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SUMMARY

The transient response of the pressure-remting relief v~ve in,
a hydraulic circuit is analyzed by means of an electrical analogy of the
hydraulic circuit.

Measurements of the transient response of a hydraulic relief valve
are presented and are compared with responses calcuhted from the dif-
ferential equation of the equivalent electric network. The comparison
of experimental and analytical responses shows that the response of the
relief valve can be adeqmtel.y predicted by means of the equivalent
network.

The analysis of a typical relief valve by means of the eqpival.ent
network indicates that viscous damping is negligible and that the prin-
cipal.damping is derived from the flow resistance of the various ele-
ments of the hydraulic circuit.

An expression is analytically developed that yields directly the
area-ltit relation for the relief valve for stable valve operation over
wide “flow-rateranges.

INTRODUCTION

Hydraulic pressure-generating equipment consisting essentidly of
a positive-displacementpump and a pressure-regulating relief valve to
automaticald.ycompensate for vsrying flow demand is in universal use.
A comprehensive survey of industrial equipment in this field is given
in reference 1.

The recent ap@ication of the high-speedj high-output hydraulic
servomotor h both the aircraft and the industrial field has created a
need for a method of analysis of the dynamics of the pressure-generating
equipment. This report presents an analysis of the response of the
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2 MCA TN 3102

relief valve to sudden flow-demand changes. The aniilysiscan be applied
to the design of relief valves to satisfy given respopse specifications .

and to predict the stability of the valve in a specific hydraulic ctrcuit.

The anslysis of the hydraulic circuit that is presented in this .

report is carried out by the technique of electrical analogy. El this
connection, it should be noted that the analogous psrameters of the
hydraulic circuit may be derived without the concept of the existing
electrical analogy. Because, however, of the vast amount of literature
that is available in the field of the dynamics of electric cticuitsj 8
much of the electrical tenninolo~ and diagrsmmatic symbols &s been 8
adopted. This is by no means an early use of the electrical analo~ h
the study of the dynamic effects in hydraulic circuits. The practice,
however, is not well established. For this reason, derivations of all
the constants employed are included in the report.

The experimentalwork that was carried out in this investigation
consisted of the observation of the movement of a relief-valve piston
hmnediately following a sudden change in flow d@nand. The results of
these observations are compared with the responses calculated from the
differentid. equations of the equivalent circuit. The investigation
was carried out at the NACA Lew5s laboratory.

DEFmom

Basic hydraulic Cticuit. - The basic hydraulic circuit that is
treated in this report is sho~m in the diagramat ic sketch of figwe 1.
As indicated in the figure, a constant pressure supply such as an
elevated tank feeds ligyid to a ~ositive-displacementpump. The pump
b assmned to be driven by a constant-speedmotor. The pump discharges
through a pressure-regulatfig relief valve and a system throttle. The
relief valve autcxnatically compensates for variation in system-throttle
resistance.

Elements of relief valve. - The elements of the relief valve are
shown h the schematic drawing of figure 2. Flow from the pump “enters
the valve chaniberas indicatedby the arrows. In response to pressure
in the valve chamber, the piston moves upward against the loading spring.
The upward movement of the piston ticreases the open area of the valve.
In steady flow the piston positions the valve such that equilibrium is
establishedbetween the force of the loading spring and the force re-
suiting from the regulated pressure that acts on the piston. It will be
assumed in this smalysis that the pressure in the return line is con-
stant and does not result in a force on the valve. It is further
assumed that the flow forces that act on the valve are negligible.

— —--—— —



NACA TM 3102 3

SYM601S

The anal.ysis that follows will be developed with the following
symbols:

%

A
P

a

B

cc

Cz

Cv

D

d

F

fn

G

h

K

L

;

zc

2P

M

Pc

Pe

orifice area, sq in.

effective mea of valve piston, sq in.

instantaneousvalue of valve open area, sq in.

bulk modulus of hydraulic fluid, lb/sq in.

capacitance of liquid-filled conduit, in.5/lb

capacitance due to loading spring, in.5/lb

equivalent capacitance of relief valve, in.5/lb

dtiensional constant

diameter of conduit,

viscous drag (piston

in fluid-flow equation, sq in./see@

b.

moving axially in cylinder), lb

damped natural frequency, cps

hydraulic gradient, lb/cu in.

radial piston clearance, in.

spring constant of loading spring, lb/in.

inductance of liquid-filled conduit, (lb)(sec2)/in.5

inductance due to piston mass, (lb)(sec2)/ti.5

length of conduit, in.

axial length of piston, in.

mass of piston and valve, (lb)(sec2)/ti.

liquid pressure in conduit, lb/sq in. abs

pressure rise through pump, lb/sq in.

———. .— —
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‘i

‘o

‘1

‘2

Q

r

T

t

u

Vc

Vp

v

inductive pressure drop, lb/sq in.

pressuxe drop across orifice, lb/sq h.

pressure drop across piston, lb/sq in.

equivalent loading pressure referred to drain pressure, lb/sq in.

hnposed pressure difference across circuit, lb/sq in.

regulated pressure referred to drain pressure, lb/sq in.

flow, cu in.jsec

flow from pump, cu in./see

flow through an orifice, cu in./sec

flow related to piston movement, cu in./see

flow through system throttle, cu in./see

flow through re13ef valve, cu in./sec

internal pump resistance, (3b)(sec)/ti.5

equivalent linear resistance of an orifice, (lb](sec)/in.5

piston resistsmce due to viscous drag, (lb)(sec)/in.5

equivalent linesr resistance of system throttle, (lb)(sec)/in.5 ~

equivalent linesr resistance of relief valve, (lb)(sec)/in.5

piston radius, in.

basic t3me constant of relief valve, sec

time from start of transient, sec

fluid velocity, in./see

volume of liquid in conduit, cu in.

volume swept by piston, cu h.

piston velocity, in./see

— — —.— —-
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w weight, lb

r

w valve width (change in valve open srea
movement), sq in./in.

x valve position measured from arbitrary

a constant of titegration

5 damping ratio, dhensionless

P absolute viscosity, centipoise

per increment

value of open

of valve

area

P mass density of hydraulic fluid, (lb)(sec2)/fi.4

T liquid shear stress, lb/sq in.

u
n dsnrpednaturs.1frequency, rad/sec

‘o undamped natural frequency, rad/sec

S@scripts:

f final value

86 steady state

EQUIWIENT LINEAR CIRCU121!FOR DYNAMIC IlESCR121!ION

OF REUEE’-VALVE CIRC-UIT

The development of the equivalent linear circuit that is presented
in the following sections wilJ.treat first the simplified case of the
massless, friction-free, and zero spring-rate relief valve. The e.pes -
sions for representing such a valve and the basic elements of the
hydraulic circuit are derived snd the basic circuit is drawn. Elements
are then added to the basic circuit to account for valve maSS ~ VhCOW
friction, and the rate of the loading spring.

/’ Representation of Relief Valve

Equivalent linear resistance of valve element.
that are of practical.concern in hydraulic systemk,
through the relief valve is small compared with the

- b most transients
the change in flow
steady-state flow

.. —.——..— ———
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through the relief valve. The change in open area of the valve element
is therefore small compared with the steady-state open srea. It is
further assumed that the deviation of the regulated pressure during the
transient is small compared with the equivalent lcding pressure. Under
these assumptions, the valve element may be considered to be a ftied
orifice operating at a ftied pressure drop. By defining“theresistance
of an ortiice
resistance of
with the flow

From the

as the ratto &~~, it is shown in appendix A that the
an orifice for changes in flow that are small compared
level is given by the relation

(1)

foregoing considerateions, the equivalent linear resistance
of the valve element is then

2PS
%== (2)

Equivalent capacitance of relief valve. - The equivalent capacitance
of the relief valve is defined by relating the volume swept by the piston,
in a given ticrement of lift, to the change in regulated pressure that -
results from the corresponding change in valve open area. If the @n-
ciple of superposition is assmed to apply, it is valid to evaluate the
equivalent capacitance under the condition of constant flow through the
valve element. Under the condition of constant flow through the valve
element, the value of the regulated pressure is determined by the open
srea of the valve element. The regulated pressure in terms of the open
area and the steady-state flow is

= %,ss2

‘2 (Da)z

Equation {3), clifferentiated with respect to a, IS

‘2

()

-2 %,ss 2 1—=
da D ~

(3)

(4)

The negative sign that appears in equation (4) indicates, as can be
read= reasoned, that the regulated pressure P2 diminishes as a

increases. With respect to the forces that act on the valve piston,
the negative change in P2 is equivalent to a positive change in load-

- Pressue ps“ Thus, the equivalent incremental change h Ps that

results from an incremental change h a is
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m
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7

(5)

The incremental change in valve open area that corresponds to an
incremental chamge in valve lift is

(6)

The volume swept by the piston in an incremental.change in valve
ltt’tlis

Vp= &
%

(7)

The eqpival.entcapacitance is now defined by the following relation:

b-Cv=m
s

.

Equations (5), (6), and (7) substituted in equation (8) yield

At equilibria, P2 = Ps; hence, from equation (3),

QV,SS
a
= D%

Equation (10) substituted in equation (9)

ApQv,ss ‘
Cv =

~ 3/2 &
s z

~ the case of a line= valve element,

da—=
dxw

(8)

(9)

(10)

gives

(I-1)

(12)

—.——— — ——__ .—.- .._ --
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in which case the valve capacitance is

Cv =

The valve capacitance is one
the stability and the response of

of a

(13)

of the primxry terms that affect both
the relief valve.

Representation of Fixed Circuit Elements

External resistance of m. - Theoretically, the volumetric output
positive-displacementpump is indepefidentof the output pressure.

b practice, however, this theoretical output is modifiedby internal
leakage and other titernal-flow effects. The volumetric output of a
positive-displacementpump maybe expected to diminish as the pressure
rise through the pump increases. Conversely, the pressure rise dimin-
ishes as the flow through the pump increases. The effect is therefore
equivalent to internal.resistance. The expression for the internal
resistance is simply

~=~ (14)

The value of this resistance is readily obtatiedby steady-state
calibration of the pump.

Equivalent ltiear resistance of system throttle. - In the hydraulio
circuit under consideration, it does not appesr practical to limit the
@si$ to consideration of changes in flow through the throttle that
are small compared with the steady-state value. Lsrge changes in flow
through the system throttle wiU always occur frcm low-flow levels. If
the initial flow is close to zero, the resistance of the throttle may
be apprwimated by the chord of the flow-pressure parabola connecting
the origin to the steady-state value of flow. The resistance so defined
is

Ps
Rs=—

%,ss
(15)

For small changes in flow through the system throttle, the same reason-
tig by which equation (10) was derived applies, whereby the resistance
of the throttle is

2P$
R$=—

%,ss
(16)

—..
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Equivalent Linear Network

On the basis of the concept of equivalent resistance and capacitance.
as derived in the preceding sections, the hydraulic circuit shown in

s figure 1 may be represented with electrical symbols by the circuit
shown in figure 3(a). In the diagram of figure 3(a), the relief valve
is represented by the resistance Rv and the capacitance Cv. The

system throttle is represented by the resistance Rs, and the pump is

8
represented by a constant-pressuresource feeding through a resistance

$ %“

Response of equivalent network. - As derived in appendix A, the
response of the circuit shown in figure 3(a), in terms of the current
flow through the cmdenser, is given by the following differential.
equation:

Equation (17) tidicates a first-order response

‘G%RSCV
T=Q8+~(%+Rs~

C$. o (17)

with a t3me constant of

(18)

Under certain shplifying conditions, equation (18) may be reduced to a
parsmeter that is a function of the relief-valve dtiensions only. These
conditions are: (1) The internal resistance of the pump is high corn-
pared with the valve resistance and (2) the transient is tiduced by
suddenly shutting off the system flow. Based on these conditions, the
values of ~ and Rs =e considered infinite, in which case equation
(18) reduces to

T = ~Cv (19)
.

Equations (2) and (13), substituted in equation (19), yield

T=+ (20]
DW@

Equation (20), which may be considered as the basic time constant of the
. relief valve, provides a generaldy useful index for classificationof a

given valve. The classification is independent of the characteristics
of the circuit in which the valve is used.

—. .-. .-—-— ._ .—— — -— ——.—___
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Equation (20] can also be derived from purely mechanical considera-
tions. This derivation is presented in a@pendix A.

Effect of valve mass on response of equivalent network. - The valve
mass may be introduced into the equivalent network by inserting an
inductance equivalent to the valve mass. As derived in appen& A, the
equivalent inductance of a mass-loaded piston is

(a]

.

The mass of the piston resists piston acceleration;hence, in the
equivalent circuit the inductance due to the piston mass is in series
with the valve capacitance. This circuiteis shown in figure 3(b).

The response of the circuit, shown in figure 3(b], in terms of the
current flow through the condenser (derived in appendix A) is given by
the following differential equation:

Effect of viscous friction on response of equivalent network. -
Viscous drag, developed between the piston and the bore of the valve,
is readily represented in the equivalent network by a resistance in
series with the valve capacitance. An expression for the resistance
of a piston h a cyltider is developed in appendix A. This expression
is

(23]

Effect of loading spring on res_ponse of equivalent network. - The
change ti loadtig force due to compression of the loading spring may be
taken into account by relating thd resultant change in equivalent load-
@ Pressue to an equivalent capacitance. The equivalent capacitance
of a sprtig-loadedpiston (derived in appendix A) is

Cz.A# (24)

Tt is noted that an upward movement of the piston results in an
increased spr3ng load.,and, as shown in the derivation of the expression
for valve capacitance,upward movement also results in an equivalent

.

ticrease in loading pressure. The equivalent capacitance of the valve

—— .— —
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,.

and the capacitance due to the loading spring are therefore h series.
Tne equivalent network that includes the effect of the loading spring
and the viscous piston drag is presented in figure 3(c).

The response of the network shown in figure 3(c), in terms of the
flow through the condensers (derived in appendix A), is given by the
following differential equation:

Connecting-line effects. - The length, dismeter, and rigidity of
the conduits that are used to interconnect the vsrious elements of the
hydraulic circuit affect the dynamic response of the circuit. In a
given length of conduit, the mass of the liqtid h the line is repre-
sented by an inductance in the equivalent circuit, and the compressibflity
of the liquid is represented by a capacitance. l&pressions for the
inductance and capacitance are derived in appendix A. As derived in
appendix A, the inductance is

4p2c
Lc. —

fid2

and the capacitance is

fid22c
cc. —

43

(26)

(27)

It is noted that the inductance and capacitance vary with the length
of the conduit. These circuit parsmeters sre therefore distributed.
However, in the type of hydraulic circuit being considered, it is rsrel.y
necesssxy to take into account the distributed nature of these parameters;
usually, either the totsd.Muctance or the total capacitance will be
the predominant term. The predominant term msy then be considered as an
element in the equivalent linear circuit, and the lesser term is neglec-
ted. Further discussion of lumped and distributed parameter cticuits
is beyond the intended scope of this report. The subject is treated in
tacts on electric trammiss ion lines.

The use of a nonrigid conduit such as rubber hose may introduce
large capacitance terms. Because of the diversity of construction
used in the mantiacture of nonrigid conduit, it is not possible to
derive a direct expression for the equivalent capacitance. The value
of the capacitance can he reaiW.y obtained, however, by measurement of
the pressure-volume relation in the particular conduit being used.

——. _— ___ . .. ___
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foregoing analysis, it is indicated that
hydraulic circuits (representedby fig. 1), in which the connecting

3102

lties introduce significant &ductive and capacitive effects, are -
systems of higher than the second order. Me this by no means places
such hydraulic circuits out of the realm of analysis, it was the inten-
tion of this investigationto Mnit the expertientslphase to a hydraulic
circuit in which the connecting-tie effects could be neglected in order
that the adequacy of representation of the relief valve in the equivalent
circuit could be most readily evaluated. The hydraulic circuit chosen
for expertiental study is representedby the equivalent circuit of fig-
ure 3(c). An evaluation of the connecting-ltieeffects in the experi-
mental circuit is given in appendix‘C.

Equation of Relief-Valve-PistonMotion

b order to ccmpare the response of the equivalent linear network
with the response of the physical hydraulic cticuit, it is necessary to
correkt e the variables of the equivalent circuit with measurable vari-
ables in the hydraulic circuit. Im the expertintal study reported
herein, the variation of position of the piston of the relief valve and
the vsxiation of regulated pressure during the transientwere recorded.

.

ti the transient, the regulated pressure departs frcinthe steady-state
value and then returns to substantidly the ssme steady-state value.
The piston position, however, reaches a new eq@l.ibrium position at the

J

end of the transtent. The piston-position record is therefore more
readily studied. For this reason, the comparison between measured
responses and responses indicatedby the equivalent linesr network is
made on the basis of piston movement. The equations of motion of the
piston as derived from the equivalent network are presented in the fol-
lowing sections.

Response of condenser current in equivalent network. - The cliffer-
ential equation for the response of”the network shown in figure 3(c}, in
terms of flow through the condensers,was given in equation (25). This
equation, written in terms of the damping ratio and the undanrpednatural
frequency, is

Equating like coefficients in equations (25) and (28] yields

(28)

(29)

.
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and

I-3

r,

.

When equation (28) is integrated with the initial conditions

(30)

$ “ (QJo

%
= o

then, for b > 1,

Valve-position response. - The condenser current in the equivalent
circui’tis related to piston velocity in the hydraulic circuit. This
relation is given by the following equation:

btegration of equation (33) yields

t

Ax=~
%J %dt

o

(33)

(34)

Equations (31) and (32), substituted in equation (34), field the wve -
position response equations as derived from the equivalent circuit.
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These equations, expressed in terms of the ratio of instantaneous change
h position to the total change in the transient, are:

For S >1,
,

{

[.,&&l,.oiJ +@=l).ot

%=1-2J&egJ” -e5+J~1
1

(35)

For 5< 1,

Description of

A schematic di~am of

(36)

Experimental Hydraulic Circuit

the hydraulic circuit used in the study of
the transient response of relief valves is presented in figure 4. J@
shown in the -am, liquid flows from an elevated tank through a

.

rotameter to a gear =. The gea pump, which was driven by a variable-
speed drive, was connected by a short rigid tube to the relief valve
under test. One relief valve was used throughout the tests. This
relief valve, which had variable components, is described in detail in
appendix B. The elements that could be varied h this relief valve are:
the valve width w, the piston mass, and the spring load P,. The relief
valve was close-coupledto a needle valve, which served as the system
throttle. The flow through the needle valve was turned on or off by
means of a high-speed switching valve. The steady-state flow through
the needle vsl.veand switching valve was measured by means of a rotam-
eter. As shown in the diagrsm, a bypass is placed around the system-
flow rotameter in order to eliminate the inductive effect of the meter
during transient measurement.

The transients were induced in the circuit by operation of the
switclxlngvalve. The switchbg valve, described h appendix B, opened

or closed in a total elapsed t@ on the order of 10-4 second. The

numerical value of the constants of the equivalent circuit for the
expertiental circuit is evaluated in appendix C. A photograph of the
expertiental circuit is shown in figure 5.

.

.— — —
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The variation of regulated pressure during the trsnsient was
recorded on an oscillograph through a strain-type pressure pickup.
Valve position was recorded on the oscillograph through a strain gage
that was mounted on a cantilever spring, the free end of which engaged
a slot in the valve piston. The oscillographs used could produce an
unattenuated record of signals up to a frequency of 300 cycles per
second.

EmmmmmL EEMCEOURE

Variables considered. - It has been tidicated by the analysis that
the parameters that affect the dynamic response of the relief valve and
the hydraulic system are functions of the equilibrium values of the
circuit currents. The tests were therefore run at various pump outputs.
The pump output was varied by using either of two gear pumps of different
flow capacities and by varyhg the speed of the pumps. Also varied
during the tests were the valve width w, the mass coupled to ,thepiston,
and the magnitude of the change in system flow in the transient.

Test procedure. - At each test point, the hydraulic circuit was
adjusted as follows: The gear-pump drive was adjusted to the desired
pump flow QG. With the system h operation, the switching vslve &s

opened and the flow through the system throttle was obsezwed on the
rotameter. The system throttle (needle valve) was then adjusted to fW
the ma~itude of the change h system flow (from zero). The bypass “
around the system-flow rotameter was then opened, and the hydraulic cir-
cuit was ready for transient recording. At each test point two tran-
sients were recorded: one following the opening of the switthing valve
and one following the C1OSing of the switthing valve. The test points
used are given ~ table II. -

Experimental Responses

Nature of measured responses. - The movement of the relief-valve
piston in response to a step in the system-throttle resistance as re-
corded in the present investigation shows a general agreement with
linear form, but often with considerable distortion. Figure 6 shows
three responses which typify the forms of all the responses recorded.
Figure 6(a) shows an underdsnrpedresponse with little apparent distor-
tion. Figure 6(b) shows a response that exhibits overshoot but no
osciJJ.ation. (Approximately10 percent of the responses that overshoot
did not oscillate.) Figure 6(c) shows an overdsmped response with some
distortion in the trace.

The response of regulated pressure during the transient also
appears on the osciJJ_ographrecords presented in figure 6. The sharp

— —— —- ..— . ..__ — .. .. . ._ .—.—— .—. —____
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pulses that occur in the regulated pressure during the transient are
clearly demonstrateed. The frequency of oscXl_lation of the pressure
trace, in steady state, is equal to the tooth frequency of the gear
Pm “ It was necessary to retouch the oscill.o~aph traces in order to
reproduce them.

compsxison of measured and calculated responses. - The results of
the recorded transient responses are compared with the malytically
deterdned -responseparameters in table 1. The values given in the
table were obtained in the following manner: For each test petit the
constants of the equivalent circuit were computed, and the damping ratio
of the equivalent circtit waa calculated. (A sample calculation is
given in appendix C.) In table I, the daqdng ratio is compared tith
the nature of the observed response. For underdamped observed responses,
the frequency of oscillation and the ratio of peak deflection to steady-
state deflection were determhed by direct measurements on the oscXllo-
~aph trace. In the case of traces that show overshoot but no oscillat-
ion (fig. 6(b)), the response is classified in the table as underdsmped
and the measured frequency of oscillation given in the table is calcul-
ated from the time to the peak of the overshoot (it is considered that
in the undistorted response the time to the first peak is equal to one
half the period of oscillation). b the case of highly overdamped re-
sponses, the the to reach 63 percent of the final deflection in the
m&sured response was compared-with
circuit (eq. (18)). In the case of
tidicated damping ratio was between
recorded response was c

T
ared with

plotted from equation (35 .

the time constant of the equivalent
overdamped responses in which the
1 and 2, the 63-percent point of the
the 63-percent point of a curve

The run nuuibersin table I correspond to the run numbers tabulated
in table IX. As shown h table 1, the cslcubted damping ratio of the
equivalent ltiear network is an excellent indication of the nature of
the res onse of the physical systa.

7

With only two exceptions (runs 3a
and 26b the measured responses ere characteristicallyoverdsmped when
the calculated dsmptig ratio is greater than unity and are c-cteris-
ticall.yunderdamped when the calculated dsmping ratio is less than
unity. It is noted that for dsmping ratios less than a~roxktely 0.3,
the system was subject to continuous oscillation.

With regard to the quantitative comparison, the measured and calcu-
lated values in some instances cliffer by considerablepercentages. How-
ever, in no instance is the order of magnitude incorrectly given. The
measured frequencies of oscillation are in general lower than the calcu-
lated values. This result is possibly due to nonlinear frictional effects
that result in dead t3me at the ends of the cycle. In general, the runs
that show the largest clifference between measured and calculated values
correspond to the runs that show the severest distortion.

“

.

.

.
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APPIJCA.TIONTO IIESIGN

Relief-valve stability with linear valve elements. - Because of the

U f~tors tkt w affect the size and the mass of relief-~ve cm-
porients,there appears to be no methml of direct synthesis that can be
derived from the analytical expressions that have been presented. A
simple design rule that is, however, immediately apparent from the
analysis is that the mass coupled to the piston should in all cases be
held to as smalJ a value as structural rigidi~ w5JJ permit. In general,
if the relief valve is designed on the basis of steady-state require-
ments and on consideration of structural rigidity, the expressions
given IUEYbe used to predict the speed of response and the probable
stability.

As ~be seen from equation {30), the probability of instability
of a given valve b a given hydraulic circuit incresses when any one of
the circuit resistances (Rs, %> RG~ ~] decreases or when either the
equivalent capacitance of the relief valve Cv or the capacitance due

to the loading spring Cl decreases. With regsrd to the effect of
circuit resistances, it is to be noted that in the absence of frictional

** (y = 0), the damping ratio becomes zero when any one of the

resistances ~, Rs, or ~ is reduced to zero. On the other hand,

frictional damping is not essentisl for stable valve operation. IYom
practical considerations, it ,doesnot appear possible that the valve
resistance ~ can approach zem except in a grossly oversized valve,

but the system resistance does appear to hold the possibility of being
reduced to nearly zero. The concept of very low system resistance may
be further understood from the consideration that in the hydraulic cir-
cuit under discussion it is possible that the system throttle may be
opened to an area across which a flow equal to the entire output of the
pump will not produce a pressure equal to the set value of re@ilated
pressure Ps of the relief valve. With regard to the effect of PUMP

resistace ~, low values of this resistance are likely in wow or
poorly fitted pumps”.

It csm be reacHly seen from equations (13) and (16} that as the
system flow is increased, the valve capacitance Cv and the system
resistance Rs diminish while the valve resistance ~ (eq. (2))

increases. Generally, the increase in valve resistance wiJl only partl.y
compensate for the decrease in system resistance; hence, the net effect
of an increase in system flow is a decrease in damptng. Thus, rel.ief-
valve instability is most ltiel.yat high system flow rates [and conse-
quently low relief-valve flow rates). This analytically derived con-
clusion is supported by the obse~ation that relief-valve instability
is usually associated with an audible sound that results from the
bottominq of the valve. -Thissound, often referred to as chatter,

..— — ..— —
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titicates that vslve instabilityusually occurs when the equilibrium
position of the valve is near the lower area 13mi.tand hence when the
capacitance is small.

It can be further observed from equations (13) and (30} that stable
.

relief-valve operation is more clifficul.tto obtain as the equivalent
loading pressure P~ is increased. The effect of an increase in P~
on the valve capacitance can be partly compensated for by a proportional
reduction in the valve width w that maintains the ssme msximum flow
capacity of the valve. Ih a given valve, however, the valve capacitance 8
Cv is reduced as the equivalent loading pressure Ps is ficreased. m

Higher equivalent ltiing pressures Ps usually require higher-rate
. springs. The effect of a higher-rate spring is (from eq. (24)) a reduc-
tion ti the capacitance due to the loading spring. Thus, the system
becomes more stable as the spring rate is diminished. The effect of
the rate of the loading spring is, in general, negligible at loading
pressures below 100 Tounds per squsxe inch but can be a factor leading
to hstabil.ity at higher pressures.

Fran the foregoing discussion, it is indicated that the stability
of a given valve design in a given circuit should be checked by cslcuJ.a-
tion of the circuit dampimg ratio at the highest +ect ed value of
System flow. A summsx’yof the constants used in the deterndnation of
the system damptig ratio is given b figuxe Id.. When this check imdi-
cates a low dsmping ratio, the condition can be improved by ticreasing
the flow through the relief valve while the ssm.emsximum system flow is
maintained. This step requires an oversized pump. The oversized pump,
while uneconomical both from a standpoint of initial equipment cost and
operating cost, is somet~s necessary when the required range of system
flow is large. An alternate method of obtaining stable operation over
a wide range of system flow, which does not require oversized pumps, is
tidicated by theory and is presented in the next section.

constantdsmping-ratiovalve element. - From eqyation (U.), it can
be seen that the valve capacitance Cv w5Jl remain constant at all

values of valve flow ~, ss if the derivative da/dx is proportion-

ately varied. Thus, for con&ant valve capacitance,

Qv,ss
da

= (a constant) (37)

G

Fran equsAions (XL) and (37), the following expression may be written:

(38)

— ——-—
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equation (38),

consideration

da
—n
dx [+] 32

mvP~

of flow equilibrium,

%,ss = Qq

Equation (40), substituted in equation (39),

[1QS. AfLa
ax 2CVPS

bte~ation of equation (41) yields

yields

If

. X“O when a=ao

then, from equation (42),

CL = loge a.

and equation (42) becomes

19

(39)

(40)

(41)

(42)

(43)

Equation (43) expresses the area-lift relation of the type of
valve known in the literature as the logarithmic or constant- ercentage
valve. 7Thus, a logarithmic valve as deftiedby equation (43 wiU
maintain the valve capacitance at the particular value of Cv
titroduced.

H a relief valve is considered that has negligible frictional.r
effects (Rp ~ O) and the vd.ve is used in a system that employs a well-

macldned pump with low internal leakage, ~ will be very large compared

. -—.—— . —— —. ——.—— .—.
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with R~ and ~. Furthermore, if the

spring is large compared with the valve
be reduced to the following form:

NACA TN 3102

capacitance due to the loading
capacitance, equation (30) can .

Thus, in the simplifiedbut practical cas,e,the
held constant by the use of a logarithmic valve
the resistances Rs and ~ remains constant.
and (16) the following equation may be written:

IRcomthe assumption of a pump

Substitutionof equations (45) and

(44) 7

am ratio can be
if the parallel sum of
From equations (2)

(45)

having low internal leakage,

= (a constant) (46)

“
(46) h equation (44) yields

Based on the experhental results reported herein, a very satisfactory
design value for b is unity. For this value of damping ratio, the
following relation is obtained frcm equation (47):

As previously develuped (eq. (21)),

%=$
Thus,

()%2 M-Cv= ~ —

s %?2

(48)

(49)
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Substitution of equation (49) in eqution (43) yields

{}

&It x
2~2M

a = aoe (50)

Thus, by mesms of equation (50), the desired area-lift curve of
the relief valve is directly given for a uniformly damped hydraulic-
supply system, when the piston area, the mass coupled to the piston,
the equivalent loading pressure, and the volumetric output of the pump
axe known. I

CONCLUDING REMARKS

The results of this investigation of the transient response of a
pressure-regul.ating relief valve in a hydraulic circuit have shown that
the response of the valve can be adequately predicted by means of an
equivalent passive electric network. The analysis of a typical relief
valve by mesas of the equivalent network tidicates that viscous damping
is negligible and that the principal damping is derived from the flow
resistance of the vsrious elements of the hydxaul.iccircuit.

The approximationsthat have been made in this analysis of the
relief valve are the ssme as wiJJ be required in the smalysis of many
other hydraulic devices. It appears possible, therefore, that the
technique of electrical analogy can be established as a formal method
of dynamic analysis of hydraulic circuits.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, Deceniber4, 1953

-— -— .-— -———-———. I —— .—. —. _
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AmENDIx A

DERIVATION Ql?EQUATIONS

Equivalent linear resistance of orifice (eq. (1)). - For changes
h flow that are small ccmpwed with the flow level, the resistance of
an orkfice may be represented by the slope of the pressure-flow rela-
tion. b terms of the symbols adopted in this report, the incompressible-
flow equation for an orifice is

Squartig and rearranging terms yields

Equation (AZ), d3fferentiated with respect to ~, is

From eqution (A2),

Q02D2A02=~
Stistitution of equation (A4) in equation (A3) yields

For changes in flow that are small compared with the flow level,

The equivalent resistance is

(Al)

(AZ)

(M)

(A5)

(A6}

(A7)

— .—— ——— .— .-
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Hence,

2P()
Ro. —

Qo
(A8)

Equivalent tiductance of mass-loaded piston (eq. (21)). - The
sxial.acceleration of a piston ti a cylinder, with friction neglected,
is

The fluw corresponding

. .
h
P

x.
M

to piston movement

%=%

Equation (AIO), clifferentiated, yields

1“

%%

:=—

and (AU) yieldsEliminating ~ between equations (A.9)

(A9)

is

From equation (AL2),

(Ale)

(All)

(A12)

(A13)

Equivalent linear resistance of piston moving axially in cylinder
eq. (23)). - In the case of a piston moving at constant velocity through
a cylinder, the force due to the pressure drop across the piston is in
equilibrium with the viscous shear force developed in the annular film
in the clearance space.

The viscous shear force at the walls of the cylinder may be
expressed as follows:

Jf the radial velocity distribution in the clearance space is con-
sidered to be the same as ti the case of flat plates and if the pressure
gadient along the axial length of the piston is assumed constant, the
radial velocity-distribution h the clearance space is

.—. ..—.— —_. .—. ——. .
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.=(&Y-+y.h,
where y is the vsriable along the

A derivation of

Equation (AM) ,

equation (A1.5)

differentiated

At y = h, equation (A16) becomes

NACA TN 3102

(A15)

radius.

is given b reference 2.

with respect to y, is

Gh-—
: -~ (A16)

(A17)

The shear stress is related to the radial velocity gradient by the
rebt ion

Substituttig equation (A17) in equation @18) yields

(A18)

(A19)

Equation (.A19), substituted in equation (A14), yields the rel.ation
between drag and velocity

(A20)

The force due to the viscmM drag is in equilibrium with the force
due to the pressure drop across the piston; hence,

F = P& (A@

The pressure drop is related to the pressure gradient by the
reht ion

e

.

(A22)
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and the fluid flow in the conduit is related to the piston velocity by
the relation

(A23)

Substituting equations (l@l), (A22), and (A23) in equation (A20)
and rearranging the terms yields

From equation (A24), the piston resistance is

(A24)

(A25)

Under the conditions considered, the radisl clearance h is small
compared with the piston radius r, in which case equation (A25) reduces
to

.

to

(A26)

For a s@le piston, ~ = an?; in this case, equation (A26) reduces

(A27)

Equivalent capacitance of spring-loaded piston eq. (24 . - In
the instance of a spring-loadedpiston, as represented in figure 1, the
change in equivalent loading pressure due to the compression of the
loading spring accompan@ng an

The volume swept by the piston

upward deflection of the piston is

for a deflection & is

‘P=w
(A29)

.— — . -————— — —— —z . - .. ——— —c—.
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The capacitance due to the load- spring is
.

Cz=g (MO)
s .

Substitution of equations (A28) smd (A29) h equation (A30) yields the
expression for the equivalent capacitance due to the loading spring

2
%CZ=K (A@

8
m

Equivalent inductance of liquid-filled conduit of cticular cross
section (eq. (26)). - The mass of liqtid in a conduit of dtiet er d
and length Zc iS

: pd2~c

The force due to the inductivepressure drop is

~ Pid2

The sxial acceleration of the liquid in the con&it h terms of
the instantaneousflow rate is

&

!!2Ad

Equating the force to the prcduct of mass and acceleration yields

From equation (A32), the
conduit is

4p3c .
pi=~Q (A32)

equivalent inductance of a liquid-fWed

4pzc
Lc=—

fidz
(A33)

Equivalent capacitance of liquid-fiJled conduit of circular cross
section (eq. (27)). - The rel.ation between pressure change and volume
change of a liqyid is

.

.
dVc

dpc=BT
c

—.. — —-

(A34)
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.

The equivalent capacitance due to liquid compressibility is

dVc
Cc. w

c

Substitution of equation (A34) in equation (A35) yields

(A35]

Introducing the expression for the
circular cross-sectioned conduit yields
such a conduit

(A36)

volume h a given length of
the equivalent capacitance of

fid22C
CC.T (A37)

Differential equations for responses of equivalent networks. - The
differential eqpations for the responses of the networks shown in fig-
ure 3 are derivedby first deriving the equation for figure 3(c). The

II

circuits of figures 3 a and (b) are then shply reduced forms of the
equation for figure 3 c .

b the network of figure 3(c), the following relations exist:

P2 =%-%% (A39)

t
Cv + C2

p2. —

Cvcz J’Q.&it -+$%+ R.#$
o

(A41)

Combining equations (A38) and (A39) yields

P2 = P1 -%@s+Qv-%Qp

Equation (A40), substituted in equation (A42),

‘2 ‘“=

yields

-—.—_
——— ——. —._
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Substituting equation (A43) in equation (A41) and clifferentiating the
resulttig equation yields

X& ““

{[
Cv+cz%+ 5?+

%%% ;)C$z .
RVRS + I@(R~ + Rv cv+c~ %+%=0

(A44)

.

.

The differential equation for the response of the circuit shown in
figure 3(b} is found from equation (A44) in which

i!!
la

and

Inserttig these conditions in equation (A44) yields

[

%%% 1%ICV”%’R#S+~(RS+~) c@P+%=O
(A45)

The clifferentid equation for the response of the circuit shown in
figure 3(a) is found from equation (A44) in Which

%
=0

Inserting these conditions in equation (AM) yields

[ 1%%% .
%%+%(%+~j c@’P+QP=o

(A46)

Derivation of basic time constant (eq. (20)) from mechanical

considerations. - It may be noted that in the massless, friction-free,
and zero loading-spr3ng-ratecase, the relief vslve is a perfect regu-
lator. That is, the regulated pressure is equsl to the equivalent
loading pressure b the transientas well as in steady state. In the
trsnsient, the instantaneouserror in valve position is compensated for

“

.

—
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by the flow due to piston motion as the valve seeks the new equilibrium
position. Thw, in a transient that follows complete closure of the
system throttle, the sum of the flow through the relief valve W the
flow due to piston motion is at every tistant equal to the pump output.
E&messed as an equation, this flow equilibrium is(with a linear valve
element assumed)

Ap~+Dwfix=~ (A47)

It is readily apparent from equation (A47) that the response of
valve position is described by an exponential, with a time constant
given by

(A48)

,

.

. ..— ..— — —.— -—— .- — . _— —__



30 NACA TN 3102

APPENOIX B

Variable-element relief valve. - The relief valve used in this
investigation is shown b the schematic drawing of figure 7. The valve
element consists of a tubular projec~ion axially conc&ntric with the
piston. The tubular valve element and its reta5ning cylinder are
slotted as shown in the figure. As the piston lMx, the height of
the rectangle formed between the two sets of slots is increased. The
width of the slots is varied by rotation of the piston with respect
to the valve cylinder. A key prevents relative rotation after the
piston regular position has been ftied. As shown in figure 7, a
cantilever spring is fastened to the valve body and the free end
engages a slot h the piston. Strain gages mounted on the cantilever
provide the means by which the position-recortig si~al is developed.

The piston is ho~owed out for minimum weight. As shown in the
figure, nesting weights can be added to the piston. As can be seen h
the photograph of figure 5, there is no housing surrounding the spring.
The housing was omitted to preclude the possibility of inductive effects
that could be introduced at-the housing vent.

The follow5ng sre significant dimemions of the experimental
relief valve (see fig. 7):

.

Piston radius, r,ti . . . . . . . . . . . . . . . . . . . ...0.5625

Radial piston clearance, h,ti. . . . . . . . . . . . . . . . 0.0004

Piston length, Zp, in..... . . . . . . . . . . . . . . . . .0.38

Radi.uEof valve projection, in. . .-. . . . . . . . . . . . . . 0.3125

Minimum weight of valve and piston plus 1/3 of weight
ofsprtig (case I)j lb.. . . . . . . . . . . . . . . . . . 0.099

Total weight ofmov5ngparts (case II))lb . . . . . . . . . . 0.430

Total weight ofmovingparts (case IXI), lb . . . . . . . . . . . 2.69

Maximmvalve slotwidth, w,fi. . . . . . . . . . . . . . . .. 0.8

Constant ofload5ng spring, K,lb/ti. . . . . . . . . . . . . . . . 55

Area of piston minus area of valve projection (effective
piston area, ~), sq~.o . . . . . . . . . . . . . . . . .. O.69

.——
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Physical properties of liquid used in tests. - The folJ.owingare
physical properties of the liquid used in these tests:

Mass density, p, (lb)(sec2)/in.4. . . . . . . . . . . . . . . 7.5x10-5

Absolute viscosity (at average tempenture of tests),
p, centipoise . . . . . . . . . . . . . . . . . . . . . . . . ...1

BulJsmodulus, B, Ib/sq in... . . . . . . . . . . . . . . ..200.0~
~

Dimensional constant, D (based on 0.61 flow coefficient),
sqin./sec@ . . . . . . . . . . . . . . . . . . . . . . ...100

Hi@ -speed switching valve. - Figure 8 presents a schemtic -am
of the switching valve used in this investigation. The flow to be
turned on or off flows in one circuit connection and out the other.
The passage between the cticuit connections is either blocked or opened
by the position of the piston. In the d~sm the piston is shown in
the open position. The position of the piston is controlled by a pilot
valve. The pilot valve operates between two 13mits and is moved axially
by hand. The ports of the pilot valve are so arranged that the piston
is driven to either end when the pilot valve is moved to an end stop.

.

.

.

At each end of the cylinder in which the piston operates, there
axe acceleration and deceleration chambers. The first section of these
chambers consists of a section of slightly larger dismeter than the pri-
mary ‘cylinder. The second section of the end cha@ers is an oil pocket
to absorb the shock of the piston as it is finally decelerated. As
shown in the diagram, the pilot valve is in a position that calls for
movement of the piston. Liquid under pressure from an external source
flows, as shown by the arrows, through the pilot-valve passages and
around the piston through the clearance between the piston and the
first section of the end chamber. Because this clearance is small, the
piston at first moves slowly away from the end chsmber. The tiitial
slow movement of the piston provides smple time for the manual movaent
of the pilot valve to be completed. When the end of the piston beghs
to open the supply port, the port area increases very rapidly with
further movement of the piston. The piston then accelerates very rap-
idly and reaches the eq~brium velocity before the control slot is
reached. The piston thereby moves across the slot with a very high
velocity. After the slot has been fully opened or.closed, as the case
may be, one end of the piston begins to reduce the flow area to the
drain port. The piston is thereby decelerated, the flow area of the
drain port being further reduced as the piston approaches the end of
its travel. After the piston has closed the flow port entirely, the
remaining momentum is dissipated in the end chsniber.

—— —___
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In the device used h this investigation,the equilibrimn piston
velocity at a supply pressure of lCOO pounds per square Inch, calculated
from the flow through the valve port, was 300 inches per second. The
slot width was 0.03 inch. The total t3me for traversing the slot was
then 10~ second. Scme direct measurements of the piston velocity were
made by couplbg the armature of a clifferential transformer to the pis-
ton and recording the movement on m oscilloscope. These measurements
verified the velocity calculated frcm the fluw relation.

— . —
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Evaluation of Equivalent Linear-Network Constants

hternal resistance of pumps used in tests. - The steady-state
m pressure-flow calibration curves of the pumps used in this investigation

9
are shown h figure 9. The values of resfitance, determined frm the
slopes of the straight line drawn through the data points, are-noted on
the figure. The linear characteristic of the pressure-flow calibrations
is quite pronounced. The larger pump, pump A, shows a resistance of 200
pounds per second per inch5 at 1750 rpm and 250 pounds per second per
inch5 at 3500 rpm. Pump A wed gears of 14 teeth. The ripple frequency
was therefore 408 cycles per second at 1750 - and 816 cycles per second

9 at 3500 rpm. The smaller pump, pump B, was used at only one speed, 2W0

~ w“ At this speed, pump B showed a resistance of 250 pounds per second
per inch5 and a ripple frequency of 466 cycles per second.

P-ton resistance. - In terms of the units listed under SYMBOIX,
equation (A26) is

9.1KLO-7p3pr

% = Aph{~ + fihr)
(cl)

Insertingthe dimensions listed h appendix B yields

Capacitance of spr@-loaded piston. - Inserting the dimensions
listed in appendix B in eqpation {A-31)yields

c
43 ill.”C3 = 8600=0 y

Piston inductmce. - In terms of the units listed under SYMBOLS,

For
%

= O.69, the piston inductance is then

.
~=&@#&&.l

.

(from eq. (AI-3))

(C2)

. .— _—. _.. —— - —
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Relief-valve resistance.
sprh.g was always adjusted to

NACA TN 3102

- h the course of the test, the loading
a value of regulated pressure of 1~ Pounds

per square inch. From equation (2), the relief-valve resistance at-each
test point is therefore

Relief-valve capacitance. - Inserting the dimensions listed in
a~enti B in equation (13) yields

(C3)

Throttle resistsmce. - b the manner in which these tests were run,
the system flow was h one case initiald.yzero and in the second case
was cut off from some initial level. In the
is deftied by eqution (23) which, based on

Rs. =
QS,SB

h the runs M which the system flow w@ cut

Rs=-

ftist case, the resistance
P~ = 100, yields

(C5)

off,

(C6}

sample calculations. - Run 17a is used in the sample calculation.
The experimental response for rum 17a is shown in fi~e 6(a). From
table II, the test conditions for run 17a are

Valve width, w,ti . . . . . . . . . . . . . . . . . . . . . . . .. 0.4

Weight, W, lb . . . . . . . . . . . . . . . . . . . . . . . . . .2.69

Flow frompump, ~cuti./sec . . . . . . . . . . . . . . . . ..35

Internalpump resistance,~, (lb)(sec)~in.5 . . . . . . . . . . . 200

Equivalent loading pressure, Ps, lb/sq in. . . . . . . . . . . . . 1~ ~

InitiaJ-system flow, ~,1 . . . . . . . . . . . . . . . . . . . . ..0

F~syst~flow, ’Qs2, cu ti./sec . . . . . . . . . . . . . . . . 14) .

— ——— ——-
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The piston inductance is (from eq. (C2))
.

% = ::9
— = 14,600ao

.6 (~)(SeC2)
@

.
The equilibrium flow through the relief valve at the end of transient

is .

Hence,

The equivalent

Ccmibining
loading spring

%,ss = % - QS,2

%,ss = 35- 14 = 21 cu in.jsec

capacitance of the relief valve is (from eq. (C4)),

the valve capacitance with
yields

c= 181X86CW0-U

(181 + 86@10-6

the capacitance due to the

= 177X1O-6

llcomequation (C5), the system resistance is

Rs.$ = 7.15

From equation (C3), the relief-valve resistance is

200
%=== 9”52

J%emPIo@Iw equation (30), the daqdngratio forrun 17a is

.

.

-—— -.—..—— ___
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Equation (36), solved for the ratio of the ftist peak value to the
equilibrium value, is

()
-&tf&3

—=l+e
%

For 5 = 0.22,

Pcmn equation (36),

And, by introducing

the frequency of osc5Jlation is

equation (29),

Thus,

‘n=’t=$===’’cps
Connecting-Idne Effects

Jmductance and capacitance of connecting lines. - The connecting
lties, the inductance and capacitance of which affect the response of
the expertiental circuit, axe: the line connecting the gear pump to
the relief valve and the line connecting the relief valve to the high-
speed switching valve (see fig. 4). The lines had the following
dhensions:

1. Ltie from gear pump to relief valve: diameter,’0.61 inch;
length, 20 inches.

2. Line from relief valve to switching valve: diameter, 0.61 inch; -
length, 10 inches.

———
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Inserting the liquid density given in appendix B in equation (A33)
yields for the line inductance

2=
LC = 95 ~ xlo-6 (lb)(sec2)/~.5

Thus,

For a bulk modulus
tance is (frcm eq.

u

LC,l= 5130x10-6

~, z = 2565x10-6

of 200,002 pouuti
(A37))

per square inch,

Cc = 3.93 d27c~()-6 ~.5/lb

mm,

CC,l = 29KL0‘6 in.5/lb

CC,2 = 14.5KL0-6 in.5/lb

37

(C7)

the line capaci-

Evaluation of connecting-line constants. - The equivalent linear
circuit of the relief-valve circuit into which has been added a lqed
approximateion of the tiductance”and capacitance of the connecting ties
is presented in figure 10. As shown in the figure, the inductances
L a LC,2 are each in series with a resistance. The capacit~cesC,l
cC,l and Cc z have been so placed in this approximation that they

can be treat~ as a single capacitance eqyal to the sum CC)l + Cc z.
)

The effect of either Lc,1 or Lc z depe- on the VSJ.ueof the

resistance in series. High values of tie series resistance reduce the
significance of the inductance. The effect of the inductance cm be
evaluated by examination of the ratio L/%. Thus, by definition,

-Q Sec‘1=‘% (C9)

——.— —
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and

Lz
~ sec‘2=R

s
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{Clo)

The values of T1 and. T2 for the runs included

gation sre presented in table III. me tiues of T1
SU cases small compared with the response time of the

in this investi-

and T2azein
relief valve.

E the time constants T1 and T2 are considered negligible,

Lc,l and %,2 may be considered to be zero in the circuit of figure

10, h which case the response in terms of the condenser current is
given by the folJow3ng equation:

where

(cc,~ + c.,2BNg Sec

‘3 = R& +%& +%)
[CM)

anabaamo me the parameters of the second-omkr circuit of fig-

ure 3(c).

Xf T3 is small compared with 1/00 and if 5 is of the order
of unity, the solution to equation (Cll) is essentially given by equa-
tions (31) and (32) plus a dead the equal to TX. Values of T3 are

presented in table III. It can be

a dead the equsl to the sum (Tl +
the correlation between calculated
presented b table III.

noted that th~ dead ttie T3 ‘or even

T2 + T3) would not materiddy alter
and measured response characteristics

Sumary of Experimental Constants

The constants’employed h this investigation for
electric-circuit analysis to the relief-valve circuit
figure U.

the
are

appl.ication of
summarized in

.

——. -— ——. .
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Figure 1. - Schematic diagram of basic hydraulic circuit incorporating
positive-displacementpump and relief valve.
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‘Return line

Figure 2. - Schematic drawing of pressure-
regilating relief valve.

—
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Figure 3. - Equivalent linesr networks for hydraulic circuit
positive-displacementpump and relief valve.
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Figure 5. - Bperimentsl setupfor measuringtmnsient responseof hydraulicrelief
valves.
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(a) Underdmrped case with low distortion.

Figure 6. - Ty-pical ~tia transientresponsesof pressure-regulatingreliefvalve.
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0.01 *c-&a
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(b) TEuderdamped ease with high distortion.

Figure 6. - Conttiued. Typical recorded transient responses of pressure-
regulating relief valve---
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(c) Overdamped ease with some distortion.

Figure 6. - Concluded. Typical recorded transient responses of
pressure-regulating relief valve.
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Figure 7. - Schematic drawing of vsriable-element relief vslve used
in experimental investigationof transient response of hydraulic
relief valves.
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Figure 8. - Schematic drawing of hydraulic switching valve.

.



!!

c

\ .

3 24 25

(a) PLUQ A; 1750 rpm;

iuternal pump resis-

tance ~, 200 pm.nd.s

per second per inch5.

) ,

‘1

.
46 47 40

Pump flow, cu in./sec

(b) F@)A; 33X ~;

Internal pump reels-

tance ~, 250 pounds

per second @r inch5.

6 ) 6;5 7.0

(c) Pump B; ExXX2 mn; Internal
~~ ‘&-~tmce ‘R& 25C pounds

per second per inch5.

Figure 9. - Interml rmistsmce ckx.ctertitics of gear pmqm ueed In study of tremient respmse

of relief valves. Liquid properties: specific gravity, 0.8; absoltie viscosity, 1 centipoifle.
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Figure 10. - Equivalent linear network for hydraulic circuit incor-
porattig positive-displacement pump and relief vslve, with
connecting-line effects approximated by lumped constants.

—...———— —— —..



NACA TN 3102

Parameter Expression

pzp
Piston resistmce, 1$, (lb)(sec)/ti.5 7.38W0-7 —

d%

(lb) (sec)/ti.5
2P8

System resistance, R8,

Z_

Valve resistance, ~, (D) (see) /ti.5
2P8

%

Piston inductance, ~, (lb)(aec2)/in.5
w

386#

Capacitancedue to loadingspring, ~
K

Cz, in.5/lb

*p%Valve capacitance,Cv, in.5/lb
~

s

[

‘v%% 11—%%Dalqpingratio, 6
+%+ R.& + R&+Rs) LJcv+cz)

e.

Figure11. - Suuunaryof constantsfor determinationof probable stabilityof
pressure-regulatingreliefvalve.
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