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ii 

Demands of the space age b,rought about new tech

nologies to meet the variety of exacting problems that were 

encountered. One of these new concepts was the utilization 

of the computer to perform mathematical simulations of the 

systems or individual components. A typical industrial 

application of computer simulations will be demonstrated 

here by establishing a mathematical model of a hydraulic 

relief valve. 

The method is based on the assumption that relief 

valves can be represented by a spring-mass system. An . 

iterative type program was set up on a digital computer to 

calculate displacement, velocity, and acceleration of the 

poppet along with pressure and flow for each time increment 

following the occurrence of an initial blockage of flow in 

the -hydraulic system. The procedure involves comparing an 

initially assumed displacement for each time increment, to 

the calculated displacement that was obtained from the 

information supplied by the assumed displacement for each 

time increment. 
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An existing relief valve design was utilized for 

this simulation to permit experimental verification of the 

assumptions and the computer results. 
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CHAPTER I 

INTRODUCTION 

In the last thirty years, engineers have witnessed 

an enormous growth and change in technology. As a result, 

he must deal with increasing sophisticated machines and 
I . 

still meet all the requirements of safety and cost. 

The engineer must use every skill and design tool 

available to accomplish the results expected of him. 

1 

One of the tools that he has at his disposal is the 

computer and its ability to perform simulations of physical 

systems. The computer was utilized extensively by the aero-

space industries, whose goal was to land men on the moon. 

Computer simulation helpsto optimize the design of the space 

hardware with the minimum of prototype construction and test

ing, thereby saving time and money as well as lives. The 

computers also ran simulators to train the astronauts. By 

having computerized simulations available, scientists and 

engineers were better equipped to handle unexpected problems 

by studying the results of their proposed solution before 

initiating them·. This feature proved to be invaluable in 

bringing the men of Apollo 1J home after their near fatal 

accident in space. 

The ·n0n-aerospace industries have accepted the com-

puter but the technique of computer simulation has not been 

fully utilized. One industry that can benefit from computer 



simulation is the fluid power industry. 

Fluid power refers to the utilization of pumped or 

compressed fluid as the working medium in producing force 

and motion to mechanisms. Liquid applications of fluid 

2 

power are referred to as hydraulics while pneumatics involves 

gases. The hydraulic and pneumatic industries are involved 

· to various degrees in the development of the generation, 

control and application o~ fluid power. Much of the design 

concepts that these industries rely on are based on experi

ence, supported by extensive measurements for steady flow 

situations. In recent years, it has be.come necessary to 

analyze the dynamic behavior of the system or components. 

This is the area where computer simulation can help. 

To demonstrate how a simulation program can be constructed, 

the hydraulic relief valve was selected to be the subject. 

The relief valve function is . to protect the hydrau

lic system from excessive pressure. Its design is usually 

based on static conditions and steady flow but it operates 

under dynamic conditions. Having the relief valve relieve 

at a designated pressure is not enough .if the design is 

unstable and chattering results. 

The simulation will be based on an existing· relief 

valve to permit comparison between the computerized results 

and experimential .. data. 

----------



CHAPTER II 

BASIC HYDRAULIC SYSTEM 

The basic components of any hydraulic system are 

essentially the same regardless of their size or applic

ation. The five basic components are as followsa 
' 

1.--Reservoir. 

2.--Pump. 

).--Tubing or piping (circulatory system). 

4.--Control valve or selector valve. 

5.--Actuating unit. 

The primary purpose of a hydraulic reservoir is to 

provide storage space for the fluid being used in the 

hydraulic system. Additionally, the fluid temperature can 

J 

be controlled by incorporating into the design of the 

reservoir the ability to dissipate energy in the form of heat. 

The pump provides the means to circulate the fluid 

within the hydraulic system. The operating principle of the 

pump involves · converting mechanical energy into fluid 

energy. The medium: .for transmitting the fluid is the circu

latory system (tubing .or piping). The control valve or 

selector valve is a device for directing and controlling 

the fluid flow or pressure within the system. The actuating 

unit of a hydraulic system converts the fluid energy supplied 

by the pump into mechanical energy so that useful work can 

be done. 



These devices are all that are required for a basic 

system as shown in Fig. 1. 

RESERVOIR 

LOWER 

HAND PUMP 
. I ACTUATOR 

Fig. 1. Basic hydraulic system 

The accessories to improve the system's function in 

advance applications ares 

1. Relief valves to protect the system. 

2. Filters for cleaning the fluid. 

J. Pressure regulators to control pump pressure. 

4. Accumulators to cushion shocks or maintain 
system pressure. 

5. Check valves to permit flow in one direction only. 

To aid in sketching a complex hydraulic circuit, 

designers use shorthand notations called J. I. C. (Joint 

Industrial Conference) symbols, some of which are shown in 

Fig. 2. 

4 



_ _.,.., FLO'N 

-G-
PUMP 

RESERVOIR 

RELIEF VALVE 

__ .,. fLOW 

--¢--
CHECK VALVE 

---<t>-----
5TRA1 NE R 

Fig. 2. J. I. C. symbols 

The arrow in the relief valve symbol indicates 

direction of flow when relieving, see Fig. J. 

5 

HOLDING PRESSURE RELIEVING 

PRESSURE. r---, 
PRESSUR.E 

,----.., 

HIGH PP.ESSU~E y 
"-SPRING 

~o 

Fig. J. Relief valve symbol 

Using these accessories, a more functional system can be 

made such as for a lift truck shown on Fig. 4. 

. TO 

RE.SERVOJR 

The pump will begin to function when the lift truck's 

engine is started and the power take-off engaged. The fluid 



will circulate from the pump, to the valve and back to the 

reservoir. When the valve is shifted out (towards the 

operator), the fluid will follow the path indicated by the 

arrows shown in the valve symbol to raise the load. To 

lower the load, the valve is shifted in ( away from the 

operator) and the fluid will follow the path indicated by 

the arrows shown in the valve symbol. 
I 

In the event an operator is raising the lift and 

encounters a stiff resistance, the lift stops moving but 

6 

the pump continues to supply fluid, consequently the pressure . 

begins ~o increase.. When the pressure reaches the relief 

valve setting, the relief valve opens, allowing· the fluid to 

escape to tank. The check valve closes, preventing the 

load from dropping until the resistance is removed or the 

valve shifted. Once this occurs, the pressure drops and the 

relief ·valve closes allowing the lift truck to resume normal 

operation. 
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CHAPTER III 

HYDRAULIC RELIEF VALVES 

RELIEF VALVES IN GENERAL 

There are three types of relief valves, each with 

its own characteristic. • The three types are distinguished 

by the way the relief valve is activated. 

The first and the most basic is the direct acting 

or brute force relief valve. 

CLOSED 
A 

Q 

Fig • .5. Direct acting relief valve 

The fluid pressure (P) acts on the poppet's effec

tive area (A) forcing the poppet back, compressing the 

spring. When the poppet is pushed back far enough, the 

holes are uncovered allowing flow (Q) to occur, venting the 

system to tank. 

The · force exerted on the spring by the pressure is 

simply Pascal's Law, force is equal to pressure times area. 

F =PA (1) 

8 



The equation for flow is based on the entrance area 

(A) which is considered to be the limiting factor since it 

is usually designed smaller than the combined flow area of 

the exit holes on the side of the relief valve. The flow 

equation, obtained from the continuity equation, is given 

as 1 

Q =VA (2) 

I • where V is the velocity of the fluid through the entrance 

area. 

The response of the relief valve to change in 

pressure is fast and direct. A typical pressure vs flow . 

curve would resemble that of Fig. 6, 

F 

Q p 

Fig. 6. Pressure vs flow Fig, 7. Force vs pressure 

9 

If there is a dynamic pressure fluctuation within . 

the system, this relief valve will follow that fluctuation 

due to the nature of the direct coupling between the pressure 

and the spring. Bec~use of the pressure being directly 

proportional to force, Fig. 7., the relief valve must be 

limited to low pressure or low flow (low pressure drop) 

applications. To meet the higher pressure, the spring size 

must increase or the effective area must be decreased which 

in turn will increase the velocity of the fluid. This 

increase velocity can cause flow noise or instability. 



10 

The· second type is a variation of the direct acting 

type and is called the differential relief valve. The design 

permits a higher pressure s.etting by reducing the effective 

area of the poppet and not changing the entrance area (A). 

CLOSED OPEN 

Fig. 8. Differential relief valve 

The fluid pressure (P) acts on poppet's effective 

area which is (A1 - A2) since the plunger rod is fixed, the 

pressure on area (A2 ) has no effect on the spring. The 

force due to pressure becomes, 

(J) 

while the flow will continue to be the same as the direct 

acting type, 

Q = V A (2) 

where (V) is the velocity of the fluid through the orifice. 

This relief valve has the same fast response time as 

the direct acting version. However, there is a hysteresis 

loop in the pressure vs flow curve due to the viscous drag 

of the o-ring seal on the plunger. 



p 

Q 

Fig. 9. Pressure vs flow 

The seal is required to prevent the fluid from 

leaking to the backside of the poppet and forming a back 
I 

11 

pressure which must be overcome before the poppet can move. 

For applications which cannot tolerate the fast and 

direct response characteristic of the first two types or 

require higher pressure setting in a smaller package, there 

is a third type called the pilot operated relief valve. 

Fig. 10. Pilot operated relief valve 

A hole has been drilled through poppet 1 which allows 

the fluid to flood the spring chamber of poppet 1. When 

there is no pressure drop across the orifice, pressure P1 

is equal to pressure P, poppet 1 is balanced and as a result, 

will not move. As pressure increases, it will be acting on 
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the effective area (A2 ) of poppet 2, which is a direct acting 

relief valve. When pressure causes poppet 2 to unseat, a 

small amount of flow will occur, lowering pressure P1. With 

P1 less than P, poppet 1 will unseat enough to establish 

flow out the side holes and attain equilibrium position. 

Should the pressure P and P1 drop, seating poppet 2, .poppet 

1 will remain open until the spring can overcome the pressure 

P. This time lag will give the relief valve a flatter 

pressure vs flow curve, compared to the other two types. 
' 

p 

Fig. 11. Pressure vs flow 

The forces acting on poppet 2 will determine the 

relief valve pressure setting. The equation will be the 

same as equation 1 but with A2 as the effective area, 

(4) 

and as before, the flow equation will continue to be given 

by equation 2. 

. RELIEF VALVE SIMULATION PARAMETERS 

Of the three types of relief valves, the direct 

acting version is the· most desirable for the initial simu

lation. Its operation is straightforward, it is sensitive 

to pressure fluctuations and the absence of the o-ring 
. 

eliminates considering the causes of the hysteresis effect_. 



CARTRIDGE SHELL 5 SPRING 

2 FLOATING SEAT OR POPPET 6 ADJUST M E NT SC R E W 

3 FIXED SEAT. 7 LOCK NUT 

4 RETAINER 8 SEALS 

FIG. 12 
DIRECT ACTING RELIEF VALVE 

~ 

~ \..J 
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The internal makeup of the relief valve selected 

is shown in Fig. 12. 

The pressure range of the relief valve is determined 

by the spring. For this particular model, there are two 

available springs, spring 1 for the 100 to 400 PSI range 

and spring 2 for the 400 to 800 PSI range. The complete 

spring information and loads .at various positions are shown 

in Table 1 and Table 2. 

The spring terminology are as followss 

Free Length 

Maximum Mounting 
Length 

Length of the spring prior to instal
lation in the relief valve. 

Length of the spring with the adjust
ing screw in its maximum allowable out 
position. 

Position P1 to P2-- Arbitarly chosen spring positions. 

Minimum Length 

Solid Lengtn 

Length of the spring with the adjust
ing screw in its maximum allowable in 
po

1
sition 

Length of the spring when compressed 
solid 

Spring 2 was chosen as the standard for this simula

tion since the available laborat~ry instrumentation cannot 

accurately record the low pressure and flow for the operat

ing range of spring 1. 

For this particular design, the entrance area (A) is 

determined by the 0.312 in. inside diameter of the fixed 

seat, item 3 of Fig. 12. 
1T n2 2 A = ~ = 0.077 i .n. 

The area on which the oil pressure acts on the poppet, 

is called the effective pressure area (AP). 



'l'ABLE 1 

RELIEF VALVE SPRING NO. 1 

Recommended pressure range: 100 psi to 400 psi 
Spring aiameter: 0.562 in. 
Spring wire diameter: 0.121 in. 
Number of active coils: 10 
Spring rate: 298 lb.fin. 

15 

Force = spring rate (Deflection) = KX Hooke•s Law (5) 

POSITION LENGTH DEFLECTION ' FORCE 
(inch) (inch) (lb.) 

free 2.281 ' - -
max. lg. 2.207 0.074 22.2 

p-1 2.150 0 .131 39,0 
p-2 2,100 0.181 53.9 

.- p-3 2.050 0.231 68.8 

p-4 2.000 0.281 83.7 
p-5 1.983 0.298 . 88.2 

min. lg. 1.893 0.388 115.6 

solid 1.694 0.587 174.9 

TABLE 2 

-RELIEF VALVE SPRING NO. 2 

Recommended pressure range: 400 psi to 800 psi 
Spring diameter: 0,578 
Spring wire diameter: 0.156 
Number of active coils: 10 
Spring rate: 1030 lb./in. 

PRESSURE 
(lb ·/in;) . 

--
100 

176 
243 
310 

377 
400 

5EO 

-

Force = spring rate (Deflection) = KX Hooke's Law (5) 

POSITION LENGTH DEFLECTION FORCE PRESSURE 
(inch) (inch) (lb.) (lb.Lin!) 

free 2.242 - - -
max. lg. 2.156 0.086 88.8 400 

p-1 2.100 0.142 146.3 659 
p-2 2.080 0.162 166.5 750 

p-3 2.000 o. 242 . 249,3 1122 
min. lg. 1.893 0.349 359.5 1619 
solid 1.872 0.370 381.1 -
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. 
This pressure area is based on the diameter of the contact 

or sealing ring between the poppet and the fixed seat, 
1T o2 . 2 Ap = ~ = 0.222 in. (6) 

where (D) is the 0,531 diameter shown in Fig. 13. 

DIA. 

Fig. 13. Poppet sealing ring diameter 

The flow area (AF) will vary with the distance between 

the poppet and the seat. The area as a function of displace

ment can be developed in·· the following manner. 

SEAT ED OPEN 

Fig. 14. Flow area location 

The line be, rotated 360• about the relief valve 

axis forms a truncated cone. The surface area of the side 

S of the cone is the flow area of the relief valve, 
1 

AF = A(surface) = 21TS (D + d) (7) 

where the diameter (d) is the contact ring diameter, 0,531 in. 



b 
c 

. ' 

Fig. 15. Flow area cone 

The slope surface S is found from, 
0 s 

SIN .30 = X 
0 

rearranging, S = X (SIN .30 _) 

s = .5 x 

where (X) is the displacement of the poppet. 

h 

D ! 

Fig. 16. Flow area cone detail 

(8) 

The expression for diameter (D) can be given as, 

D = d + 2(h) 

where (h) is determined from the expression, 
0 h 

cos .30 = s 

(9) 

17 



rearranging for (h), 

h = S (COS J0° ) 

Substituting equation (8) into equation (10), 

h = o.5x (COS J0°) 

h = o.44J x 

18 

(10) 

(11) 

yields (h) as a function of (X). Then inserting equation 

(11) and d = 0.5J1 into equation (9), 

' D = d + 2 (0.44J X) 

D = 0.5J1 + 0.866 X (12) 

gives the expression for diameter (D). 

The flow area (AF) as a function of (X) can now be 

determined. Recalling equation (7) and substituting the 

appropriate terms, 

AF = !1rS (D + d) (7) 

AF = !V(o.5 X) [<o.5J1 + o.866 X) + 0. 5J1] 
I 

AF = o.785x (o.866 x + 1.062) 

AF = o.68 x2 + o.8J4 x ( 1 J) 

Force as a result of pressure is given by 

F = P AP (14) 

which is based on Pascal's Law, " •.•• Pressure at a point in 

any static fluid is equal in magnitude in all directions ... 111 

Thi.s force acts on the poppet, compressing the spring. 

The spring deflection is described by Hooke's Law, " .•• the 

spring force is proportional to the spring deformation. The 

constant of proportionality, measured in force per unit 

1Donald Gilbrech, Fluid Mechanics (Wadsworth Publishing Com
pany, Inc., 1965), p. 20. 



deflection, is called the spring constant (K). 112 This was 

given earlier as equation (5), from Tables 1 and 2. 

Fs = K X 

2Tse, Morse, & Hinkle, Mechanical Vibration (Allyn and 
Bacon, Inc. 1968) , p. 5. 

(5) 

19 
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CHAPTER IV 

FORMULATION OF THE RELIEF VALVE MODEL 

Regardless of the type of relief valve chosen for 

the simulation, they all have the same two components, 

poppet and spring. This sµggests that relief valves can be 

represented by a spring-mass system. 

t F Ct> 

Fig. 17. Spring-mass system 

M = Mass of the spring-poppet system. 

K = Spring rate. 

C = Damping function. 

F(t) = Forcing .function. 

A free body diagram will appear as shown in the 

Figure below. 

M 

F <t> 

Fig. 18. Free-body diagram 

Applying Newton's Law for the summation of forces 
'3. 

•• dX 
on the poppet, and letting X = dT~ be the acceleration 
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of the poppet, then 

~F = MX (Newton's Law) .. 
or F(t) - Fn - Fs = MX (15) 

The spring force (F8 )is determined by equation (5). 

The damping force (Fn) will depend on the relief 

valve design and the assumptions that will be made govern

ing these forces. The factors that will influence damping 
I 

are the rubbing of two surfaces, the moving of a body through 

a fluid and the forcing of a fluid through an orfice. The 

damping force will fall into three categories: 

1. · Viscous damping, in which the damping force is propor

tional to the velocity. 

2. Coulomb damping, in which the damping force is propor

tional to the normal force between the two sliding 

bodies. 

J. Velocity square damping, in which the damping force is 

proportional to the square of the velocity. 

For this application, thecoulomb damping force is 

insignificant due to the light weight of the poppet (2.4 oz.) 

and the absence of the o-ring to provide for any force per

pendicular to the direction of travel. The velocity square 

damping can be applied but the results would lead to a non

linear. function and it is desirable to keep the initial 

simulation linear. 

With the assumption that this simulation will involve 

linear functions, the viscous damping force is considered 
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to be proportional to the velocity, that is, . 
Fn = ex (16) . 

where X is the velocity of the poppet and C is the damping 

coefficient. 

The forcing function F(t) is made up of the forces 

exerted by the hydraulic system on the relief valve. The 

operating characteristics of the pumps, valves and the other 

components will determine 'the extent of how these forces 

will react with respect to time. In general, they will fall 

into the following three categoriesa 

a rectangular step function which is a suddenly applied 

load with instaneous reaction times 

F 
1------- Fo 

-------T 

Fig. 19. Step function 

a combination of the ramp function and the step function; 

F 

Fig. 20. Ramp function 

and a combination of the exponential decaying function and 

· the step function. 
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F 
-a.t 

F( I -e ) 

------T 

Fig. 21. Step & exponential decay function 

The forces that affect the relief valve are due to 

pressure and flow forces o~ momentum. 

Pressure is given by Pascal's Law, equation (1). 

F = PA 

The momentum term is derived from Newton's Law and is given 

by, 

f F dT = MV = FavgAT (17) 
I 

where M is the mass of the poppet and V is the change in 

velocity (V2 - v1 ). Substituting equations (5) and (16) into 

equation (1)), rearranging the terms, . . . 
MX + ex + KX = F(t) . (18) 

The above (18), is nonhomogeneous, second order, 

linear differential equation and is a linear spring-mass 

system. Substituting equations (1) and (17) for the forcing 

function, 
.• • MV 

MX + ex + KX = PA + AT (19) 

The hydraulic circuit for the relief valve simulation· 

will be assumed to consist of the basic hydraulic components 

shown in Fig. 22 which fo.llows. 



r--=--=- - - - - -
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Fig. 22. Basic relief valve circuit. 
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With regards to this system, the following assump-

tions will be madea 

1. The reservoir is of sufficient size to handle the 

amount of fluid that is required, The reservoir will 

also be capable to dissipate excessive heat and that 

its pressure is lower than that of the high pressure 

portion of the system. 

' 2. The pump is of a constant flow, positive displacement 

design. Positive displacement refers to a pump design 

in which a discrete volume of fluid is forcibly ejected 

from the pump during each cycle of operation. Gear 

pumps, vane pumps and piston pumps are positive 

displacement pumps. 

J, The control valve is used to direct the fluid flow. 

The cylinder's piston is assumed to be in motion prior 

to the relief valve being actuated so that the trans

ient conditions resulting from shifting the valve have 

been dissipated. 

4 . . Leakage past the cylinder's piston and the pump is 

considered to be small and will be neglect~d. 

The operating sequence begins with the control valve 

in the drain position when the pump is started. The valve 

is then shifted, directing the fluid to the cylinder, causing 

it to move. 

When the cylinder encounters a stiff resistance and 

comes to an abrupt stop, the pump continues to eject the 

same discrete volume ·of fluid per unit time. This results 
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in an increase in pressure and the pressure will continue 

to build up until it reaches the retief valve setting. At 

this point, the relief valve is unseated, diverting the flow 

to the reservoir and preventing any further increases in 

pressure. The flow will continue to be dumped into the 

reservoir until the cylinder is allowed to resume motion or 

the valve shifted. 



CHAPTER V 

COMPUTER SIMULATION 

PRELIMINARY CALCULATIONS 

Analogies are often made between hydraulic systems 

and electrical networks. A' hydraulic component will resist 

fluid flow much in the same manner that a resistor resists 

the flow of current. 

27 

By programming an equivalent electrical network on 

an analog computer, an effective simulation of the hydraulic 

system or component can be perfo~med. 

The analog computer differs from the more common 

place digital computer in the sense that inste.ad of working 

with discrete numbers, the analog solves an equation through 

the programmed electrical network. The results are then put 

in the form of a continuous time-wise graph or chart instead 

of a numerical printout. 

In spite of the advantages of the analog computer, 

the final simulation was conducted on the digital computer. 

Programming the relief valve equation (equation 19) into the 

Donner model J4JO analog computer yielded a curve describing 

the spring-mass system's natural frequency with the proper 

amplitude. However, the relief valve, as designed, permitted 

only a limited poppet travel as shown in Fig. 2J. 
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c-........... 

M 

t 
x 
i 

x NATURAL AMPL \iUDE 
Of THE SYSTEM 

Fig. 2J. Limit displacement spring-mass system 

T 

By treating the mechanical stop as an elastic spring 

with a large spring rate (based on the elasticity of steel), 

the impact and rebound of the poppet can be taken into 

account. The resulting relief valve model would then have 

two equations, one equation for displacements to the point 

of impact and a second for impact. 

·The Donner model J4JO analog computer did not have 

the capacity for switching from one programmed circuit to 

the other and back again. Additionally, all the attempted 

methods of using an external switching circuit proved to be 

unsatisfactory. 

The relief valve model will not change when using 

the digital computer but the method of simulation does 

change. The differential equation (equation 19) describing 

the relief valve which could have been solved directly on the 

analog computer, will now have to be solved by a series of 

approximations in using the digital computer. 
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If it is assumed that for each position (X) of the 

poppet, all of the forces involved can be calculated, then 

the acceleration can be determined by using equation (19). 

If the displacement and time increments are kept small, the 

acceleration can be assumed to be approximately constant for 

each time increment. The resultant problem will then be one 

of particle kinematics, in which velocity and displacement 

' are to be calculated. The calculated kinematic displacement 

once computed, is compared to the originally assumed displace-

ment. If the two displacement> do not match, then a new trial 

displacement is assumed and the calculations are repeated. 

This process is continued until a reasonable match in dis-

placements is obtained. When this occurs, all the forces 

that have been calculated for the given displacement are 

characteristic to the relief valve at that point. 

There are several additional assumptions that can 

be made concerning the subject relief valve so that equation 

(19) can be simplified further. 

First, it can be assums:ithat the starting point for 

displacement (X = 0) will be at the spring mounting length 

rather than at the free length as suggested by equation (19). 

This would change the spring force equation (5) to, 

(20) 

where XMTG is the deflection of the spring to mounting posi

tion, This term is called the preload or mounting load, 

where FMTG = K XMTG ~ and equation (20) becomes, 

(21) 



This change makes it easier to keep track of the opening 

between the poppet and the seat for the flow area calcula

tion. Equation (19) can then be written as follows• . 

JO 

MX + ex + KX = PA + MV - FMTG (22) 

Second, the damping term (CX) can be neglected. 

The only drag forces on the poppet are those of fluid fric

tion. It has been found that when the two moving surfaces 
I 

are separated from each other by a very thin film of 

lubricant, the friction is that of boundary lubrication and 

the load on these surfaces is carried entirely by the hydro

dynamic pressure in the film. In this case, the frictional 

loss is due sale1r to the internal fluid friction in the film. 

The force to overcome this friction is very small as 

shown by solving equation (2J)J as follows• 

F =/-"A (_y_) 
h ' 

JJ = Absolute viscosity = 2.55 x 10-6 lb.-sec2 
• '&. in 

(For mineral oil of 100 ssu at120F,) 

A = Bearing area = 1f (diameter) (length of bearing) 

· - 1r (0.750 in.) (1.000 in,)= 2.356 in. 2 

h = Fluid film thickness = 0.005 in. 

(Based on average machined tolerance) 

V =Velocity 

(2J) 

where it is assumed that the maximum velocity the poppet can 

attain is that of the oil entering the relief valve because 

of the spring resistance. 

3nudly Fuller, Theory & Practice of Lubrication For Engineers, 
(John Wiley & Sons, Inc.), p. 6 
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in3 
The pump flow is 20 GPM or 77 and the entrance sec 

area is 0.222 in2 • Therefore, 

V _ FLOW _ ...:n._ = 'l47 in 
- AREA - .222 J sec 

Substituting the above values into equation (2J) gives 

F = (2.55 x 10-6 ) (2.356) <.663> = 0.4 lb. 

The damping force as computed is very small compared 

to the other forces, and can therefore be neglected. 

The third assumptibn is that the change in momentum 

(MV) can also be neglected because of the small mass of the 

poppet. The combined weight of the poppet and spring is 

only 3.7 ounces or 0.232 lb. The resulting mass would be 

6 X 10-4 lb-sec2 in , and would require a very large change in 

velocity to develop a significant force. 

Using the above assumptions, the relief valve's 

equation of motion now becomes, 

MX + KX = PA - FMTG 

from which the acceleration can be calculated: 
•• 1 
X = -"M (PA - FMTG - KX) • 

(24) 

(25) 

To establish P as a function of X, it was necessary 

to relate P to flow ar~a (AF). This was done by applying 

the continuity equation to the relief valve circuit shown 

in Fig. 22. When the cylinder's piston stops, the contin

uity equation states that the flow from the pump (Qp) is 

equal to the flow out the relief valve (Qrv). But during 

the time interval between the cylinder stopping and full 

relief valve flow, the pump continues to discharge the same 

quantity of fluid based on the assumption of a positive 



displacement pump (Qp =constant). To account for this 

fluid, a term called compressibility factor (Qc) must be 

considered. 

(26) 

This compressibility factor is a general term to 

account for expansion of the hydraulic system such as hoses 

stretching, loose couplings, compression of the fluid, and 
' I the compression of any trapped air in the fluid. 

From the definition· of the bulk modulus of elasticity~ 
I AP 

N = V A y' (27) 
I • where V is the volume of the hydraulic system and dP/AV' 

is the change in pressure with respect to a change in 

volume. Rearranging equation (27) gives1 
, v' 

AV = N (AP) .I (28) 

and noting that the change in volume can be equal to flow 

times time; i.e., 
I 

AV = Qc (AT) • 

Now, substituting into equation (28), and rearranging gives; 
V

1 
AP 

. QC = N (AT) (29) 

which is the desired compressibility term. 

The expression for (Qrv> in equation (26) can be 

obtained by applying Bernoulli's equation to the relief 

valve; i.e., 
Vz P V2 P 

1 _1 2 _g 
2g + y = 2g + ¥ (JO) 

Rearranging equation (JO) leads to1 
1 1 2 · 2 

~i~ (P1 - P2) = 2 g (V2 - V1 ) (J1) 

4Gilbrech, Fluid Mechanics, p. J80 
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Fig. 24. Detail relief valve poppet & seat 

By selecting P1 and v1 away from the entrance area, 

v1 can be assumed to be very small compared to the exit 

velocity v2 and can therefore be neglected. 

Letting P = P1 - P2 , equation (J1) becomes: 

~ p = __ 1 __ (V 2) 
• 2 g 2 (J2) . 

Recalling the continuity equation for volume flow 

rate, and applying it to the relief valve gives: 

Qrv = V AF 

Substituting for V = v2 = Qrv/ AF in .equation (J2), and 

rearranging in order to solve for Q gives a 
Qz. rv 

__ 1__ p = __ 1 __ ( rv } 
)f 2 g ·A 2 .I 

F 
2 = £...g (P) (AF 2) I Qrv r 

Qrv 
J 2 I =AFT (P) .. ( JJ) 

The expression given by equation (JJ) is similar to 

that of an orifice for ideal flow. To obtain a realistic 

expression for Qrv, a discharge coefficient (Cd) must be 

included. By definition Cd is the ratio of actual flow to 
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ideal flow and has a value, as determined empirically-, of 

o.6 according to the Handbook For Mechanical Engineers, 

Baumeister. Now, 

Qrv = Cd AF J¥ (P) (J4) 

substi~uting equations (29) and (J4) into equation (26), gives 

j,LJ ( )' v' (AP) 
Qp = c d AF '{ p + N AT 

multiplying bo.th sides by AT gives 1 

Qp (A T) :;: Cd AF / '2 ·l (P )
1 

(t.T) + 
v' 
N 

(AP) (J5) 

Recalling that AP n is the change in pressure from time 

T n-1 to Tn , gives 

AP = P - P = P - P n n · n-1 o (J6) 

where P is the pressure at the existing time interval and 

P0 is the pressure from the previous time interval . Thus, 

Qp (aT) =Cd AFJ 2'i'g (P)
1 

(AT)+ ~I (P - Po)· (J7) 

By letting R = .[P , the above expression reduces to a 

quadratic equation from which P can be determined as a 

function of the flow area AF. Hence, 

Qp ( A. _T) = Cd AF ff ( R) ( A T) + ( ~
1 

) R 2 _ ~ 
/ 

( p 0 ) 

(-~') R2 +Cd AF } 2 yg' (AT) R - (Qp(AT) + ~
1

(P0 )).1 (J8) 

where 
(J9) 

PROGRAMING FOR SIMULATION 

In review, the equations required for simulation ares 
.• 1 
x =7 (PA - FMTG - KX) (25) 

with p = R2 (J9) 

where R is determined by solving the quadratic equations 
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1. 

. 2. 

3. 

4. 

12 g' · v' 
Cd AFJ '{ (AT) R - (Qp (AT) + 7(P'

0
)) = 0 

2 ' 
AF = 0,68 X + 0.834 X 

The following parameters will applya 

Relief valve set at 750 PSI. 
. 3 

Q = 20 GPM = 77 __lJ1... pump flow rate . p sec 
Spring no. 2 will be used, with a spring rate of 

K = 1030 lb/. . in 

JJ 

(38) 

(13) 

For 750 PSI, the deflection of the spring to mount 

was measured to be, XMTG = 0.131 in. Therefore 

FMTG ~ K XMTG - (1030 lb/in) (0.131 in.) = 135 lb. 

5. The discharge coefficient (Cd) was given as o.6 . 

6. The expression -f- is the mass density of the oil, 

where g = gravitation constant = 386.4 in; 2 and, sec 

7. 

8. 

·Y= weight density= 0.031 lb/in3 for the oil. 

Substituting into the given expression and solving 

gives } 2
1
g' = 157.89 . 

The bulk modulus (N) is equal to 225,000 lb/. 2 for in 
oil (Reference, Handbook For Mechanical Engineers, 

I 

Baumeister). The volume (V) is the volume of the 

hydraulic test circuit which is subjected to system's 

pressure. The volume was estimated to be 2 gallons or 

462 in3 which is typical for lift trucks and small 
I 3 

V 462 in . 5; excavators. Thus, ~ 225 , 000 lb/in~ = 0.002 in lb 

The mass of the poppet (M) is 0.0006 lb(.sec~ as 
in 

determined previously. · 

9. The effective pressure area was computed to be 
0.222 in2 • 
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Substituting these parameters into the above relief 

valve equation ( 25) and ( J8) and simplifying, gi ve-s 1 

X = .o6o6 (0.222 P - 1J5 - 10JO X) (J9) 

and .002 R2 + 94.9 AF (AT) R - (77 (AT)+ .002P
0

)= 0 (40) 

From the two equations given above, the simulation 

program can be formulated. 

Read input data 
' 

Increment time and -assume displacement (XE) -

....... Solve for pressure .. by equation 40 

Solve for acceleration 
by equation J9 

S -:/= XE 
Assume new Repeat until 

displacement maximum 
Repeat calculation run time 

~ p 

Solve for new displacement (S) 
based on equati_on 42 

J Compare .S to XE J L 

Calculate velocity 
and flow 

l Write results 1 
J 

Fig. 25. Computer flow chart 



Based on the iterative procedure mentioned earlier 

in this chapter, where the calculated displacement is com

pared to the initially assumed displacement, the program 

shown on the flow chart in Fig. 25 was constructed. 

By calculating the acceleration from equation (J9) 

for each time increment (~T), the calculated displacement 

(S) can be obtained from the kinematic equation (42); viz 

:> ( 

S = Vn (AT) + ! (a) (AT) 2 (42) 

with the variables indicating the positions shown in Fig. 26. 

C.ONST"'NT 

P.CCELERATION 
fO~ TIME .o.T 

AT=(T -T) n+t n 

AX=(Xn+1-X) 
n 

ENO OF TIME INTERVAL 

~TART OF TIME INTERVAL 

Fig. 26. Location of variables 

The velocity at the end of the time interval can be 

determined from .equation (4J); i. e. ' 

vn+1 = vn + a (AT) (4J) 

To avoid duplication of labels and to permit easier 

. programing, the terminology for the variables of the above 

equations were altered.to conform to those given in Fig. 27. 

To solve equation (40) for R, let, 

A = 0.002 (44) 

B = 94. 9 (ARFLO ) (DT) (45) 

c = (PMTG) + (PUMP) (DT) (46) 



and then equation (40) takes the form of 
2 . 

A R + B R - C = 0 

whose solution is; 

R = -B + J B2 + 4AC 
2A 

The complete program. is shown in Fig. 28. 

(47) 

To speed the convergence between the assumed and 

calculated displacements the step. "If (Y. LT .• 001) go 

to 11", was added. This means that if the difference be-

tween S and XE is less than .001, they were to be considered 

identical. The choice of ·.001 is arbitary but the accuracy 

of the recording equipment available for this purpose were 

also limited to three decimal places. 

Except where noted, the . input data for the following 

simulation runs are as follows1 

XS = o.o in. FMTG = 1.35 lb. 

TMAX = 60.0 sec. RATE = 10.30 lb/. 
in . 

XMAX = 0.2.39 in. SPRMA = • 0006 lb-sec2/in 

DT = .001 sec. COMP = .002 
. 5 
in /1b 

DX = .005 sec. AREA = .222 in2 

PUMP = 77 in3/sec VEL = o.o in/sec 

PMTG = 608 PSI 

The preciseness of the simulation to the actual 

relief valve is discussed in the .next chapter. 

Run no. 1 - This run represents the basic relief · 

simulation, table J. The input data are 

for 750 PSI setting at 20 GPM. The 

computerized result showed a setting 
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of 766.81 PSI .at 19.57 GPM which is in 

error of only 2.2% based on experimental 

data. However, the program does not 

give a true indication of the velocity 

as the acceleration approaches zero. 

This problem results from using equation 

(4J) to calculate ·the final velocity. 

The ptogram makes no provisions to permit 

the velocity to decrease. Other equiv

alent types of velocity equations that 

were attempted but proved to be unsatis-

factory ares 
V n+l = J,...v_n_2_+_2_a_(_X_n_+_l ___ X_n_)....., ( 48) 

and, 

Vn+l = (Xn+l - Xn)/(aT) + ~ a(AT) . (49) 

Equation (48) (see table 4) could not 

handle the return stroke of the poppet 

because of a negative sign under the 

radical resulting from Xn being larger 

than Xn+l . Equation (49) (see table 5) 

has a periodic fluctuation during the 

poppet travel due to the reaction between 

the spring and pressure forces. This 

fluctuation is known not to be a charac-

teristic of the subject relief valve. 

This issue will be discussed · in greater detail in 

the conclusion. 
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Run no. 2 - This run investigates the reaction of 

the relief valve when the poppet reaches 

the end of its stroke and rebounds. The 

XMAX term was reduced to 0.029 in. 

The velocity of the rebound is given 

by the impulse equation, "VEL = .7 * VEL". 

The coefficient of restitution of .7 was 
I 

selected because it permitted a reasonable 

recoil velocity against the pressure 

force and still remain in the elastic 

collision range. The data given in 

table 6, indicates that the relief valve 

is stable and the pressure fluctuations 

are not severe enough to cause flow noise, 

although there would be the sound of the 

poppet rapping against its seat or of 

spring fatigue resulting from it being 

fully compressed (solid). 

Run no. J - This run shows how the relief valve 

would react for a different spring. 

In this case, the spring rate was reduced 

from 10JO i~ to 500 i~ with XMAX =0.029 

in. The results given in table 7 show 

that reducing the spring rate is not 

recommended due to the resulting erratic 

behavior of the relief valve. The 

fluctuations in displacement are large 



and negative in sign at T = .01J sec. 

indicating that the relief valve has 

closed. 

An evaluation of the program is discussed in 

chapter 7. 

\ 



SYMBOL 

ACC 

AREA 

A RF LO 

COMP 

DT 

DX 

FMTG 

p 

PMTG 

PUMP 

Q 

RATE 

s 

SPRMA 

T 

TMAX 

VEL 

XE 

XMAX 

XS 

LIST OF COMPUTER SYMBOLS 

DEFINITION 

Acceleration 

Effective pressure area 

Flow area 

Compressibility factor 

Time increment 

Displacement increment 

Spring mounting force 

Pressure 

Pressure at the start of each new time interval 

Pump flow 

Flow 

Spring rate 

Calculated displacement 

Mass of spring and poppet 

Time 

Maximum run time 

Final velocity at the end of a time interval 

Position of poppet at end of a time interval 

Maximum displacement 

Position of poppet at start of a time interval 

Fig. 27. List Of Computer Symbols 



COMPUTER PROGRAM 

~EAD(l,95)XS,TMAX,XMAX,OT,OX,PU~P,PMTG,FMTG,RATE,SPR~A,COMP 

- - READ (. 1, 96 )AREA, VE"----- ·- - --
, 95 FORMAT(~F7.4,3Fl.3,F7.2,2F7.5J 

S6 FORMAT(2F7.4,F7.3} 
- -WRITE{3,74) . ---------- -· -- - ----

14 FORMATt7X,4HTIME,5X,6HTRAVEL,3X,8HVELOCITY,5X,6HACCEL.,3Xt. 
l 8HPRESSURE,5X,41-!FL0~• ,5X,9HFLCW ARE.A) 

----WRlLEl1.,80l~----~-------·~------~-----
80 FORMATi7X,4HSEC.,6X,4HINCH,5X,6HIN/SEC,3X,9HlN/SEC SQ, 

15X,3HPSI,8X,3HGPM,7X,5HSQ !Nl _ _ J=_Q ____ _ _______________________ _ 

V= 0 
-· 1 T=T + OT 
--J.IEU- 11Al<J .. L,32..3~---------------------

2 XE = XS + DX 
3 X = XS + (XE-XS)/2 

_ _ ARFLO=. 66*X*X J __ • 834*.X ___ _ 
A = CGMP 
B = 94.9*ARFLO*DT 

_ _...C =_ +JA*P .. MTG _+ PUMP_~. D.J)_~-

R =((-B + SQRT(B**2+4*A*Cll/(2*A)l **2 
ACC= (AREA*R-FMTG-RATE*Xl I SPR~A 

_ _ 5 = VE L •DJ__ 1ACC..!.D_1 ** LJ2 
S=AB S ( S) 
Y=ABS(S-XE} 

__ I FLY .• LT • -- Al CJU 0 0 Q..Ll~G~Q--.....T...,.0'--61, .__ _______________ __ _ 

IF(S-XEllOrll,12 
10 XE=XE-V/2 
---· GO .. TG_ 3 

12 ·xE=XE+"V/2 
GO TO 3 

-1 l _ I E LXE..- X MA XJ -:io_t...3..L . .3 ----------------------
30 V = VEL 

VEL=V+ACC*OT 
--3.3 p =R ... --·. - - . . - - - --- - ·------ ------ ------

Q = 24.l2*ARFLO*SORT(P) 
WRITE(3,75)T,XE,VEL,ACC,P,Q,ARFLO 

....1.5.._F 0 RM A.I tU.,_f.9_._4 ...El.Llt..t£.l ,.!t..J .F. l l_. 2 if 1.1 •. 2, F 9 ~-'t..1.f.J!t .!'>•_.4_,__ __ _ 
xS=XE 
PMTG=P 
GO TO 1 

Fig. 28. Computer Program 



31 XE= XMAX 

COMPUTER PROGRAM, 
Cont. 

ARFL0=.66*X*X + .834*X 
___A_::_COMP_ -~--~-~---------~------~ 

B = 94.9*ARFLO*DT 
C = +(A*PMTG + PUMP*DT) 

~-R =: ((-B + SQR J ( B_**2f_4*.6*C UJ <2*A) ~_!2.,__ _ _ ____ _ 
ACC= CAREA*R-FMTG-RATE*XJ I SPR~A . 
V = VEL 

_ _ VJ:l= V + ACC !_Dl _____ ________________ _ 
P=R 
Q = 24.12*ARFLO•SQRT(P) 

__ vJR ITEC3,_76>T_,_~E VE L_tA C_C,P,Q,~RFLC . 
76 FO RM AT(2X,F9.4 1Fll.41Fll.41Fll.2,Fll.21F9.4,Fl4.4) - - - XS=XE -- . - --·-- --- -· --

__ P_MTG=P - ------- - --------- - - - -
XE=XS-DX 
VEL=-. 7* \/EL . 

_ _ __...GO _TO 
_ 32 _WRITE(3,77) 

I
- 11 _FOR MA TJ_6 X ,_!,11.AXLM.U ~ U tL_T_I ME '- l __ 

599 STOP 
1 ENO . 

-~·----

Fig. 28. Computer Program (cont.) 



TIME TRAVEL VELOCITY ACCEL. PRESSURE FLO~ FLOW AREA 
---.ils ..... ec. JNCH INLSEC... INLSEc.._s.Q P..Sl .. .. GPM so IN 

0.0010 o.ooso e.se£1 0qa2.11 c43.<;8 1.2101 0.0021 ... . 
0.0020 0.0130 17.5~34 8611.25 613.17 4.7342 0.0076 :fl 

_o.0030 o .• a 1~2 - 1 .. 9.5 t.3 __ '9362 ... .s5 6.S4 .• 65 _ __ a .6507 o .... Ul36 - - -~7-
o • o o 4 o o • a 2 3 2 2 3 • 4 2 e J l 4 1 2 • o .2 1 l o • 4 2 · l l • 5 5 4 o . _.: . o • o 18 o __ \ .. 
0.0050 0.0245 24.S~86 1570.31 123.05 13.1492 0.0203 

__ a_._nQ.60 a. 0266 27.5.1e1 2 5.a.o ... J 6 7.3.3 ...... 61-14.2.0.oa o • ..Q.ll.1 
0.0010 . o.02da 2s.4se1 lqo9.99 741.64 15.4890 0.0236 ~ 

0.0080 0.0302 30.3817 893.02 747.46 16.6113 0.0252 
__ O ... OOYO Q._03.1..0 30. S693 __ 5e7.57 ___ 7 51. 89_17 .3157 Q._026_ .... 2 __ _ 

0.0100 0.0317 3l.63G8 661.49 755.43 17.7733 -0.0268 
0.0110 O.OJ2J 32.2224 591.61 758.18 18.1736 0.0274 

__ Q,_ • .Q...l..20 0..._0328 32....606_7 38~ .. 37 Jc0...23_ 18.52.6.5 O.O.l.1..9 ___ . 
0.0130 0.0331 32.f506 243.84 161.77 18.7870 - 0.0282 .'·!tf: 
0.0140 0.033'• 33.0535 202.89 7t2."16 18.9655 · 0.0285 , ;::,ifjJr . 

..... :t··· 
-0 • .o-1so 0 ... 0331: •3 .. 2320 78 .. .58 1t.J.aa_ .19.101s 0 .•. 02.a-7~ 

0.0160 0.03J1 33.3666 134.56 764.58 ' 19.2138 0.02.88 
0.0170 O.C338 3 3 .4591 92.57 7t5.ll 19.3016 0.0289 

_ _ a_ • ...,Q.180. 0 .. .0.2.J.9 __ 33 •. 52EO 6 _8 .... 8~ 7t:5.5l_ l9.3655 o_,_0_2.9_0>e...___,, __ 
0.0190 0.0340 33.~842 56.25 1E5.82 19.4128 0.0291 ~· 
0.0200 0.0340 3 .L62ECJ 44.71 766.06 19.4496 0.0291 ' · 

_0 .. 0210_ 0.03.41 __ 33. tf i5 __ . __ 32. 58 ___ 166.24 ___ 19.41sa 0 .• 029_2--2 
0.0220 0.0.341 33.tE52 23.73 7t:.6_.37 19.5008 . .... _ 0.0292 
0.0230 0.0341 33.70~8 18.59 766.48 19.5170 0.0292 

_ _.0 ....... ......,02~0 o ....o..:!!i 2 3L.J.l.£.5. 14. 78 7.f6. 5 _6_19 • . 529_~ OJ_0 2-.r..2.-2 __ _ 
0 • 0 2 5 0 0 • 0 3 4 l 3 3 • 7 2 'i 7 11 • 1 9 7 6 6 • 6 2 l 9 • ~ 3 9 l 0 • 0 2 9 3 '/+; 
0 • 0 2 6 0 0 • 0 3 4 2 3 3 • 7 3 8 l 8 • 3 4 7 6 6. 6 6 l 9 • 5 4 6 5 0 • 0 2 9 3 . '.'."~ 

_Q • .Ql.70 0.03't2. ~3.1442 6.21 166.70 __ 19.5521 0.0293___.: 
0.0200 0.0342 33.7491 4.83 766.73 19.5563 0.0293 
0.0290 0.03~2 33.7~28 3.71 766.75 19.5595 0.0293 

_o....0300 0 ... .0342 13 •. 1557 2.98 7t:.6.7c __ l9.5620 O-J)29J __ _ 

TABLE J 
Computer Run No. 1 

. 
\.. 



0.0310 
0.0320 

-O .. D330 
0.0340 
0.0350 
~360 
0.0370 
0.0380 

__ 0.0390 
0.0400 
0.0410 

_.o.....o_'t.20 
0.0430 
0.0440 

_o .•.. 0450 
0.0460 
0.0470 

._O..Jl.4.80 
0.0490 
0.0500 

__o_.0510 
0.0520 
0.0530 
Q_._05. ~ .0 

0.0550 
0.0560 

__o._0570 
0.0580 
0.0590 
n. n 1., r"' 

0.0342 33.1576 l.91 7t6. ·n 19.5639 
0.0342 33.75<;3 l .65 766.78 19.5653 
o.-a.:>!t2 33.7606 l •. 30 7t6 • .79 __ 19. 5663 
0.0342 33.7tl4 0.89 1t.6.7c; 19.5672 
0 .o 34 2 33.7625 l.07 766.80 19.5679 
O .... CJ't 2 3.3 • .1l33 0 • .7.6 7 6.6. 80. _ _ l 9. 5 684. 
o.o :H2 33. H:.37 0.48 766.81 19.5689 
0.0342 33.7640 0.28 766.81 19.5692 
0.0342 ___ 3J. 7Ud. ______ 0.05 ___ __ 166.81 _ 19.5694 
0.0342 :n.7638 -0.23 766.Bl 19.5695 
0. 034 2 33.H.36 -0.23 H:6.8l 19.5695 
o_.J) J.!t.2 __ .. :u • 16 4 o o .•. J.e 766.81_19.5694 
0.0342 33.H:4l 0.18 766.81 19.5694 
0.0342 33.7640 -0.15 766.81 19.5696 
o._0_.3~2 __ 33. HJ9 -:.0. 0 8 .166.8.L _,_19.5695. 
0. 03.4 2 33.HJc; 0.03 7t6.8l 19.5695 
0.0342 33. H40 0.05 766.81 19.5695 
0 ..... 0.3'12 3.3.7640. o.o 7 6 6. 8 l - .l 9. 5 6 9 5_ 
0.0342 33.7640 o.o 766.81 19.5695 
0.0342 33.H:40 o.o 766.81 19.5695 
Q.C.34 l lJ. H40._ o.o 7 6 6. 81 _ . l q • 5 6 9 5. 
0.03't2 33. H:40 o.o 766.81 19.5695 
0.03't2 33.7640 o.o 766.81 19.5695 
o ...... a ... H .l 3_3.._76~.Q Q._o 76~ _.81 _ .. ! .9. 56'l5-
0.0342 23.7640 o.o 766.81 19.5695 
0.0342 33. H:40 o.o 766.81 19.5695 
.0 ..• 0 JA 2 __ 3 3 • i 6 4 0 o.o 7l:6 .• 81 -- 19.56~5 
0. 0 34 2 33. H40 o.o H:6. 81 19.5695 
0. 034 2 ~3.H40 o.o 766. 8 l 19.5695 
' ' • r "'1 ' • ~ , 

, ., 7 , ' • !1 ('\ - ,, 1 f r . . r• 1 l'l _ <;t. ()') 

TABLE 3 
Computer Run No. 1, Cont. 

0.0293 
0 .0293 . , .. 

0 .• 0293 
0. 029 3 
0.0293 
o_.029_3. 
0.0293 .. 
0 .0293 
0 .• 0293 
0.0293 
0.0293 
o_~i9~ - 0.0293 
0 • 0 2 9 3 •.· ; i.i{ 
Q_.oz93_j'' 
0.0293 · .. 

0 .0293 
o_. o~.~ -3 
o·. 0293 
0.0293 · · · ~:.: 

Q .•. 029~ 
0'.0293 
0. 029 3 
0 .02~~~ 
0'.0293 ;.., ·.::_ 
0 .0293 · : ~~ .... · 
fl_. 029.J .. ' . 
0.0293 
0.0293 
n.n?1~ 

·- ·- -· 
{::" 

°' 



· TIM~ TRAVEL ~ELOCITY ACCEL. PRESSURE - FLOW ·· · FLOW AREA 
0.001.u __ 0.0045 -·-· a.c;a21 s902.11 ___ __ _ ~43!'~JL __ _J_~41a _1 _ ___ ___ 0_.oq41 ___ _ 
0.0020 0.0136 15.71~2 916d.~2 673.44 4.5946 0.0073 
0.0030 O.OldC 16.S554 4557.42 6q4.q7 8.6284 0.0136 
o.oo4o o.019a 17.5528 5701.37 112.82 lu.4950 0.0163 
u • 0 0 5 0 . - 0 • c 2 1. 7 l 8 -. 4 5 5 0 -·· 8 3 ti l • 9 3 .. --. - --7 2 ~ ~ 4 5 - -11 • 6 2 is·--- - 0 .-cf l i ci - - -
o.OOoO 0.0234 19.3474 9963.71 741.72 12.8264 0.0195 
J.0070 Q.0249 20.1994 11189.88 752.89 13.8~24 0.0210 
0.0080- · - · -o-.c265 ·- - 21.13c;i ____ 12s1s·-.30 - - - ·162>.-6-·14-:; ·yo51-- o.02i1·--·----
o.ao90 o.021s ~1.1s20 12756.37 110.11 15.~781 0.0234 
0.0100 O.C287 22.4849 13868.38 776.74 16.2022 . 0.0241 
0.0110 -- ·--c».0294 ·- --22.900<1 ---13-773.65 -- 1a-1.'1f - - 16.-94fs---· - --o~oi51 _____ _ 
O.Ol2~ 0.0300 23.2813 14180.32 7E6.l9 17.3947 0.0257 
0.0130 0.0308 23.1642 14940.29 789.96 17.6552 0.0260 -- - . -o. o 140 - -·---o-.· o.311·- ---- ·23·.-c; ea"i·----·i -4611. 18 - - -- -y9f. Y1-1·a:-!383 o .02-01---· 
0.0150 0.~315 24.lS70 14944.18 795.12 18.3744 0.0270 
O. 0160 __ ··-··. 0. 031 7 __ __ . 24. 363 l ___ . _15046. 7 2 __ .7S 7. 02 __ 18 ~ -~0.~~ ·- ___ __ ___ Q__. Q.2_13 __ _ 
0.0110 0.0319 24.5011 15159.33 7~8.57 18.7830 0.0276 
o.01ao 0.0321 24.6126 1~242.49. 799.a3 18.9308 0.0270 

__ o._0190_ -- · _ p._g32_3 ____ ?.4•-103!t _ _ 15312.20. ___ _ 1!90~ _~5- _ _l_9_.o5_u!!_ ___ g_ _.021.....,.9 ___ _ 
0.0200 0.0324 24.1112 15~60.11 ao1.68 19.1479 o.02ao 
0.0210 o.~325 24.e311 15413.31 ao2.3s i~.2211 o.02a1 
0.0220 0.0326 24-.8858 15450.31 802.90 19.2915 0.0202 
0. 0£30 -- .. , - ··-a. 0326 - - - - ·24~ 92 ~3 .. 1548 o~·-30 ... ·- ao3 ·. 34 -- ·l 9.~4-~ d ----- ·- - -cf:-028_3 __ ____ -- ·-· 
O.Ol40 0.0327 24.9515 15504.76 803.71 19.3864 0.0284 

_____ Q. 0 _259 _____ _ Q. 03Z.7 _ __ _ ?4~5817_ __ 1_~?24_ ~ Q.1 . 80~~ Q_Q ____ l9_.~_~u_ _____ <!.._.0284 
O.OZ60 0.0328 25.0049 15540.41 804.24 19.4492 0.0284 
0.0210 0.0320 25.0221 15553.44 804.43 19.4720 o.02ss 
0.0280 o.032a 2s.0359 15563.53 004.59 19.4905 o.02a5 - --- -o. o.z9·0 ·------o-:·a32if - -·-25 ~ -047. i" --- 1s512~ f 5 - - -004-.-11-19. 5054 --o .oza5·- -·-- -
o.0300 0.0320 25.05~3 15579.17 004.02 19.5175 0.0205 

___ ___ o_. _Q3 l_Q ______ o_._g12 0 ____ 25. Q.~J ~ - ___ 1_5 SJl~.Jl~-----~ .9!t· 90 19 .2_2 74__ o. 020 5 

TABLE 4 
Computer Run No. 1-A 

+:" 
~ 



- -·- • - M · -

TIM~ T~~v:=L 'v'ELOCITY ACCEL. PRESSJRE FL Or; FL OW AR': A 
SEC. I ~JC '1 Hi/SEC IN/ScC SQ PSI GPM S ·~ IN 

u.JJU J. •J~.b G 'L4Sll 8'18L. U l:43.<;8 1.2787 0.0021 
·). uJLJ o.c u ~ 12.46dj d2::s0.86 673.ul 4.8169 0.0077 
O.Ou.JJ _ 0.0lot 6.64J7 6bS6.79 655.69 8.0J9<; 0.0126 
0.004·) 0.0143 4.t:scc: 13976.8'7 117.60 8.4314 0.0130 
o.uuSJ O.Cl62 13.1155 224-fl.C7 73S.5l 8.4327 0.0129 
u.ou6J :J.0229 1/.4l5C 2129Cl.52 756.40 l0.985c; 0.0166 
0.0 •.)7) O.CZ64 U..7474 16554. 72. 767.32 14.0165 0.0210 
o .• oosJ O.C22B 6.7412 L0643.90 778.12 14.J825 o.02 ·Jq 
J.IJ0-10 0.0219 lJ.7808 2~347.tl 7'H. 26 12.8881 0.0190 
0.0100 a.021e. 20.2695 2S8Ll.5~ 801.36 14.436<; 0 .0211 
·:>.0110 0.0317 l4.S437 21980.70 8C5.63 17.3976 ~ 0.0254 
u.Ol2J O.C276 - 7.7250 23728.46 8C<J.93 17 • .3882 0.0253 
O.Ol3J O.CZ48 13.5523 32750.86 a 18. 16 15.3847 0.0223 
0.014.) 0.02<J8 21.102c 33405.26 824.98 16.1042 0.0232 

- - - O.Ol5J - -· _ Q.0348 _____ 17.5678 _ _ 25135.55 825.83 19.1391 0.0276 
O.Ol6 1J 0.0306 8.1127 24532.78 826.16 19.4002 o.02ao 
O.OlTJ o.c2c,o 12 •. 4157 34095.64 831.62 16.7929 0. 024 l 
u.:JlSJ 0.0310 2~.840S 35681.84 836.76 16.9566 0.0243 
J.JL90 o.u:,60 .18.393~ 26786.40 835.92 19.9987 0. ·)231 
o. 020 ·) o.0;1q 8.6681 25485.79 834.Sj 20.2655 0 .029 l 

-- O.!.l21J O.C26CJ - -12.3739 34760.64 838.55 17.536~ 0.0251 
O.J22) tJ.03J..2 22.111e 36<139.!9 842.90 l 7. 3 60 8 J.0248 
o. ,j£3 ') 0.0362 19.2842 28568.50 841.o7 20.1915 0. 0239 
o.02t.eo a.0331 c;.<;l<H 261.2<;.84 839.39 20.7337 0 .029 7 
o. 02 51) 0.0279 11.9693 34225.36 842.04 J.8.2225 0.02!>0 
.). \) 26 ·) 0.0313 21.9149 37101.16 845.68 17.7168 0.0253 

__ _ _ 1).0210 ____ o. a .36 3 - -----1'i.1oc 2 - .29412.44 -- -- ---- 844.31 20.2695 0.02d9 
0.02dJ O.OJ36 10.;5234 26426.82 e1t1.sc; 20.9476 o.ozqq 
0.0290 O.C2tl4 ll.7696 33947.68 843.61 18.546 2 0. 0265 
o.•J30J 0.0313 21.4878 37138.17 846.93 17.8815 0.0255 .f:" 

CX> 

TABLE 5 
Computer Run No. 1-B 



f I /Vt 
.. st c •. 

J.JulO 
i) .J j 2J 
0.00:;0 
J.uC<tO 
o.O LlS u 
J.vvt0 
O.JC7J 
J .o 0 tJ 
u.UJSJ 
u.ulC:J 
o .J 1 lu 

-- -- l). () l .d 
o.Jl;J 
i.).L)l'1J 
O.'Jl50 
O.Jl6J 
u .u 1 7) 

_u .Jlt:J . 
o .o l c;,0 
u.J2C:l 
u.02 lt.J . 
u.uL£1J 
0.02;0 

_O.J2'10 
0.0250 
J .u2 oO 
0.0210 
0 .1J 2 t:O 
o.02~J 

T~lV [L 

I · . C. 11 

c • 0 v '::> 'J 
c • :J lJ •) 
0 • J l 'j,:; 
;:.: .J2J 2 
( • :) 2:.'.t:) 

(.;.J2L-(, · 
,... "\ .... 
•. ,;.""''-U rj 

.:;.J2t;J 
C.JJ<jC/ 
0.J2l/ 
C.J~'1 'J 

c.J2ltJ 
~.Jll.3 

L. 0 2 ·:11..J 
O.v28~ 

C.OlLI 
C. J Z·-i ·J 
~.Jl 'jJ 

c.u2ot 
C.J29J 

_C.JZlo 
J.J2t-6 
u • 0 2 •i.J 
0.J261 
c .o,,d 
o.J2~0 

_ .... _c • o 21 1_ 
O.O.clo 

. _____ u. o .3 co_ ·- · 
J.J.2 9J 
c ,u27L 

vrL ~CITY ~CCEL. PRESSUOE FLO~ FLO~ AREA 
1:·i/SF.C IN/SEC SQ PSI GP~'. S ~) Il'l ___ _ 
d .~dll 8~~2.11 &43.96 1.2787 0.0021 

t7.'::>9J4 uu11.z5 073.17 4.7342 0.0016 
- 21.9?oJ 4367.9~ 69<t.u5 a.6507 . .. _ 0.0136 
23.~2S3 147 2 .JZ 71J.42 11.5540 0.0180 
24.9~8~ 1~7~.31 723.05 .13.1492 O.J2C3 
27.i7rl7 2~30.iu ·- 7JJ.ol l4.2C0d J.0217 
2S.48d7 190~.99 741.64 15.4b90 0.0236 
JQ.3817 89~.J2 7\7.46 lo.6113 0.0252 
3.1~_ 35 _ 24420. n __ . ___ 104.35 l0.983a . __ ____ o_.01t.5 ____ . _ _ 

4l.~~7J 3834~.u2 1ds.10 9.0l3~ 0.0134 
49.~694 Bl7l.U7 78~.49 19.3707 0.0287 

:- l l. 5oo3 __ __ 23 l 32 .21 ___ ______ 79.J. a .J 15. 34_5 1t _. _ __ _ _ . - .... :J .0226 . - -·-- .... 
3 3 • :J 3 5 't 't 5 12 l • 15 8 12 • 03 l 0. 2 7 6 5 - J • 0 15 J 
6l.J34l 274~8.&3 811.02 17.0623 0.0247 

-l3.2LJut, 29443.23 ___ 821.".J4 17._069d ... . 0.0247 _ ·---
J6.lt77 <tYj4 0 .29 83u~70 12.0654 J.0173 
b1.2111 31JJ4. J 3 aJd.18 ia.a19~ o~o26Y 

-:-ll ·.;_t'J .. d .. _ 3~7()(;.38 . . 84:~-10 ___ 17._67_7]_ _. _0.025. ~ -·· · - - -· · 
47.24d9 39Z76.J7 84~.77 17.09~7 0.0244 
6l.42Z6 14173.71 836.77 24.6498 0.0353 

l.4806 44476.40 ____ 84'.>.60 15.0831 - · Q.0215 ·-
? l. 7965 50315.94 8j~.12 14.42h6 0.0204 
c.;•J.J4d2 14251. 73 843. 74 25.6~91 0.0366 

_ :- _1t. _l65J. ___ 4lJbf1._7l __ ._ .. 8.4Y.74 __ lo.5215 ____ _ __ Q.Q235 ______ __ . 
47.2794 jl444.45 859.58 14.5663 0.0206 
68.&116 21332.17 850.64 24.11~4 0.0343 

.-!t.461-'t. __ .43566. 72 __ ____ 855.95 __ 16.8680 . _______ 0.023.cL __ __ ·-
47.9bua 52427.38 864.99 14.9766 0.0211 
c:. c; • 'H 3 t 2 i 94 ·r. l 3 a 5 s. 16 2 4. 5 6 5 4 o. o 3 4 a 

___ -: 3_. dY8 :L __ .!t5 u.'1-·J. dO __ ___ 86 0. 3 0 . _l 6 ._9~ 9_4 ___ ·---_ _ 0. 02-40 .. ______ ~ __ _ _ 

TABLE 6 
Computer Run No. 2 

Shorter Stroke 

~ 

" 



T : ·~ i:: 

,.) • li ,_. l ~

). 0 :; 2·) 
u. •:d3j 
\.. .... '·~ :1 '1 '.:. 

J. •.)•J:) iJ 

·). \.#' ~-:) .. j 

J •• ~ c n 
J e c I~ d ij 
d.01H l 
i:;. ,lLOJ 
u.jll ·) 
.).·.)12) 

0. j l .) :J 

') . ;) i 4 J 
j.Jl.5 :} 
J.1)i6i) 
•). ·) l 7 0 
ll . oJ L d n 
;) • •J l. g 1) 

0. •)£:'. ·J ·J 
<).02Fl 
0. ()l2 •J 
.) • -~ ;;'. j .J 
\) • . ) 2 4) 

- . . iJ • 1) 2 5 ·J 
lj. i) £:6•) 

~.\)L7Q 

o·.11280 
O.iJ l'.9 0 
U.0300 

1"'."u· v=1. 
·) • 1.iO ') .) 

C• • C i 7 •: 
~ . , ) 24:= 

0. t) 2 i 1 
1) • ~ i ') ') 

J. \J2j') 

~). t: ~ '1•) 
•J. (~ •J 5 ) 
:1. ·j24•J 
\.l •.::, L . .J ·-~ 

C.CJ~5 

...: . ;z'}·' 
-u. 0·)5 ':5 
u. J2.9•J 

-O.Cl6'1 
c.c.2 }C 

- ·) . •] 2 3 ':i 
1.~. 1J 2j1J 

V~L:~:Ty 

l0.~~ 5 2 

1S.~7l5 

lJ.5 d2~ 

4.JIE~ 

3.42S2 
~d.~~j~ 

-lG.j9~j 

-~- ~ 7J 3 
·i 5 • (} l.. '. j ~ 

- l 7 • • -;2s : ~ 

6.Ldlo 
-42. 11461 

. L. S _. 11i 

-e::.ues 
2.4'1'17 

-83.;5i.J 
J • ~ .'.; ! t 1 

- <; 1. i U: ·1 

;\C C ~ L • 
l. l l <; i ~ . 44 
1414~.l.l 

i. ? L t i • 'J '.J 
~rji57 0 7•~ 

2.~; ..J :)J.44 

j I: \J 2 6 • :') 0 

;~~SSU~E ~LO~ 

. t 4 J • c; a ·- i • ,: 1 ·°>-1 ---
67l.1 l ?.7d2t!. 
(;f7. 72 11. l.2.f:.i) 
-7Cl.<?4 - - 12.3430 -
7 2 J • 2 3 l ) • 2 7 '2. ' t 

736.9J ll.J942 

'=L C.i AO':A 
·- ___ _ ;.t) :)~l- -- · · -· - -- . 

u .:) ·JJj 
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CHAPTER VI 

EVALUATION OF COMPUTER SIMUIATION 

To judge the validity of the assumptions _that were 

made and the preciseness of the simulation to represent actual 

relief valve operation, t~e following tests were conducteds 

1. Record pressure vs flow rate to determine the charac- -

teristic relationship between thes-e tw·o variables. 

2. Record pressure vs time under dynamic loading to 

determine the forcing function characteristic. 

J. Record pressure vs displacement to check the pre

ciseness of the computer simulation. 

The test circuit is shown in Fig. 29 . 

Q INOICAIE5 FLOW 
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Fig. 29 Relief valve test circuit 

DIVERSION VALVE 



The following components were used for the tests 

1. JO GPM gear pump, 1 in. gear width, rotating at 

1800 rpm, Commercial Shearing model P-JO. 

2. Ambrex 97K, (Mobil Oil Co.) was the hydraulic fluid 

used. It is a straight mineral oil with a mild rust 

inhibitive. The 

density is O.OJ1 

specific 
lb 
-=--3 • 
in 

' 

gravity is 0.8708 and the 

J. BLH Electronics pressure transducers, model GP-CG 

.for 10,000 PSI service. 
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4. Cox turbine flow meter, model AN 20, 1.0 in. diameter. 

5. Consolidated Electro Dynamic Corp. oscillograph, 

model 5 - 124A. 

6. Hewlett - Packard X-Y recorder. 

The throttle valve was built into the test stand and 

its function is to control the flow to the test circuit 

while dumping the excess back to tank. The diversion valve 

is a three way valve where the incoming fluid is directed to 

one of the two outlets by means of a spool. 

With one of the outlet ports blocked, the valve 

becomes an on - off type. By shifting the spool rapidly, 

the flow is shut off instantaneously, creating a shock load 

on the relief valve. 

The needle valve is used for gradual flow control 

and is operated by manually turning the handle until the 

valve is fully opened or fully closed. 

The procedure to set the relief· valve is as follows; 

(drawing of the relief valve is shown in Fig. 12). 



1. Turn the adjusting screw out to relieve the spring 

load. 

2. Start pump and then shut off the diversion valve and 

needle valve, allowing full flow to pass through the 

relief valve. 

J. Screw in the relief valve adjusting screw and adjust 

the throttle valve until the desired pressure ·and 

flow are obtained, 'The pressure is indicated by the 

gauge at P1 and the flow by the meter Q2 . The setting 

for this test was 750 PSI at 20 GPM flow. 

Test .number 1 was conducted to record the operating 

characteristic of the relief valve by establishing the rela

tionship between pressure and flow. The diversion valve was 

closed and the needle valve was used to control the flow by 

screwing the valve shut at a slow, steady rate. The pressure 

drop (P1 - P2 ) and the flow rate, Q2 , were plotted on the 

X-Y recorder, Fig. JO. 

The test was conducted for flow rates of 10 GPM and 

20 GPM. The curve obtained indicates that the relief valve 

has stable operating characteristics despite the slight 

pressure rise from cracking to full flow. This is attributed 

to the orifice effect of the relief valve which means that 

pressure increases with flow rate. For an ideal relief valve 

this would be a flat line at the set pressure. 

Test number 2 was conducted to determine the forcing 

function characteristics. The shock loading approach was 

used since the needle valve response is too slow to stop the 



.)"'f' 

flow quickly. With the needle valve closed and the diversion 

valve open, a pressure transducer was attached to the 

hydraulic circuit at point P1 • The diversion valve was then 

suddenly closed and the pressure rise was recorded by the 

oscillograph, see Fig. J1. 

After a series of runs, the average time required 

to reach 750 PSI was determined to be 0.08 seconds. From 

this short time span and ~he _ shape of the curve, the step 

function assumption of equation (24), i. e. (PA - FMTG) is 

justifiable. Although this curve shows no ramp function 

characteristics, the combination of a step and exponential 

decaying assumption can nonetheless be made. 

Test number J was conducted to verify the computer 

simulation results. The given relief valve design permitted 

a direct measurement of the poppet travel in order to record 
I 

pressure vs displacement, if this were not possible, then .the 

displacement would have to be calculated based on pressure 

and flow rate. To record the very small flows that result 

when. the relief valve first starts to open would have required 

special instrumentation. 

In order to measure the poppet's position, a stiff, 

O. 062 in. diameter rod was we'lded to the back of the poppet 

and extended through a hole drilled in the adjusting screw 

as shown in Fig. J2. Since the pressure in this back chamber 

is low, the leakage through the small diameter hole was 

negligible. The locknut was pinned to the adjusting screw 

to permit using a wrench to adjust the pressure without 

disturbing the rod. 
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Fig. J2. Relief valve mo~ified for direct poppet measurement 

Two recording methods were used with the needle valve 

controlling the tlow in each case. 

The first method involved recording the displacement 

manually by means of a depth micrometer and the results are 

tabulated on table 8. Care must be taken with this type 

of measurement since too much pressure from the micrometer 

on the rod can change the reading. 

The second method involved mounting a linear vari

able displacement transducer (LVDT) to the rod. The core 

of the LVDT was mounted on a separate platform, isolating 

it from the test stand in order to eliminate vibration 

problems. The LVDT rod was attached to the relief valve 

rod by wrapping wires around the two rods in an effort to 

minimize the weight. The addition of unnecessary weight 

could have resulted in inertial-type problems. 

The X-Y recorder then plotted the pressure 

(P1 - P2 ) vs displacement as shown in Fig. JJ, while the 

needle valve was screwed shut. The recording of pressure 

vs time, Fig. J4, was also made to show the rate at which 

the needle valve was being closed. 
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TABLE 8 

'fEST NUMBER J 
MANUAL RECORDING OF DISPIACEMENT 

PIN POUT p Q x 
(PSI) (PSI) Pin-Pout GP~ in. 

605 JO 575 0 .001 

640 JO 610 0 .002 
• 

650 J6 614 0 .OOJ 

670 J5 6J5 0 .005 

680 J5 645 0 .008 

690 J5 65.5 0 .010 

700 J6 664 . 8 .014 

70.5 J6 669 J. 8 .01.5 

710 J6 674 6.8 .017 

720 37 683 9,5 .020 

730 JS 692 11.4 .021 

740 38 702 12.7 . 02J 

750 39 711 14.o .024 

760 40 720 . 1.5.8 .027 

770 40 730 17.4 .028 

780 40 740 18.8 .029 

790 40 750 20.4 .031 

805 42 763 22.4 .033 

845 42 80J 28.6 .040 

860 4J 817 30.0 .042 
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A summary of the results between the various 

methods of relating pressure and displacement are tabulat·ed 

in Table 9. 

The information was then plotted in Fig. JS, so 

that a visual comparison could be made between the resulting 

computer curve and the experimental curve from Fig. JJ. 

All data closely matched the experimental curve. 

v .n+1 

The computer data from Run No. 1, Table J, with 

= V n + a ( AT) term for velocity was used to plot 

this curve. The results of Run No.2 were close, but are 

unacceptable for the rebound portion of the problem. 

\ 
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CHAPTER VII 

CONCLUSION 

The computer. simulation of hydraulic components and 

systems are possible using a simple spring-mass model in 

conjunction with a numerical-type mathematical approach. 

The relief valve program was able to match the 

experi~ental results. As one would expect, the program is 

sensitive to the size of the increments taken for displacement 

and the equation used in calculating the final velocity for 

each time increment. The method of incrementation may have to 

be modified to permit refinement in the value of displacement 

for each time interval. The kinematic approach to obtain the 

displacement and velocity could be replaced by other forms 

of numerical solutions such as the Runge-Kutta method which 

provides approximate solutions of differential equations. 

In the area concerning poppet rebound, the given time 

increment of 0.001 sec. is not precise enough to determine the 

moment of impact, The program could be modified to switch 

to smaller time increments to establish the precise moment 

of impact from which the recoil parameters may be calculated, 

Instead of using approximation methods to solve the 

differential equations on the digital computer, the analog 

computer can be employed to solve the equation directly. 

The analog would have to be of a hybrid type, capable 

of performing "IF" type decisions. This feature will permit , 

switching from the spring equation to the impact equations. 
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