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THE EFFECT OF PIPE INSTALLATION ON THE DYNAMIC
CHARACTERISTICS OF VARIABLE-DISPLACEMENT AXAIL PISTON

PUMP
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ABSTRACT

The sudden or instantaneous closure of a valve fitted with a pipeline, causes the
conversion of kinetic energy of the fluid into strain energy. As every pipe possesses some
elasticity, 50 it absorbs some strain energy along with the fluid, the amount of energy absorption
depends on material. diameter and the length of the pipeline. The effect of pipeline material and
dimensions on the dynamic characteristics of variable-displacement axial piston pump in two
load cases (step decrease and increase foad flow) is discussed in some detail. Two ditferent hard
materials and two different non metallic materials with different diameters and lengths are
simulated. The performance characteristics of the system under these conditions are
investigated. The results show the importance of giving great atiention to the selection of the
pipe instatlation on the whole performance of the system.
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NOMENCLATURE

A Area of pressure compensator spool

Al Area of yoke control piston

A Area of pumping piston

Ay Area of bias yoke control piston

B Viscous friction coefficient of yoke control piston

Cy Discharge coefficient of onfice

C Leakage cocfticient of yoke control cylinder

C; Leakage coefficient of pump

d Pipe internal diameter

d Distance form yoke pivot to yoke control cylinder

d; Distance form piston slipper joint axis to yoke pivot

ds Distance form yoke pivot to bias cylinder

E Modulus of elasticity

e Eccentricity of yoke pivotl with respect 1o barrel’s axis

£ Area gradient of onfice of pressure compensator

g Area gradient of orificc of load conirol valve

J Moment of incriia of yoke with respect to yoke pivot

K, Coefticient of spring to actuate yoke

K, Coefficient of spring to retract the pumping piston during the suction
stroke

K; Coefficient of spring to determine the desired supply pressure

L Pressure pipe length

M Mass of pumping piston

N Number of pumping pistons

| 4 Poisson’s ratio

Pq Distributed pressure around valve plate

Pe Pressure at suction port of pump

Py Pressure in yoke control cylinder

P Outlet pressures of pump or supply pressure lo load

Pad Desired value of the outlet pressure

Q Load flow rate of load control valve

Q Control flow rate of pressure compensator

Q, Leakage flow rate from outlet port volume due to control flow rate
compensator

R, Radius from barrel’s axis 1o pumping pistons

T, Total torque on yoke due to inertia force of pumping pistons and

pressure force on valve plate

t Pipe wall thickness

V. Volume of yoke control cylinder at yoke angle ‘0=(", radian
V. Total pressurized volume of pump and pipeline

Xe Displacement of spool of pressure compensator

X Displacement of spool of load control valve

GREEK SYMBOLS

a «- parameter vector
o Flow gain of pressure compensator
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03] Moment of inertia of yoke (1)
o Viscous friction coefficient of yoke control piston (B)
ay Equivalent coefficient of angular spring to actuate yoke
s Initial compression of yoke control spring ( 8,)
Qs Volumetric displacement of yoke control cylinder
a; Equivalent torque coefficient with respect to unit change
of outlet pressure
3 - Leakage coefficient of yoke control cylinder ( C}
oy Oil compliance of yoke control cylinder
ajg Specific displacement of pump
oy Oil compliance of pipeline
o2 Leakage coefficient of pump (Cy)
o) Coefficient of torque (T) with respect to displacement of yoke
B Equivalent bulk modulus of fluid
p Density of fluid
0 Yoke angle
8o Initial angular compression of spring of yoke motion at yoke angle 8, rad

¢ Angular position of barrel-pumping piston
w Angular velocity of pump shafi
The units for these coefficients are given later with their simulated numerical values.

1-Introduction :

Variable-displacement axial piston pumps are widely used as a power supply in
hydraulic systems of many aircrafts, as well as in many industrial and agricultural applications.
These pumps can transmit large specific power and their flow rate can be varied. The commoniy
used types of axial piston pumps can be classified, according to the controlling method, as
pressure-compensated control by pilot operation, and flow control by manual operation or
auxiliary servo control. The first type has generally a wider range of applications, the other type
can be considered in the same way as pressure-compensated type except for the control method.
The energy loss of the variable displacement pump is also less than that of the fixed
displacement pump with a relief valve. Several investigators like Johnston, et al.[1], Edge, K. A.
et al. [2], Kim, 8. D. (3], Ye R. Z. [4] Zeiger, G. and Akers [5] have done research about the
dynamic properties of a variable displacement piston pump.

Most of these investigations are based on a linearized model of the pump dynamics. In
industrial applications, because the dynamic charactenstics of the variable delivery pump are
always complex and highly nonlinear, Kim [3} studied the dynamic characteristics for the
variation of the system parameter values on a non-linear model of the pump dynamics and made
a systematic approach 10 analyze the effect of the system parameters.

The knowledge of static and dynamic characteristics of these pumps is ot protound
importance in designing sophisticated hydraulic control systems. This is so because the change
from an ¢perating condition to another must be done in the soonest possible time and if possible
without any oscillations [6].

All of the above researches didn't take into consideration the eifect of pipe installation
(with its strain energy absorption) on the pump dynamic characteristics especially when the
valve is suddenly closed. So in this paper we will study the effect of pipeline material and
dimensions on the dynamic characteristics of PVB series pump, the geometrical data and
dynamic data of the pump system are shown in Table 1. Two different hard materials with
different out-side diameters and lengths (Stainless steel and Aluminum atloy) arc uscd as a tube.
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Also two different non-metallic materials with different out-side diameters and lengths ( Plastic
and Reinforced plastic) are used as a hose in most pump applications. The types, diameters and
lengths of the pipelines are shown in Table 2.

2-¥athematical Model and Specifications of the Pump

The structure of the variable displacement axtal piston pump is shown in Figure 1; the
pilot-operated control of the pressure compensator regulates the outlet pressure and tlow to the
pre-set values. The exact model of pump dynamics developed here represents a fourth-order
dynamics system that includes a second-order torque equilibrium equation of the yoke motion
and two first-order continuity equations for the chamber volume of the yoke control cylinder
and pressurized volume of pump and pipeline [7]. We will see that the pump dynamics have
non-linearity due to the non-linear flow characteristics of the pressure compensator valve and
load contrel valve, They are very complex due to the kinematics properties of the pumping
mechanism [8] and the theoretical equation of pump dynamics under a proper sign rule are as
follows. The flow continuity equation for the pressurized volume of pump and pipeline is [8]

dY ,
2,1@ L-(l—n )

-
— P=0,-0,+0,-CyP, o)
17’;
Where,
0, = 2R tan m,;v‘—i (2)
AP Py 2
0, =C432-V1{M } (3)
2
Sor x.z0
0 = AP -P) "
s C g ———2 } Sor x, <0 {4
p

In the above cquations, P; is the outlet pressure of the pump, 6 is the angular
displacement of the yoke, Q; is the outlet flow of the pump, Q, is the load flow of the load
control valve, Q'IJ 1s the leakage flow due to the control flow of pressure compensator, x, is the
spool displacement of the load control valve, C, is the discharge coefficient of orifice, gy and g2
is the area gradient of orificc of pressurc compensator and load control valve respectively, and
X, ts the spool displacement of the pressure compensator.

The spool displacement x. is written as

o o AlPumP) )
kl

Where Py is the desired vatue of the outlet pressure. In this relationship the dynamics of the
spool motion are neglected. This is because the pressure compensator has a high stiffness spring
and a small spool mass, resulting in much faster dynamics than the other dynamics of the pump
system. In practice severa! previous researches [7, 8] have neglected the compensator dynamics
in the pump dynamic model, and such models have been tound to yield good agreement
between experiments and computer simulation.
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The torque equilibrium equation governing the angular yoke motion is

J 6+ O+ (K d} + K, an0=(K,d} +K,e* )8, ~d AP, +d,A,P, +T...(6)

In this equation, 8 is the angular disptacement of the yoke, 8, is the angular compreésion
value of the yoke control spring at a yoke angle of 0 rad, k; and k; are spring coefficient, A, and
A; are areas of the yoke control pistons and P, is the pressure of the yoke control cylinder.
T denotes the torque, which is caused by the pumping pistons rotating and reciprocating on the
inclined yoke surface as shown in Fig.2.

The equalion with regard to T 1s given by (7]:

Tzz'\": (~P, A4, + Mo’ R, tan @sin g, )(R, sing, +d,sin@~e)
izl

Where, O=¢g+2r(i-1yYN: i=[,2,3,...... N, and N is the number of pumping pistons. In this
equation, Py is the distributed pressure around the valve plate, M is the mass of the pumping
piston, e is the eccentricity of the yoke pivot with respect to the barrel’s axis, dz is the distance
from the piston joint axis to the yoke pivot and ¢, is the angular position of the i"‘-pumping
piston. The flow continuity cquation for the volume of the yoke control cylinder is

0, = A d, Blcos8)’ - C.P,+(¥,- Ad 1and)P/p. A8)

Cxg 2P, - B) for .

33
G- Coxg J2B- P) for ¥ <0 (9)

In these equations, P, is the pressure of the yoke control cylinder and Q, is the control
flow of the pressure compensator. In order to analyze easily the above complex dynamics, a
model based on the state variable is more ¢onvenient. To derive the governing equations in a.
state variablc form, the state variable veclor x, input variable vector u and parameters veetor u
will be defined:

.
cos’ @ @)

W

A

xX= [PS, 9,9 . Pp]
u={uy,u} = {Py,cigax, (?JP)IQ}
o= [Cl[,ﬁz, ........ ,GU]

In the above, the a, vector consists of 13 parameter appearing in the goveming equations
and is listed in Table 3. Then the state equations become

xp ={~anx +a,x, ‘”z\/; + Ra, (u, —x,),/W.\', -Yx, M ay,

Xy =X,

Xy =iagx, ~la, —ap)x. —a,x, —ax, -aa) a,

xo=sfa, g, —agx, —o{uy, —x WHWx —Yx b a, (10)
Where the auxiltary variables R, W, Y are variables to describe the non-linearity of the pressure
compensator and are defined by

R=0,W=0, Y=-1 for u>x (orx.=0Q)

R=1, W=}, Y=! for U <x (orx.<0)
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It is noted that equation (10) represents non-linear equations with 13 constant
parameters. In the derivation of the state equations several assumptions were made, based upon
consideration of the physical quantities of the variables associated with the pump dynamics.
These include values of small yoke angle 6, constant value of V,, small P, and small d;. In
addition, torque T of equation (7) is averaged by

11 N A4,e sin® ¢

T=pl 3

dé + BJ:'T NMw'R, d¢ Al

3- Dynamic Behavior, Results and Discussion

Using the Runge-Kutta fourth order method with step size A=0.4 ms, equations (10} are
solved. Since the state variable of most interest is the outlet pressure P, of the pump, the effect
of different pipeline types with different lengths will be investigated with respect to this
variable. The lengths of pipelines are chosen as 1,2,4,8 and10 meters with the sizes mentioned in
Table 2.

Table 1. The geometrical and dynamic data of the pump system

A=3.019x 10° m? A=7918x 10" m’
A=285x 107 m? A=00

B=9.5x 107 Nms/rad Cy=0.61

C,=7.03 x 10°® m*’MPas Cy= 1.15 x 10° m*/MPas
d=56x10"m d=0.0m

d;=0.0m e=0.01m

1=556x 107 m Kg K= 6.84 x 10°N/m
K= 7.94 x 10’ N/m Ky=1.53x 10*N/m
g=628x 10" m g=122x 1¢"m
M=9.0x 107kg N=9

R=373x10%m V,=3.0x 107 m’
V,=17x10"m’ f =680 Mpa (assumed)
P =880 kg/m’ w = 183 rad/s

9, = 1.03 rad

Table 2 Pipeline characteristics

Material E V | Sizc | 1D ] Thickness

Stainless-steel 193GPa | 028 ]-16 | 2.255¢cm 0.1225em
24 1 3.75¢em 0.1625 cm
-28 | 4.05¢cm 0.1625 ¢m
-12 [ 4.675cm 0.1625 ¢m
Aluminum-alloy 724GPa | 031 ]-16 | 2.255cm [ 0.1225em
24 1375¢m 0.1625cm
| -28 | 4.05em 0.1625 cm

| -32 | 4.675em | 0.1625 cm |

il
Plastics (polystyrene} T42Gpa | 0D41]-8 1.075cm | 0.0875¢cm
| ' -10 | 1.387e¢m | 0.0875cm
| 12 | 163 em 1.225em
. ; -16 12255¢m | 1.225¢m l
Reinforced plastic 118GPa |03 [-8 | 1.075cm [ 0.0875cm

{Polyesters [glass-filled]) 210 [ 1.387cm | 0.0875cm
-12 1 1.63 cm 1.225 cm
-16 [ 2.235¢m 1.225 ¢m
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Table 3. The constant parameters of the pump dynamic model

= {A. ko g:(2p) 2 d> =)

w=p C‘-J"‘k|d|2'“k:e:
a; =0
Q.(,=A|d| ﬂ‘=L:Tif6P‘+A3d3
= (N/DA e Ad;
Uz = C] Uy = VcJB
o = 2R, AsN(e/ 1) an = [IHBAV (2@  L(-n?Y L E ]/ (B/V,)
U|3=C1 (1\3:5-1-:)(:0
. =NMe’R2 /2

Frgures.(4-10) show the effect of using Stainless-stee! tubes on the outlet pressure
against the time for two step cases, step decrease load flow and step increase load tlow. The
change in Overshoot percentage (05%) and the equivalent nateral frequency (w,) due the
change of stainless steel tube’s size and length in case of step decrease load flow are plotted in
figures{9&10). Figures 11 and 12 show the changing of Undershoot percentage (US%) and the
equivalent natural frequency (u,) due the change of Stainless steel tube’s size and length in case
of step increase load flow.

Figures (13 -17) show the effect of using Atuminum alloy tubes in the two step cases on
the outlet pressure against the time. Figures 18 and 19 show the change of Qvershoot percentage
{CS%Fand the equivalent natural frequency (w,) due the charge of Aluminum alloy tube’s size
and length in case of step decrease load tlow and Figs.20 and 21 in case of step increase load
flow.

-.  The eftect of using plastic hoses on the pump dynamic characteristic (outlet pressure P;)
is shown in Figures {22-26). Figures 27 and 28 show the effact of these hoses on the Overshoot
percentage (05%) and the equivalent natural frequency {wq) in case of step decrease load tlow.
The effect on the Undershoot percentage (US%) and tl:e equivalent natural frequency (w,) due
the change of Plastic hose’s size and length in case of step increase load flow is shown in
Figures 29 and 30.

Finally, The effeet of using Reinforced plastic hose on the pump dynamie characteristic
(outlet pressure P;) is shown in Figures.(31-35). The effect of these hoses on the Overshoot
percentage (0OS%) and the equivalent natural frequeney (w,) in case of slep decrease load tlow is
shown'in Figures 36 and 37. The effect on the Undershoot percentage (US%) and the equivalent
natura] frequency (w,) due the change of Reinforced plastic hose's size and length in case of
step increase loud flow is shown in Fizures 38 and 39.

From the previous study we notice the following:

A- Tor Stainless-sieel tubes. the Overshoot percentage (0S%). Undershoot percentage
(U3%) and the equivalcnt nawral frequency (wn) [the dynamie characteristic of the
pump] are improved as the tube size increased, and improved more and more as the tube
fength increased. It is notice also that the outlet pressure ‘P." curves are shifted 1o the
right as the tube length inecreased (i.e. the seuling time will increase). Also a certain
steady state crror will appear at the step decrease load flow case, and a certain Overshoot
will appear afier the main Undershoot art the step increase load flow case when the wbe
length is 8 meters and [0 meters. These mean that this pump with its control can be used
with stainless-steel wbe with difterent sizes and lengzths.

B- For Aluminum alloy tubes, the Overshoot pereentage (0S%), Undershoot percentage
(US%) and the equivalent nawral frequency {w,) [the dynamic chamectenstic of the
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pump] are improved as the tube sizc increased, and improved more and more as the tube
length increased like the Stainless-steel tube, but the outlet pressure ‘P curves are
shifted to the right more than the steel case as the tube length increased (i.e. the settling
time will increase more and more). The appearing of the steady state error in the first
case and the overshoot in the second case begin at tube length equal 2 meters. and
incrcased more at tube length equal 4 meters. When the tube length is 8 meters or more,
the pump outlet pressure curves show that the pump will be settled at a time morc than 1
second in case of step decreasc load tflow, and more fluctuation through the step increase
load flow. This means that a more robust control is needed to use this pump with Al
alloy tube with tubc length 8 meters or more.

C- For Plastic {Polystyrene) hose™ with a suitable hose size” , the change of the hose size
and the hose length improve the pervious pump dvnamic characteristics more than at
solid tubes, and its size change is more effective than at the solid tubes(i.e. a ccrtain
steady slate error in case of decrease load flow and a certain overshoot appears at hose
length equal | meter and increases more and more until hose length equal 8 metcrs. At
plastic hose equal to 10 meters the dynamics characteristics of outlet pressure curves
changed completely at the sccond hose size (10). This means that this pump is not
suitable for installation with plastic hose more than 8 meters,{i.e. another robust control
is needed to usc this pump with Plastic hose with hose length more than8 meters )

D- For Reinforced plastic {Polyesters 'glass-filled') hose, with a suitable hose size, improves
the pump dynamic characteristics like the other plumbing tubes. This type of hoses
provides more pump dynamic characteristics improvement than the plastic hose and Al
alloy tubes (i.e. the steady state error on the outlet pressure curve in the step decrease
load flow, and the small overshoot appears in the step increase load flow begins at hose
length 4m with the largest size, and increase as the hose length increases).

E- Finally, we see that the Stainless-steel tube with different tube size and length.
Aluminum alloy tube with different size to a tube length equal 4 meters, or tube sizes
16, 24 with tube length 8 meters, or tube sizes 16 with tube length 10 meters can be
used safely in this pump with its pressure compensator. The Plastic hose with (he
different size with hose length 1 meter can also be used with this pump, and hose size §
only with other hose lengths, while reinforced plastic is more suitable than the plastic
hose or Al. alloy tube.

4- Conclusions

1. Plumbing tubes or hoses affect the dynamic characteristics of the pump, by increasing its
size or its length, the Overshoot/Undershoot percentage and the equivalent natural
frequencies are improved, but settling time is inereased because the outlet pressure
curves are shified to the right

2. As the plumbing tubes be more flexible, the simulation of the outlet pressure P; curves
show that the pump is suitable for these types of hose or not

3. The studying of the pump dynamics characteristics without taking the effect of the
pipefine installation don't give a correct simulation for actual pump application,
especially in the long length application like the aircrafi hydraulic systems. The
designer must decide upon the suitable choice of the hose/tube to avoid undesired
dynamics.
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