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Relief Valve Model

The pressure and flow characteristic curve of a relief valve, such as the
one shown in Fig. 6-8, can be described mathematically. Figure 6-15 illustrates a
pressure-relief system using a direct acting relief valve. The pressure to be con-
trolled, that is the system pressure, Ps, is sensed on the spool-end area and op-
poses a spring force setting. The difference between the pressure force and the
spring force is used to actuate the spool that regulates the flow to maintain pres-
sure at a spring set value. When the system pressure increases to the preset
value, normally called the cracking pressure, the spool moves and opens the
control orifice. The resulting increase of flow through the valve relieves the sys-
tem pressure. The cracking pressure is represented as

Fo+F
P =~ 61
A (6-1)
where P. = cracking pressure
Fs = spring force preload ( = ks *X)
ks = spring rate

Xo = precompressed spring length
F. = Coulomb friction force
As = spool area normal to pressure

Note that the Coulomb friction force acts in a direction opposite to that of spool
motion. Thisis one of the factors that contributes to the hysteresis exhibited by
the valve during its opening and reseating as shown in Fig. 6-7.
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Figure 6-15. A Direct Acting Relief Valve in Activated Mode.

In practice, system relief pressure will be higher than the preset cracking
pressure due to both the mechanical and hydraulic spring forces existing when
relief flow is passing through the valve. Thisis normally called a pressure over-
ride. The force balance equation which describes the relief pressure as the relief
vaveisasfollows:
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PsAs = ks(XO + Xv) + st T I:r (6'2)
where Xy = valve opening width (spool displacement)
Fy¢ = steady state flow force ( = CiPs,, assuming discharge port
pressure=0)

C: =flow force area gradient ( = 2pD C4C,cog for aspool valve)
D = spool diameter

Cq = flow discharge coefficient

C, =flow velocity coefficient

j =flow jetangle

Substituting Eqg. (6-1) into Eqg. (6-2) gives:

Pszg?ac+ksxvc:’§e As 9 (6-3)
A #A.- CiX, 0@

In general, agood relief valve is designed to maintain P as close to P, as possi-
ble within the full operational range. That is, the relief pressure should increase
very little as the flow through th valve increases. This can be accomplished, ac-
coring to Eq. (6-3), if the flow force factor, Cix,, is negligible and

KXy

»0 6-4
AL (6-4)

Equation (6-4) indicates that three design parameters (ks, X,, Ag) can be
manipulated to minimize the relief pressure increase. This can be accomplished
by having a small spring rate (ks), a small valve displacement (x,) and/or alarge
valve area (Ay). Nevertheless, in a direct acting relief valve, such a design ap-
proach requires a large valve structure. Thus, in practice, the pilot operated two-
stage relief valveis used if alarge pressure override is of concern. The two-stage
valve normally has a stiff spring in the pilot stage to provide a high cracking
pressure. However, it is necessary for the main stage to have alight spring with a
large spool or poppet. Such an arrangement will satisfy Eq. (6-4).

Assuming that the flow force is negligible, the equation for the relief valve
flow can be written as follows:

/2
Qr = Cd pDXv I’_ Ps (6'5)

Solving for x, from Eq. (6-5), and substituting the result into Eq. (6-3) yields the
following:

k Qr

P,=P +—=

A /
® Cy4pD I’ZPS
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where Q; = flow through the relief valve
r = fluid density

Equation (6-6) describes the pressure over ride characteristic of a relief valve.
Note that Eq. (6-6) is a non-linear equation in terms of Ps and Q.. It requires an
iteration process to solve Ps with respect to a given Q; to obtain the pressure-flow
curvefor arelief valve.

In practice, the pressure override characteristics are frequently approxi-
mated by a linear function. To completely define the relief valve model, let us
redraw Fig. 6-8 using zero leakage flow as shown in Fig. 6-16. The characteristic
curve indicates that the valve will permit zero flow until the system pressure
reaches the cracking pressure. Then the flow area of the relief valve will increase
until the system pressure increases by DP; At this point, system pressure is equal
to the maximum pressure, P, in the linear range. The valve is now fully opened
with adischarge flow of Q... The discharge flow will then follow the orifice flow
equation when the system pressure is higher than P, Mathematically, the model
is described as below:

Q, =0 if RLEP

&P, - PO .

=Q. ¢t < - ifP, <P EP 6-7

ngpm'Pcﬂ c 1 m ( )
=K, /P - P, ifP,>P,

Qm

\/Pm

where K, = valve pressure-flow coefficient ( =

)

Figure 6-16. Pressure-flow Curve of a Relief Valve.

For aremotely controlled relief valve (see Fig. 6-17), the valve opening is
controlled by the remote pressure, Ps. The flow through the valve will follow the
orifice equation. The flow model will then be as follow:
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Q, =0 if P,EP,

a&P; - PO ,
=Kvg S —c:/P-P, ifR,<PE£P, (6-8)
P,-Po

=K, /P, - P, ifR,>P,

Notice that for a remotely controlled valve, P; determines the valve opening
while (P;-P,) defines the discharge flow rate.

[ |P2
Pilot x| VY . Pa_
lo ﬂ = W

[ Py
Inlet Tank

Figure 6-17. A Remotely Controlled Relief Valve with Symbol.

The dynamic model can be obtained by ssimply adding the inertial force
and viscous damping force into the force balance equation, Eq. (6-2), and in-
cluding an equation relating the rate of pressure change to the net dynamic flows

asfollows:
PA =kg(Xg +xy) + Fg £ F +mX, +bx, (6-9)
I.:)s = &(Q - Qr - ASXV) (6'10)
Ve VP
where m = spool mass plus 1/3 mass of spring

b = viscous damping coefficient
b = effective bulk modulus
V. = pressure sensing chamber volume
Qp =inlet flow rate

Both the static model, Eq. (6-6), and the dynamic model, Egs. (6-9) and (6-10),
are generally solved using a computer.

Copyright © 1998 by BarDyne, Inc. All Rights Reserved.



Chapter 6 - Pressure Regulation 209

Example 6-1

Figure 6-18 shows a poppet type relief ke = 600 Ibffin
valve with a half angle of 30°. The pres- ‘ {
sure sensing port is 0.3052 in (0.775 cm)
in diameter. The poppet is held by a =
spring that has a spring constant of 600 T
Ibfn* (1.05076" 10° N>em™). The spring e
is initialy compressed 0.1222 (0.3099
cm). The fluid is MIL-H-5606 which has '
a density of 7.9510° Ibfssn™
(845kgn®). Assume the orifice dis
charge coefficient C4 is 0.61. Determine
the following:

Figure 6-18. Poppet
a. The cracking pressure if the friction Valve Parameters.
isnegligible

b. Therelief valve flow if the system pressureis 1200 psi (82.74 bar)
C. Thesystem pressureif therelief flow is5 gpm (18.93%pm).

Solution:
a. The cracking pressure, P, can be calculated by Eq. (6-1):

koo (600%bf xint)(0122in)

F .
p,=—%= = ~——=1002ps
A 025pd, 0.25p(0.305in)
In Sl units
(105076 10° N >em"*(0:3099cm)
P, = = 69.078bar

0.25p(0.7747 cm)?

b. To find the flow through the valve at 1200 psi, we need to
know the flow area. For a poppet valve the flow area, A,, is
described by the following expression:

Av = PXy Sin(a)(ds - Xy sin(a) cos(a))
» pdgsin(a)x, if x, issmall
The pressure-flow characteristic of a spool type relief valve
is described by Eq. (6-6). For a poppet valve with a small

valve displacement, Eq. (6-6) can be rewritten by simply re-
placing the spool area gradient, pD, with pdsin(a) for a
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poppet. Therefore, the discharge flow through the relief
valve at 1200 psi can be found as follows:

A & . 2.0
=—3cCypdssin(a) [=P,HP;- P,
Qr ksgdps (a) r SI—J(S c)

_ 025p(0:305in)*
600X bf xin!

=
go.alp(o.sosi n) sin(30°)

79 10°5 /018 *
in o

DO

(1200psi - 1002psi)
=101gpm

In Sl units

0.25p(0.7747 xcm)?
105076 10°xN >xcm™*

r

2

x 0
0.61p(0.7747cm) sin(30° 82.74bar) = -
g 1p( ) sin( )J Y xm_3( )z

(82.74bar - 69.1bar)
=3813x/pm

c. It is more complicated to find the relief pressure by a given
flow than to find the relief valve flow for a given pressure,
because the flow, Q/(Py) is non-linear in terms of the pressure.
Normally, the solution to a non-linear equation can be ap-
proached by iteration with an initial guess. From statements a
and b described in this example, we noticed that Q, is zero at
Ps = 1002 psi (cracking pressure), while Q; is around 10 gpm
at 1200 psi. Thus, intuitively, agood first guessof Psat Q, =5
gpm would be 1100 psi. Now substituting Ps = 1100 psi into

A & . 2_0
Qr =7 2¢Cqpdssin(@), |~ P.(Ps - F)
s € ro-o

yields Q; = 4.77 gpm. Thisis smaller than the required flow

of 5 gpm. Therefore, a higher Psis needed. Let Ps = 1110 psi
for the second trial. The result is Q, = 5.28 gpm. Thistime Q,
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is higher than 5 gpm. So, let’s use a value in between, say
1105 psi, for the third trial. We have Q, = 5.025 gpm at Ps=
1105 psi. Since the difference between 5.025 gpm and 5 gpm
is less than 1%, one would assume the relief pressure at 5
gpmisvery closeto 1105 psi.

Example 6-2

Establish a HyPneu circuit to simulate the dynamics of the pop-
pet relief valve described in Example 6-1. The poppet has a
weight of 0.068 Ibf (0.031 kgf). Use 0.2 lbf>s¥n™ (0.0357
kgheem™) for damping coefficient in the analysis.

Solution

Figure 6-19 shows a HyPneu circuit that contains the poppet
model and the supporting subsystem to simulate the relief valve
dynamics. The poppet valve model is constructed based on three
key elements:

1. The relation between the action of the mass-damper-
spring arrangement (SH5550) and the differential pres-
sure acting on the poppet

2. The flow area model for the poppet (SI6511) that deter-
mines the flow area based on the valve displacement de-
termined from SH5550

3. A variable area orifice model (SH5520) which calculates
the flow through the poppet in terms of the flow area

from SI6511
The following components are used in the simulation:
Pump: fixed displacement, 10 gpm

(37.854>pm) constant flow

Control valve: 4-way-2-position, pressure drop 200 psid
(13.79 bar) at 10 gpm;

Control signal: 0to 0.2 sec direct pump flow to tank; 0.2
sec and above direct flow to poppet valve

Figure 6-20 shows the simulation results along with the experi-
mental data. Note that the steady state pressure is around 1200
psi (82.74 bar). This agrees with the calculation obtained in Ex-
ample 6-1.
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Figure 6-19. HyPneu Circuit of Relief Valve Example 6-2.
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Figure 6-20. HyPneu Data vs. Experimental Data.

Surge Pressure Analysis

Large surge pressures result from the rapid closure of avalve at the end of
an active conduit. Since this phenomenon is accompanied by considerable noise,
it is often called water hammer. Due to the poor response of relief valves, an
overshoot of 25 to 50% is usualy experienced when the relief valve is called
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