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NUMERICAL PREDICTION OF PULSATING FLOW
IN A LIQUID LINE WITH BRANCH OF
HYDRAULIC SERVO SYSTEM
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ABSTRACT Viscous flow equations for two-dimension were transformed into frequency characteristics for-
mulae. Numerical prediction method, simulation model and application software have been used for calculating
the dynamic characteristics ( gain, phase, resonance angular frequency and maximal amplitude ratio, ete.) of
pulsating flow in branch in the hydraulic servo systems, which can make the numerical prediction with digital

computer highly effective and accurate. A new inspection method for hydraulic system was also provided.
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1 INTRODUCTION

The dynamic characteristics of fluid trans
misson lines of the hydraulic control system have
received the attention of many researchers in a
number of fields such as mechanical engineering

1. 2
and so on ' 21,

The accurate knowledge of the
dynamic characteristics of pulsating flow in com-
plex liguid lines of the hydraulic servo system is
impotant.

The present study proposed the numerical
method to be suited for predicting the frequency
characteristics of pulsating flow in a liquid line
with branch of the hydraulic servo system, so
that the dynamic characteristics of the liquid line
may be easily predicted with reasonable accuracy
in the actual applications.

2  GOVERNING EQUATIONS

The computational fluid is the pulsating
flow in a liquid line with branch of the hydraulic
servo system as shown in Fig. 1.

Viscous flow equations for two-dimension
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Fig. 1 Hydraulic servo system
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are expressed as follows

du 1 dp

=" paxt Yoty o) (D

Ldp Qv w» QLL

Koot or? 0 (2)
where u is an axial Velocity component, v a

radial velocity component, p the pressure, Uthe
kinematic viscosity and K. the equivalent bulk
modulus of liquid.
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3 NUMERICAL METHOD

The liquid line with the branch is shown in
Fig. 2.
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Fig. 2 Liquid line with branch

Concerning the flowrate at the branch, the
continuity law is used and concerning the pres-
sure at the branch, the common value is used for
three pipes and moreover the pressure change
due to the branch is neglected in the analysis.
Assume pr= p3= pasand g2= g3+ qa.

Let P(s) and Q(s) be Laplace transfom of
p and ¢ respectively, taking the Laplace trans
form of Eqns. (1) and (2), the following trans
fer matrixes are obtained.

IPI(S) _ cosh ¥i(s) 1, Zosinh ¥i(s) 1 ‘ .
Oi(s) L (1/Zyjsinhvy(s)l; coshv(s)l,
Py(s)
Qa(s) ed (3)
Pi(s) _ cosh Ya(s) i, Zypsinh Yo s )15 ‘ .
LO3(s)RO U (1/ Zgy)sinh Ya(s) 1y cosh Ya(s)ls
Ps(s)
am Qs(s) (4)
|P4(s) _ cosh Y3(s) 15 Zozsinh Y3( s ) [5 ‘ .
Qs st b1/ Zozjsinh v3(s)l3 cosh ¥3(s)l3
o | Pols)
Hogbl ra (5)
where
YA(S)ZA— Teﬁ/([ (ZA))
QIA Io(Zy) 1L
Zok = -

(IZ(ZA))
here k— 1, 2, 3

The Bessel function terms are expressed as

follows:
NG
” = 0
I2( Z})
: -1/2
I - 2J1(jRy Ns/ V)
JRiE Ns/ Yo(jR; Ns/ V)
k=1, 2, 3
u = N K/P
1+ 52“63(1 b2
T.= l/a
where Y(s)[ is a propagated operator, Zg is

an impedance, Jo and J; are the Bessel function
of the first kind of the zero order and first order
respectively; [o and [, are the modified Bessel
fuction of the first kind of the zero order and the

second order respectively; S is the operator of

J—_l, ® the angular fre-
[ the
O the thickness of the pipe wall;
e is the yong ratio, Z the

complex (Z= R Js/ V), R the Radius of pipe,
P the density, a the sound speed.

Laplace (S= jo, j =
quency), K the bulk modulus of liquid,
length of pipe,
B the poisson ratio,

The mean opening of the control orifice of
the servovalve is I,, as shown Fig. 3.
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Fig. 3 Servovalve

The frequency response Ps to input 1= 1,
sin ¢¥ is given as

Ps= P5asin( oy + 9)

The pressure-flowrate characteristics of the
control orifice is linearized at the neighborhood of
the operating point, then have

Os(s)= Cil(s)+ CPs(s)  (6)
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I (s) is Laplace transform of excess
opening i ( t) of the control orifice from the
mean opening, and C; and C; are constant coef-

where

ficients.

The pressure flowrate characteristics of the
fixed orifice which is set at the downstream end
of the branched pipe is linearized at the neigh-
borhood of the operating point, then have

Qo(s) = KaPe(s) (7)

where K is the constant coefficient of fixed
orifice.

The end condition at the upstream end is as
follow ing:

Pi(s) =0 (8)

because the variation of the pressure is zero.
The Laplace transform of the both side of
formulae p, and ¢, are given as
Pa(s) = Pi(s)= Pas) (9)
Qafs) = Qs(s)+ Qals) (10)
Substitute Eqns. (6) ~ (10) into (3) ~

(5), the following equations are given as

| 0 _ cosh Yi(s) Zosinh ¥i(s) 1 | .
Q3(s) L (1/Zoysinh¥i(s)Ly egshvi(s) L
Pa(s)
Qs(s)+ Quls) (11)
| Pi(s) _ cosh Ya(s) i, Zypsinh Yo s )15 .
Os(s)l 1 (1/Zgy)sinh ¥a(s) 1y cosh¥a(s) s
Ps(s)
C][(S)+ (;2P5 (12)
| Pyls) _ cosh ¥3(s) 13 Zasinh Y3(s)[5 .
Qu(s)l 7 V1 (1/ Zg3)sich ¥E(s) 15 cosh vy(s) 15
Pe(s) |
he KzP(,(S) (13)

Substitute S= j @ into Eqns. (11) ~ (13),
the following equations are given as
cosh Yi(j@) [1Pyfj®)+ Zysinh Y (jw) *
1Q020j©) = 0 (14)
Qi(j©) = (VZo)sinh Yi(j &) [1Pa(]©) +
coshVi(j &) 1 Q2(f)  (15)
P3(j®) = cosh ¥o(j®)[,Ps(]®) +
Z opsinh Yz(j (0) lz[cll(] (1)) +
H‘ CrPs(jw)] (16)
Q3(j @) = (1/Zo)sinh Yo(j©) [2Ps(j <) +
cosh Yo(j )L CiI(s)+

CaPs( )] (17
Pi(j®) = cosh Y3(j©)[3Pe(j @) +
Zyzsinh Y3(j @) [3K ,Pe(s) (18)
Qa(j @) = (1/Zo3)sinh ¥3(j @) [3Ps(j @) +
cosh Y3(j @) [3K,Pe(j @) (19)
The frequency transfer function is given as
o ~
Gty = = AL (g
w here
(cosh ¥ (s)1,)*
Zoisinh Yi(s) 1
] 27—
cosh¥i('s) [ (S(:I(I)ls};li(ll((ss))llll)
Kocosh Ya(s) I3+ (1/Zp3)sinh Y3(s) L5
K>Zyzsinh Y3(s)l3+ cosh Y3(s) 3
cosh Yo(s)lr+ CrZmsinh Yo(s)ls
C1Z psinh YQ(S) ls
Cocosh Ya(s) Lo+
(1/Z02)Sinh YQ(S) ls
E = Cicosh¥y(s)l,
The gain and phase are given as
| Gs(jw) | =
JORE[Gs(j@)] )2+ (IM[Gs(j®)])*  (21)
/ Gs(j9) =
— arctg{IM[ Gs(j )]/ RE[ Gs(j )]} (22)

_Lsinh Ya(s)ls—
Lo

S aOx
o

4 RESULTS AND DISCUSSION

The computational example is pulsating
flow in a liquid line with branch of the hydraulic
servo system, as shown in Fig. 1.

The constants of servovalve and liquid are
shown in Table 1. The computational results of
the frequency characteristics | Gs(j @) | ( Gain)
and / Gs(j @) ( phase) are shown in Fig. 4. The
computational results are compared with the ex-
perimental data by Nakano et al'*.

Fig. 4 suggests that the calculated results of
the gain and phase agreed relatively well with
the experiments except minimum amplitude ra-
tio. The calculated results of Fesonance angular
frequency and maximal amplitude ratio agreed
relatively well with the experiments.
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Table | Computational conditions( Experimental datal 4])
Parameters Expression and unit
Port area of the control orifice S= TB(Il,.+ i), em?
Diameter of Spool B=0.8cm
Mean opening of servovalve I,,= 70 Bm
Cy= D I, = 6ompa= 1.91 le
Constant coefficients of servovalve
Cr= Cus |1 = 70m,= 16.2 -
Op s MPd
as s
Constant coefficient of fixed orifice K,= 0 | I, =70Hn= 16.2 M Pa
Mean flowrate Gsm= 10. 6L/ min
M ean pressure Psw= 6.0MPa
Specific weight of oil v= 0.85x 10" *kg/ cm®
Kinematic viscosity of oil U= 0.3 em?/ (40 C)
Bulk modulus of oil K= 1.7%x10° MPa
0y 5 CONCLUSIONS
10
e B 3 It is confirmed from the computational re
= - ) sults that the viscous flow equations for two-di
gy mension can simulate a frequency characteristics
” of pulsating flow in a liquid line with branch of
0 the hydraulic servo system, but not suitable for
~70 i the low-frequency range. The numerical method
w0 | |l and simulation model can make the numerical
| 10 w/md‘:_o? 1000 3000 prediction of the dynamic characteristics highly
s efficient, cost effective and accurate from the
(b) L practical view point.
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Fig. 4 Comparison of frequency characteristics
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