,70 11.79 14.56 1%.31
R 210°F 3.91 3.96 5.24 5.23
2. nensity, gm/hl ‘ C
. . at -40°F 1.1213 1.1203 0.9042 0.9109
, \ 0°F ' -1.1023 1.1007 0.8881. 0.83584
5 100°F 1.0545 1.0532 0.8487 - - 0.8542
‘ 210°F 1.0025 1.0010 0.8051 0.8104
B oc\“\gs, . - '
~ Xpsi-at 100°F 264 278 - 223 229 )
2 {\ .so»nerﬂab - 200°F 220 22 186 179
. "seécant,. 0=T 300°F 165 17 139 139
. 5?8&8) . —
4, 2 réSSUTe Viscos- ‘
o ~8S at 2 Kpsig . 13.9 13, 19.8 7.3
: k‘(loo°p) Ly Xpsig 16.5 15.0 25.9 21.0
‘ e 6 Kpsiz 19.4 16.8. , 348 25.5 -
5, VApor Pressure : '
: . GuHg at 50°F 1.2 3.0 c. 0.8 -
. TR 150° F 15.2 4y 6.9 42
250°F 77 - 235 30.5 7
) '
D. R. Miller
-1(( ) ;’
D6-58362TN
R “ . 92
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Miscellaneous Monsanto Data on Skydrol 5000 - o

§ 6. Ailr Solubility in Skydrol 5004 at 100°F L

¥ .

: Vol. % air (68°P, 1 atm. abs.) = 0.54% p(psia)

L P2M (wzt.) air = 6.4 p(psia)

' Estimated accuracy of constants + 5%

: Measurement range 14.7 to 115 psia

i 7. Sonic Velocity of Skydrol 500A at atmospheric pressure i
¢ (meters/sec.) = 1435 - 3,25 ‘c$°02

e = 1493 - 1.81 ¢{°

A '

b Estimated accuracy of constants + 1%

g Measurement range 0 ~ 100°C

: 8. Sonic Velocity of Skydrol 500A at 100°F, meters/sec.

% Sample Air-Saturated at 100°F and

: Pressure, psig 0 psig (as 1s) 100 psig

o 1310 -

A 100 - - 1312

; 1000 ¢ 1335 1340

. 2000 1361 ‘ 1367

? 3000 . 1387 - 2397

%000 1415 . 1k25

; 5000 1440 1453

£
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UYTECHNIQUES FOR MEASURING AND -
.

REMOVING AIR FROM HYDRAULIC .
CONTROL SYSTEMS" ; .

V. G. Magorien, Ghief Engineer
Seaton-Wilson Mig. Co., Inc. -
Burbank, California

N

Presented before the 22nd annual meeting of the National Conference on
rluid Power, October 20 - 21, 1966
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"TECHNIQUES FOR MEASURING AND REMOVING AIR . -'2
FrOM HYDRAULIC CONTROL SYSTEMS" N

| GENERAL T

It IS A GENERALLY ACCEPTED FACT, THAY HYORAULICS 1S AN ° -
EXCELLENT METHOD OF POWER TRANSMISSION., THE PRIME REASON FOR - - -
THIS ACCEPTANCE 1S5 IT'S INHERENT STIFFNESS. DUE TO THE VERY R

A1GH BULK MODULUS OF MOST FLUIDS, THE POSITIVE, PRECISE y

POSITIONING OF A RAM OR A SHAFT SHOULD BE A CERTAINTY;} BUT IS
-2

TRUE, ONE CANNOT SAY THE SYSTEM 1S "STIFF" UNLESS 1T 1§
COMPLETELY FLUSHED OF AIR; HOWEVER, ONCE THAT 1S ACCOMPLISHED,
THE SYSTEM SuoutD BE "soLi0." THE WIRD SHOULD 1S USED BECAUSE
THE STIFFNESS OF A SYSTEM (S RARELY MEASURED IN A QUANTITATIVE
MANNT R, THIS OVERSIGHT MIGHTY BE EXPLAINED AWAY BY CALLING IT
AN INTERFACE PROBLEM. THAT S, IT 1S THE POINT WHERE THE
DESIGNER LEAVES OFF AND THE TECHNICIAN TAKES OVER. TO0O OFTEN,
17T 1S THE RESPONSIBILITY OF THE TECHHNICIAN TO KNOW WHEN TO
STOP FILLING AND FLUSHING. IT 1S SOMEWHAT ANTI=~CLIMACTICAL

TO GATHER A LARGE NUMBER OF MEASUREMENTS ON INDIVIDUAL COM=-
PONENTS; AND THEN, AT THE LAST MOMENT, NOT MEASURE THAT WHICH
WAS DESIRED IN THE FIRST PLACE!

THE PURPOSE OF THIS REPORT 1S TO DESCRIBE TECHNIQUES AND
DEVICES FOR MEASURING AND REMOVING AfR IN ORUER TO INSURE A
"STIFF," HIGH RCSPONSE SYSTEM,

11 SameLe AR TESTS

It CRDER 7O OBTAIN DATA WHICH WOULD SE BOTH SIMPLE, YET
MTANINGFUL, A CONVEMTIONAL, DOUBLE-ENDED ACTUATOR (see FIG. 1)
WAS CenruNECTED To A 1 GPM; 3000 pst1, MiL-H-5006, HYDRAULIC
SYSTEM. |7 WAS THEN INSTRUMENTED WITH A DEVICE WHICH WOULD
MEASURE THE COMPRESSIBILITY OF ANY AIR~0IL MIXTURE, THE
MECHANICS OF THE INSTRUMLCNT WILL BE EXPLAINED LATER,

STARTING WITH AN EMPTY ACTUATOR, FLUSHING BEGAN AT LOW PRESSURE;

1. £+, APPROXIMATELY 300 PS1G. THE CYLINDER WAS CYCLEOD 8Y

MZANS OF A FOUR=WAY VALVE WITH FLOW PASSING THROUGH AN '
.0232 DIAMETER ORIFICE AT THE CYLINOER PORT. THE PURPOSE OF '
THE ORIFICE WILL BE EXPLAINED LATER, AFTER EVERY SIX CYCLES,

THE TEST STAND WAS SHUT DOWN AND AN AIR MEASUREMENT TAKEN.

A GRAPH WAS MADE, ILLUSTRATING THE DECREASE OF AIR VERSUS .
FLUSHiNG cYCcLES. (3ee FIG, 1t.)
[N ADDIT:ON, THE CYLINOER WAS PERIODICALLY PRESSURIZED TO

1000, 200C anp 3000 psiG. THE AMOUNT OF FLUID REQUIRED TO

ACHIEVE THESE PRESSURES WAS MEASURED AND RECORDED. (Seg FIG.111.)

THE EFFEZCTIVE BULK MoouLus @ 3000 Psi1G WAS THEN COMPUTED FOR

"1" D t® Ll
69?‘31‘3"6,2TN
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FOR VARIOUS AIR CONTENTS USING THE VALUES 0BTAI1NED. ({See FIG. IV.)
G{’\ NEEDLESS TO SAY, (T WAS QUITE STARTLING TO DISCOVER THAT, WITH
: _A. CONTENT OF. ONLY .17% OF COMPRESSIBLE AIR, THE THEORETICAL
BULK MODULUS WAS CUT IN HALF! THE FIRST INCLINATION IS TO TAKE
" B "-SOLACE FROM THE FACT THAT, AT THE LEAST, CAREFUL FLUSHING HAD
- BROUGHT THE COMPRESSIBLE AIR CONTENT oown T0.0.2%. UNFOR-’
TUNATELY, THIS VALUE 010 NOT REMAIN AT 0.2%, AFTER FLUSHING,
THE"TEST STAND PRESSURE WAS INCREASED To 1000 psic. THE
"PURPOSE OF THE ORIFICE, UPSTREAM OF THE CYLINGER, WAS TO SiMu-
“LATE THE AREA OF Al .032 DIAMETER VALVE OPENING. AFTER ONE-
WALF CYCLE, AN AIR MEASUREMENT WAS MADE AND FOUND To 8t 0.8%l
"AFTER THE SECOND CYSLE, 1T WAS 1.6% ano so on. (See FIG. V.)
IN $HORT, DISSOLVED AIR CAME OUT OF SOLUTI!ON AND COLLECTED 1IN
- THE ACTUATOR, IT 1S TH:S FORM OF AIR WHICH NEGATES NORMAL FILL
AND FLUSH TECHNIQUES. BEFORE CONTINUING WITH DESCRIPTIONS OF
AJR MEASURING AND AIR SEPARATING DEVICES, SOME DEFINITIONS ARE
IN ORDER. .

H

PP

111 ForMs ofF AIR

FReEE AfR: FREE AIR 1S THAT WHICH IS TRAPPED, 8UT NOT
TOTALLY IN CONTACT WITH A FLUID. IT 15
NEITHER ENTRAINED NOR DISSOLVED. AN EXAMPLE
OF FREE AIR WOULD BE AN "AIR-POCKET" IN A

3 SYSTEM.
; N, . ENTRAINED AiR: ENTRAINED AIR 1S THAT WHICH IS SUSPENDED IN
; { ‘ A FLUID AND NHORMALLY EXISTS IN THE FORM OF

. SMALL BUBBLES,

i e Logrese 1w

DissoLveD AIR: DISSOLVED AIR 1S THAT WHICH ENTERS INTO
V . : SOLUTION WITH A FLUID. OSINCE T 1S NEITHER
; FREE NOR ENTRAINED AIR, IT DOES NOT BEKAVE
3 ’ . ACCOROING TO 3oYLE'S LAW. |IT DOES, HOWEVER,
1 : ' ¢8EY HENRY'S LAW, WHICH STATES THAT "THE
d . WEIGHT OF GAS DISSOLVED IS PROPORTIONAL TO
- THE PRESSURE."™ |T CAN BE REMOVED BY TWO
DIFFERENY MEANS: SUBJUECTING THE FLUID TO A
KEDUCED PRESSURE ANO/OR RAISING THE FLUID
TEMPERATURE., |TS PRESENCE OR ABSENCE DOES
NOT AFFECT THE VOLUME OF THE FLUID.

&

SRl S A e 1

T

A PICTORIAL EXAMPLE OF THE THREE FORMS OF AIR IS SHOWN IN
FlGo V'o M

IV AooiTionat DATA on DisSsoLvED AlR

PR T N

SEATON-WILSON HAS MADE DISSOLVED AIR MEASUREMENTS ON SEVERAL,
COMMON, HYDRAULIC FLUIDS AND THE RESULTS ARE SHOWN IN FI1G. Vi,

1T SHOULD BE EMPHASIZED THAT NEITHER THE PRESENCE NOR THE
ABSENCE OF DISSOLVED AIR AFFECTS THE VOLUME OF THE 0iL; AND

- ‘ . D6-58362TN
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TEST DATA SEEMS 7O INDICATE THAT THERE IS NO EFFECT OM BULK
M00ULUS, PROVIDING THE AfR IS 1IN SOLUTION. THESE FACTS, AT
FIRST, APPEAR PARADOXICAL; HOWEVER, IF ONE VISUALIZES A
CONTAINER FILLED TO TYTHE BRIM WITH MARBLES, WHICH RIPRESENT THE
O1L MOLECULES, IT 1S POSSIBLE TO POUR IN FLUID, REPRESENTING
AIR, ARGUND THEM, OR REMOVE THE FLUID WITH HO CHANGE I VOLUME.
THE wZiGn7 OF THE CONTAINER CHANGES, BUT NOT THE VOLUME. THE
APPTARANCE AND DISAPPEARANCE OF DISSOLVED GASES , 1IN THE FORHM
OF ENTRAINEO AIR, IS AN INTERESTING, BUT ELUSIVE, PHENOMENON.

ACCEZLERATING FLUID THROUGH AN ORIFICE CAUSES A LOCAL,STATIC
PRIZSSURE DROP. |F THE PRESSURL OROPS BELOW ATMOSPHERIC
PRESSURE, DISSOLVED GAS APPEARS IN THE FORM OF TINY BUBBLES.
PROVIDING THESE BUBBLES D0 NOYT CONGLOMERATE 1NTO LARGER
EUBBLES, AND THE VELOCITY OF THE FLUID 1S KEPT LOW, M0ST OF
THE AIR BUBBLES ARE READSORBED DOWNSTREAM WHERE THE STATIC
PRESSURL 1S GRIZATER THAN ATMOSPHERIC. THI1S PHENOMEMNON AGREES
wiTn =SZnRY'S LAWw. THERE 1S AN EXCEPTION TO THIS COMDITIGH,
HOWEVIR; AND THAT 18, AS THE FLUID IS ACCELERATED CLOSE TO
ITS SSNIC VELOCITY, THE AiR BUBBLES EXPAND TO LARGER SIZES
AND ARE RELUCTANT TO GO BACK INTO SOLUTION DESPITE SUBSEQUENT
EXPOSURE 7O HIGHER PRESSURES. 100, EROSION OF MATERIALS HAS
BEEN KNOWN TO TAKE PLACE IN THE VICINITY OF BUBBLE GROWTH, IT
1S NOY VHE PURPOSE CF THIS REPORT, HOWEVER, TO INVESTICATE
£R3SICGN.,

V JZSCRIPTION GF AIR MEASURING EQUIPMENT

SINCE AIR CAN EXIST IN EITHER COMPRESSIBLE OR INCOMPRESSIBLE
FCRMS, T 1S NECESSARY 7O HAVE Tw0, DISTINCTLY DIFFERENT MEANS
OF MZASURING ITS PRESENCE. TO FILL THESE NEEDS, SEATON-AILSON
MANUFACTURING COMPANY HAS DEVELOPED TWO INSTRUMENTS:

A, A=LGO "AIRE-CMETER" (Sec FIG, VIIL.)

THiS DEVICE 1S USED TO MEASURE COMPRESSIBLE AIR
CONTENT. IN PRINCIPLE, IT TAKES ADVANTAGE OF AIR'S
COMPRESSIBILITY., THE AIR IN A CLOSED SYSTEM 1S
PRESSURIZED TO A PREDETERMINED LEVEL, EITHER WITH

ITS OWN FLUID OR FROM AN EXTERNAL SUPPLY. AFTER
"ZEROING-OUT" THE INSTRUMENT, THE PRESSURE 1S RELIEVED
AND THE COMPRESSED FLUID IS ALLOWED TO EXPAND INTO A
MANOMETER TUBE, WHERE IT IS MEASURED, Y MEANS OF
8ovLe's LAw, THE AMOUNT OF TRAPPED AIR _.AN BE CALCU-
LATED.

8. AD-4001 "AIRE-OMETER" (See FiG. 1X.)

THIS DEVICE IS USED TO MEASURE DISSOLVED AIR CONTENT.
IN PRINCIPLE, !T TAKES ADVANTAGE OF THE FACY THAT

GAS WILL COME OUT OF SOLUTION WHEN EXPOQSED TO A
VACUUM, A SMALL FLUID SAMPLE IS TITRATED

D6-58362TN
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: ’ FROM THE UPPER RESERVOIR INTO THE LOWER TUuBE, US!NG

: .!) MERCURY AS THE WORKING MEDIUM, AND THEN EXPOSED TO A
) VACUUM., AFTER THE GASES HAVE ESCAPED, THE AIR-~FLUID
v MIXTURE 1S PRESSURIZED YO ATMOSPHERIC PRESSURE AND

‘: THE VOLUME OF GAS MEASURED.

Ry T e i e

V1 DescripPTiION OF AR SEPARATION EQUIPMENT

To RECMOVE ALL THREE FORMS OF AR, SEATON-YILSON HAS DEVELOPED
AN AUTOMATIC AiR SEPARATOR. (SAF-1001 "SEPARATE-AIRE") (See

L: FI1G. X.)

SINCE DEGASSING CAN ONLY BE ACCOMPLISHED IN THE PRESEHNCE OF
A VACUUM; YET, A NEGATIVE HEAD IN A RESERVOIR RESULTS IN

PUMP CAVITATION, THE FLUID MUST BE PROCESSED IN A SEPARATE
CONTAINER., AFTER THE F.UID HAS BEEN DEGASSED, IT MUST THEN

3¢ PUMPED BACK UP TO SYSTEM RETURN PRESSURE. 10 ACHIEVE THIS,
THE "SEPARATE-AIREY uSECS AN ASPIRATOR TO BOTH DEGAS AND JET-
PUNP THT PROCESSED FLUID UP TO SYSTEM RETURN PRESSURE., THE i
"SEPARATE-AIRE"™ 1S PLACEO IN A SYSTEM IH PARALLEL TO THE LOAD, |
AND THUS OPERATES AT SYSTEM PRESSURE., (SEE FIG. X1.) UunLess
"VALVID~OFF" FRCM THE SYSTEM, IT WILL MAKE A CONTINUAL BLEED
OR DRAIN ON THE HYDRAULIC HORSEPOWER PROVIDED BY THE PUMP.

EAALIY Py

~ FLUID, TO BE DEGASSED, IS INTRODUCED FROM THE RETURN S10E OF
_THE HYDRAULIC CIRCUIT. SINCE UNSATURATED FLUID 1S ASPIRATED
{ ™ INTO THE SAME STREAM, WHICH IS CREATING THE VACUUM, MIXING
OCCURS. THE DEGASSING PROCESS CAN NOW BE SEEN TO BE A PARA-
S1TIC ONE, AND A CURVE OF DOISSOLVED AIR CONTENT VERSUS
RUKK ING TIME OF A "SEPARATE-~-AIRE™ 1S AN EXPONENTIAL ONE,
(Sec FIG. XIl FOR DISSOLVED GAS CONTENT OF OPEN AND CLOSED

SYSTEMS,.)

AFTER THE DEGASSING CHAMBER HAS FILLED WITH AIR, FLOAT SWITCHES
i ARE USEO TO SENSE THE END OF THE CYCLE. THE ASPIRATOR SGLENOID
3 VALVE 1S SHUT OFF , AND THE VENT SOLEHNOID VALVE OPENED,
DEGASSING FLOW IS ALLOWED TO CONTINUE, ANO SINCE 1T S NO
LONGER BEING ASPIRATED, FILLING OCCURS, THE AIR IS COMPRESSCO
TO A PRESSURE SLIGHTLY ABOVE ATMQOSPHERIC PRESSURE AND VENTING

3 BEGINS AGAIN THROUGH A CHETK VALVE, FLOAT SWITCHES SENSE WHEN

TOTAL PURGCING HAS BCEN ACCOMPLISHED AND THE ASPIRATOR IS {
REACTIVATED TO REPEAT THE ENTIRE CYCLE. i

LR A i VI TP vy

3

Vil RgsuLTs oF A1R REMOVAL

ETI | L <. i tegpare

THE MYDRAULIC CYLINDER, DESCRIBED ABOVE, WAS TESTED WHILE
ASSEMBLED 1N A SYSTEM WHOSE SCHEMATIC 1S sHown IN FIG. 1.

ALL OF THE COMPRESSIBLE AIR MFASURCMENTS, SHOWN IN FIGS. 11,

Iti AND IV WERE MADE WITHK AN A~400 FAIRE-OMETECR." To

CVALUATE THE EFFECTS OF AIR REMOVAL, THE AiR=O0IL SEPARATOR,

OESCRIBED ABOVE, WAS ALLOWED TO OPERATE FOR EIGHT, 15 MINUTE \
CYCLES. THE RESERVOIR FLUID WAS COVERED BY A FLOATING PISTON :

2w

ol

U oo gt e s
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AND THE DISSOLVED AIR CONTENT OF THE FORMER WAS MEASURED DY
MEANS OF AN AD-4001 "AIRE-OMETER."™ A CURVE OF DISSOLVED AIR

CONTENT VERSUS RUNNING TIME 1S SHOWN 1N FIG. Xile THE ACTUATOR

WAS THEN RECYCLED AT LOW PRESSURES, AS BEFORE, AND AIR MEASURE~
MENTS WERE TAKEN EVERY SiX CYCLES. (See FIG. XI11.)

IT 1S WORTH NOTING THAT THE NUMBER OF FLUSHING CYCLES REQUQRED
TO ACHIEVE A SPECIFIC LEVEL OF AIR CONTENT DIMINISHED, .

THE SYSTEM PRESSURE WAS THEN RAISED, AS BEFORE, To 10CO esic.
TEN CYCLES WERE MADE ANDO NO ENTRAINED AIR APPEARED IN THE
CYLINDER, NOR IN ANY PART OF THE SYSTEM. (See FIG. XI11,)

VIIl ConcLUSIONS

THE CORCLUSIONS THAT WERE DRAWN FROM THE TESTS WERE BROKEN DOWN
INTO FOUR SPECIFIC AREAS:

A. EFFECTS OF FLUSHING

THE EFFECT OF CONTINUQUS, HARD—OVER CYCLING UPON AIR
CONTENT AGREED WELL WITH INTUITIVE RESULTS. I[N FACT,
THE FINAL VALUES ACHIEVED WERE FAR LOWER THAN WHAT
WOULD BE IMAGINED FOR A CYLINDER WITH "sutLT-IN" AIR
POCKETS,

ASSIDUOUS CYCLING CAN, THEREFORE, BE EXPECTED TO
EFFECTYIVELY PURGE ANY GIVEN SYSTEM OF AtR,

B. AcraTioN Due To DissoLveED AIR
K]

ThEe RESULTS OF THE HIGH PRESSURE CYCLING INDICATE THAT
SYSTEMS USING AIR=SATURATED MIL-H-5606 FLuUID, OR .
SIMILAR HYDRAULIC FLUlDS, AT PRESSURES OF APPROXIMATELY

.

1000 PS1G6 GR GREATER, CAN LOOK FORWARD TO THE GENERATION

OF ENTRAINED AIR ACROSS ORIFICES IN THE SYSTEM.

]
Low PRESSURE HARD=OVER CYCLING OF ACTUATORS CAN HELP
REMOVE THE RESULTANTY AIR IF THE CYLINDER TO VALVE LINES
ARE SHORT,

CYLINDERS WORKING UNLOADED AND ONLY IN THE MI0=STROKE,
RANGE, WITH INFREQUENT HAROD-OVER TO HARD-OVER SIGNALS,
CAN EXPECT INCREASING AIR CONTENTS WITH TIME.

C. Buik MoouLus

THE EFFECT OF AIR ON BULKX MODULUS AGREED WELL WITH THEORY

WHERE THE AIR CONTENT WAS 4% or mMORE (SEE APPENOIX).,AT
HiGH PRESSURE, THE CORRELATION FELL OFF AS AIR CONTENT
DECREASED) 1o Eay ADDITIONAL VOLUME WAS REQUIRED BEYOND
THAT DUE TO AIR AND FLUID COMPRESSIBILITY.

i
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THIS EFFECT COULD ONLY BE EXPLAINED BY THE ELASTICITY
OF THEL CYLINDER, O-RING, END CAP, AND THREAD CLEARANCES.

ErFeEcTS of DEAERATION

THE EFFECT OF DEAERATING THE SYSTEM FLUID WAS TO PREVENT
-COMPLETELY THE GENERATION OF ENTRAINED AIR ACROSS THE
SIMULATED VALVE ORIFICE. PREVIOUS TESTS, CONDUCTED
WITH UNSATURATED FLUID, INDICATED ACCELERATED PURGING
ALSO TAKES PLACE JUE TO THE ADSORPTION OF SMALL AIR
BUBBLES. FURTHER WORK 1S NOW UNDERWAY TO QUALITATIVELY
DEFINE THE REDUCVION GF PUMP NOISE AND MATERIAL EROSION
DUE TO THE USE OF UNSATURATED, HYDRAULIC FLUID.,

GeneralL. CONCLUSIONS

1T 1S READILY APPARENT, FROM THE TESTS MADE, THAT SEVERAL
AREAS OF PERFORMANCE CAN BE IMPROVED AS A DIRECT RESULT
OF OEAERATING THE SYSTEM FLUID.

IN REGARD TO BULK MODULI, A WORD OF CAUTION IS NECESSARY,
THE VALUES SHOWN ARE NOT & MITTED AS PRAZ'MATIC NUMBERS
TO BE USED WITH ABANDON., F ANYTHING, THEY POINT QUT
THAT, FOR ANY SPECIFIC SYSTEM, ACTUAL MEASUREMENTS SHOULD
BE MADE RATHER THAN RELYING UPON "TEXT BOoOK" VALUES.

!
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i THE FOLLOWING CHART CONTAINS ACTUAL AND COMPUTED ruconer|CAL . 35;1;.
i VALUES OBYAINED FOR BULK MODUL! TESTS:S TR
- N S PR R
? (NOTE: 0.17, 0.97 an0 4,15 REFCR TO AIR CONTENT -IN:$5) Sy g s
'§ y ) S :‘ ‘.:-‘:':.V‘“-
L PRESS: | ACTuaL VoL. Reo'o | Tueor. Vor. ReQ'o | Deviamion =% - - | .-
i 0.17 0.97 4.15]0.17 0.97 4.15 | 0.17 0.97 ‘4,15 .
) 45 040 .25 .99 | .042 .206 .70 | = 7 0. -,
;,‘ SOO - .["i q.slﬁ" R J ’
{ 00 240 .52 1,421,186 428 1.44 |29 24 0.7
B 15A0 A G50 o
2550 460 .77 159 L3030 .553 1,57 152 29 ¢ 1.2 e
» 2500 —— ‘8" 1063 ’ . -
3000 570 .88 1.73 | 415 561 1.88 &1 5% 2.9 * .
» *NOGTE: AIR CONTENT DETERMinED @ 45 ps1G BY MEANS OF BovrLe's
. . \ - -
‘ EQUATION: Vg - P2 (/1 V2)/ (P2 Pq) ‘
OR .
. V, = 44V/3

£.G. Y=k x .04/3 = L0533 in’
6 Ayr = L0535 x 100/32 = N.46R)%; use 0.17% - -
(ACTUAL CYLINDER VOLUME: 52 CUBIC INCHES) .

INCREASING DEVIATIONS WITH OIMINISHING AIR CONTENTS ATTRIBUTED
TO FIXED DISPLACEMENT GF CYLINDER, O-RINGS AND END CAP THREZADS
AT THE VARIOUS PRESSURES.

THEORETICAL VOLUME REQUIRED WAS COMPUTED AS FOLLOWS:
TOTAL VOLUME REQUIRED = CHANGE 1M 0IL VOLUME + CHANGE

IN AIR VOLUME, . N
kg V Torar = (Cie vorume x PressurRe/ Suux MoouLus) + Arr VuLuMe X
’ (1 - Vouume RaTi0)
PRESSURE Buuk MoouyrLus FRESSURE VoLumE RATIO
45 220,000 45 « 33
4000 240,000 1000 015
2000 250,000 2000 007
2000 265,000 3000 .005

CeGo For 0.177% Air: (AIrR conTENT: OS54 |~3; O1L CONTENT: 31.9S_|n3

A AV TotaL = (31.95 x 3000/265,000) + .054 (1 - ,005)
= 362 i + +053 inD
= 0.415 cusic INCHES (THEORETICAL VOLUME REQUIRED)
D6-58362TN
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