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This research is focused on investigating the impact of the bulk modulus on
the dynamics of variable delivery hydraulic axial piston pump (VAPP).
The bulk modulus decreases exponentially with an increase in temperature
whereas there is a linear positive relationship with pressure. The research
revealed that there is a 6% (1 litre/s) increase in flow rate and a 2.6%
(1.5 MPa) decrease in delivery pressure with a 38.75% (0.434 GPa) decrease
in bulk modulus. Flow ripple and pressure pulsation are reduced by 39.3%
and 43.2% respectively with a corresponding 38.75% decrease in bulk
modulus. Pressure pulsation and flow ripple are responsible for the
generation of noise and vibrations in the system. Flow rate increase
contributes to better response and control of the VAPP. While a reduction in
bulk modulus offers improved dynamic performance and overall response of
the VAPP, it is noteworthy that a decrease in bulk modulus hurts the pump
delivery pressure. The research allows the pump designer to formulate a
strategy to optimize the bulk modulus under dynamic operating conditions to
achieve optimal pump performance.
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1. INTRODUCTION

Axial piston pump (APP) acoustic emissions are often considered a major stumbling block intrinsic
to fluid power systems. A principal genesis of the noise relates to flow ripples stemming from the functioning
of positive displacement pumps. The periodic variation in flow rate and delivery pressure induces vibrations
within the hydraulic system, generating oscillations in the variable delivery hydraulic axial piston pump
(VAPP). These oscillations are primarily attributable to the pulsatile force within the pump, leading to
vibrational patterns in the pump housing. Notably, the vibration can result in undesirable consequences such
as elevated noise levels, potential fluid leakage, and structural fatigue. Hydraulic systems are vital in the
industry, but their flow ripple and pressure fluctuations can affect the dynamics of the VAPP. Researchers
have made progress in reducing these issues. The objectives of this study are derived from the extensive

literature survey given as follows:

— To investigate bulk modulus variation with temperature and pressure in VAPP.
— Impact of bulk modulus on flow characteristics of VAPP.
— Impact of bulk modulus on flow ripple and pressure pulsation affecting VAPP dynamics and vibration.
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— Suggest ways to enhance VAPP performance by reducing noise and vibration-inducing fluid flow
phenomena.

Mathematical representation of the dynamic behavior of VAPP by simulating flow ripple and
pressure pulsation characteristics enables the design of noise-optimized configurations [1]. Pettersson et al. [2]
demonstrated the precompression filter volume method proving the most effective method to mitigate flow
ripples. The Manring recommends reducing the nominal fluid volume within piston chambers by employing
filled or capped pistons to reduce flow fluctuations due to piston backfilling during the transition from the
intake port to the discharge port [3]. A novel timing mechanism was developed to diminish delivery flow
ripple in APP under fixed-speed conditions across a wide range of operating conditions [4]. A critical aspect
of noise and ripple reduction is determining the actual value of the source flow ripple. Researchers have
developed an experimental 2 pressure/2 system method verified with theoretical predictions, enhancing
accuracy [5].

The innovative tools CASPAR and AVAS developed to design port plate that effectively reduce
swash plate oscillations while maintaining low flow ripple [6]. Kim et al. [7] successfully reduced pump
noise by optimizing the pre-compression angle and introducing a notch design in the valve plate. With the
new computer-based method, the valve plate design can be optimized before making a prototype [8].
An innovative multi-parameter, multi-objective optimization method (MOOM) was introduced for creating
port plates to address fluid and structure-borne noises (FBN and SBN) in VAPP [9], [10]. An inventive
design formulated for the transition region of the valve plate, in attenuating flow fluctuations while
eliminating pressure fluctuations, for low-noise open-circuit VAPP [11]. Researchers effectively used a
genetic algorithm-based MOOM to find the optimized port plate parameters that reduce both FBN and SBN
levels [12]. Optimizing the parameter of pressure relief grooves by MOOM results in smaller flow ripples,
making them more effective than ordinary precompression and decompression angles [13]. A study on the
pre-pressurization fluid path, which includes a damping hole, a buffer chamber, and an orifice, aimed to
optimize the design of a VAPP [14]. Hong et al. [15] developed a structure-optimizing method for a
triangular damping groove on the outlet port of the port plate. This method considered multiple parameters of
discharge flow rate to effectively reduce flow ripples.

The parametric optimization, involving the pre-pressure rising angle, cross angle, V-groove wrap
angle, vertex angle, and opening angle, resulted in a remarkable 70.8% reduction in the maximum pressure
gradient and a 21.4% decrease in flow fluctuations, showcasing its effectiveness [16]. Researchers have
explored effective strategies for noise reduction, including well-designed relief grooves and the use of
reactive silencers such as accumulators, in-line silencers, and side-branch resonators. There is also an
alternative perspective suggesting that pump noise primarily results from shaft torque ripple, highlighting the
need to minimize shaft torque fluctuations instead of focusing solely on flow ripples [17]. Researchers have
developed a theoretical model to assess the impact of adjusting the volume of silencing grooves as a valuable
design strategy for reducing pressure and flow fluctuations [18]. The application of open-loop control
methods through electric drives has demonstrated potential for reducing flow ripples in hydraulic systems [19].
To gain a deeper understanding of the impact of cavitation on flow pulsation, researchers effectively
employed computational fluid dynamics [20].

The dynamic analysis of swash plate vibration and pressure pulsation based on fluid-structure
interaction (FSI) models has shown that the full FSI model is more accurate in predicting the swash plate
vibration and pressure pulsations than non-FSI models. Discharge pressure pulsation is predominantly
dictated by the kinematic relations of the piston slipper-shoe units (FSI-1), and isolated from swash plate
vibration [21]. Investigation into the effect of swash plate active vibration control on pump noise emission
confirmed that simultaneous sound pressure level reduction is achievable with minimal swash plate
acceleration reductions [22]. To minimize the ripple in the outlet flow from the piston pump, the structural
parameters in the pre-compression region are optimized as design variables. After optimization, the ripple in
the outlet flow rate is significantly reduced at different outlet pressures [23]. Research on flow pulsation
characteristics found that increased load pressure can reduce the flow pulsation rate with a decrease in the
response speed of the flow rate, affecting the stability of the hydraulic system. Increasing angular speed
and/or the number of pistons in APPs can reduce the flow pulsation rate and enhance the response speed of
the flow rate [24].

Passive control of pressure ripple in APPs through the introduction of a sinusoidal profile on the
swash plate surface by developing a mathematical model that accurately describes piston kinematics,
resulting in a significant reduction in pressure ripple [25]. An active pressure controller utilizing the filtered-x
least mean square algorithm with delay compensation was designed to reduce pressure ripple, and proved to
be effective for single and multi-frequency components, resulting in substantial reductions in amplitude [26].

The research and technological advancements in hydraulic system noise and flow ripple reduction
offer a promising path toward quieter and more efficient hydraulic systems across various applications. These
studies showcase a diverse range of strategies and innovations that address the complex challenges posed by
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flow ripple and noise, contributing to the enhancement of hydraulic systems in the industrial landscape.
By combining theoretical modeling, advanced control mechanisms, and innovative design approaches,
researchers are working diligently to optimize the performance of hydraulic systems while minimizing their
noise emissions and flow ripples.

The literature review reveals a notable gap in research, as no prior investigations have been
conducted to examine the influence of the bulk modulus of fluid on flow characteristics, flow ripple, and
pressure fluctuations of VAPP. Pressure variation is high at high discharge pressures, high rotation speeds,
and greater inclination a of VAPP [27]. The instant flow rate Qj is influenced predominantly by o (swash
plate angular position) and pump rpm (N), for specified valve plate shape and geometry. Flow ripple and
pressure fluctuation will also vary in sync with the o and N. However, to evaluate the impact of bulk modulus
or compressibility on the flow characteristics, flow ripple, and pressure fluctuation an innovative approach is
required by developing a correlation between bulk modulus and flow rate. The pressure and bulk modulus
have a linear relationship that is well-known from fundamental principles of fluid mechanics.

2. MATHEMATICAL MODELLING

A computational model is created to evaluate the impact of bulk modulus on flow rate, delivery
pressure, flow pulsation, and pressure ripple that affects dynamics of the VAPP with MATLAB/Simulink.
There is a complex correlation that exists between the bulk modulus and discharge or flow pulsation,
however, pressure and bulk modulus have positive linear relations established from fluid mechanics
principles. With the increase in pressure, there is an increase in fluid bulk modulus. The increase in bulk
modulus is attributed to an increase in volumetric strain. The bulk modulus decreases exponentially with an
increase in temperature. The model employs these basic physical principles stated here.

Applying the fundamental principle of fluid mechanics, the volumetric rate of flow Qg is computed
as the multiple of angular velocity and dynamic volume displaced, as (1).

2
NnrnDp

Q;=VyxN = tana (D)

Where, V4 = dynamic volume displaced, N = rotational speed of cylinder block, n = piston count, r = circular
pitch for pistons, Dp = piston dimension, a = angular displacement of piston.

The above formula computes the mean volumetric rate of flow. Whereas instantaneous volumetric
flow rate Q (flow ripple) is the cumulative net flow from every piston connected to a delivery port, given as (2);

Q=210 )

where, m = no of pistons providing discharge at the instant.
Instant discharge Qi is of the ith piston given as (3) [28];

. 2
Q; = sign(P; — Pd)CdAinspZ’;m — Pyl (3)

where, P; = pressure of the i piston at the instant, P4 = delivery pump pressure, Cq = discharge coefficient,
Ainsp = instantaneous piston area for delivery as per valve plate and cylinder [28].
For piston 1 to 2 Ainsp is computed as (4),

Ainsp = RgR@; sin 6; arctan (quoitgeltg(%)/R) 0<¢; <2m/9 4

where, Ry = radial distance of pressure release recess, R = radius of discharge port, ¢; = i" angular position
of piston, 8, and 6, = angular depth and width of pressure release recess respectively.
For piston 2 to 3 Ainsp is computed as (5),

2¢p2 —
Apmsp = (rep; — 2R) /rR(pl- - % + 2R? arcsin (%) + mR? 2m/9 < ¢; < 31/9 (5)

For piston 3 to 4 Ainsp is computed as (6),

Apsp = TR? + 2R (¢; — 28)r 3m/9 < ¢; < 41/9 (6)
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For piston 4 to 5 Ainsp is computed as (7),
Ainsp = TR* + 2R ;1 41/9 < ¢; < 51/9 )

were, § = transitional angular distance of discharge port.
From piston 5 to 6, Ains iS Stationary.
From piston 6 to 7, Ains, computed by formula 6.
From piston 7 to 8, Ainsp Same as piston 2 to 3.
From piston 8 to 9, Ainsp Same as piston 1 to 2.
The instant pressure inside the cylinder is given by Ivantysyn and lavntysynova [28].

K or tan a-0i-0y)
apP; — wrtana—Q¢;—¢;
—t = - 2 - (8)

nDp
(VO—TT(l—cos @;)tana)

dt

The instant cylinder pressure w.r.t. to angular velocity w of the cylinder block, with ¢ = wt and dg = wdt.

nD%,
ar; _ K(—ortana-Q;-Qy)

9)

T 2
e w(VO—r%(l—cos @i) tan )
Where, V, = average volume of a cylinder at the instant tilt plate is vertical to axis of the cylinder, Q| =
leakage of the pump and K = compressibility = 1/bulk modulus.

Q = Qcp +Qc + stp (10)

All leakage flows are assumed as viscous with a constant gap as proposed by Ivantysyn and
Ivantysnova [28]. Leakage between Cylinder piston.

3
nDp hp

Qcp = ————(P,—P) (11)

12u(si+la)
Leakage between cylinder and valve plate.

1 1

h3 n
in("2/p,) " n 4/

12u

Qw = [ 1(P; — Po) (12)

Leakage between slipper and swash plate.

nDihE
pl6D% 1n(R2/R1)+128h§ld]

stp = (P — Py) (13)

Where, hy, = cylinder-piston clearance, h, = valve plate and cylinder clearance, hs = slipper/pitch-plate
clearance, Ia = starting clearance, lq = full piston span, u = viscosity (dynamic), si = instant piston stroke, P, =
pressure in the case drain, v; = instant velocity of the piston, R1, Rz = inside and outside radius of inner valve
plate sealing gasket, Rs, R4 = = inside and outside radius of outer valve plate sealing gasket, Dq = capillary
hole dia across the piston, r1, r. = inside slipper pad radius and outside slipper pad radius.

The pressure pulsations are affected by reciprocating piston sinusoidal movement and
compressibility of the fluid. Hence, pump discharge pressure, Py, is given as (14),
__vdpg

Q=Quw=% (14)
where, V = volume between discharge port and flow control valve and Qw = flow control valve discharge.

The “fluid bulk modulus” is the gradient of stress-strain curve also known as fluid's elasticity. The
fluid compressibility (K) is reciprocal of the fluid bulk modulus. The "stress" associated with the fluid is
defined as the ratio of instantaneous fluid pressure and the bulk strain defined by a change in fluid volume
divided by the volume. In general, the gradient of stress-strain curve is described by (15):
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B is the fluid bulk modulus and p; is instantaneous pressure in the barrel given by (8) and (9). The mass
associated with a volume of fluid as m= pV, p is the fluid mass-density, now differentiating m.

dm = dpV + pdV (16)

The mass of fluid is invariable, (16) gives relation between fluid density and bulk modulus as (17).

av _  dp

=5 a7
Substituting the result of (17) into (18), the bulk-modulus of fluid expressed as (18).

B =Pin (2 (18)
where p, is the mass density of the fluid when the pressure, P;, is zero.
For hydrostatic transmission the effective bulk modulus has a complex relation with flow rate [29]:

P;—P
B =—4—or (19)
o)

Fluid isothermal bulk modulus is given in the (20) [30]:

B = Boexp (= T) (20)

B, is isothermal bulk modulus at 0 absolute temperature and «; is coefficient of thermal expansion.

3. IMPLEMENTATION OF PROPOSED MODEL
3.1. Test rig description

Figure 1 represents a test rig specifically engineered for exploring the interplay between a VAPP
and a standard controller, effectively carrying out load-detection and pressure-regulating operation.
An intricate VAPP model considers piston interface to pitch plate and valve plate. The VAPP is driven by a
rotational speed source. The “Pressure/Flow controller” subsystem, incorporates a fixed orifice for load
sensing. Input signals guide the controller in adjusting pitch plate angle within the VAPP, regulating the
pressure variations for flow modulator.

Pressure/Flow

I?_I Control Unit

N D
) ) LYJ_I?‘{'—F"I g—= B

?_p_ . cfg'/: Pipe

Pump 2 N V_'_l_J "

5
Speed Velocity Axial-Piston 4 =]
Source Pump Pressure Spool Pos |

fxy=0p <./ | Source Load | &
r _.J& Orifice -
L
T —

Fluid Properties

Figure 1. VAPP with load sensing pressure control [31]

3.2. Pump model

Piston pump model depicted in Figure 2 has nine piston assigned different ports proposed in the
mathematical model for different phase angles. Suction openings are replicated through the utilization of the
pressure source. The booster pump maintains an output pressure level set at 5 bars. The yoke is linked to the
“Y? ports of all pistons, exerting its influence on the pitch plate mechanism.
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Figure 2. Piston assembly

3.3. Piston model

The piston’s model, as depicted in Figure 3, relies on barrel motion. It is mechanically linked to the
drive shaft via the pitch plate. Additionally, the barrel is interconnected with ports A and B using the “Porting
plate variable orifice” blocks.

Crifice B

Yt/

Figure 3. Piston model

4. RESULTS AND DISCUSSION

Theoretically analyzing in (18), it can be deduced that the bulk modulus increases with increasing
pressure, attributed to the higher volumetric strain evident in the system, that causes higher pressure ripple in
the VAPP. The relation between flow rate and bulk modulus is nonlinear in nature as evident from (19) and
flow ripple increases with an increase in bulk modulus. Simulating the flow rate and instantaneous pressure
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inside the chamber through MATLAB/Simulink utilizes data from Table 1, will substantiate the theoretical
impact of bulk modulus on flow characteristics, flow ripple, and pressure pulsation.

Table 1. Simulation model parameters

Symbol Value Symbol Value Symbol Value Symbol Value
n 9 R 4 mm Pa 0 Pa he 15um
D, 20 mm Cq 0.72 hy 15 um dg 2 mm
R 40 mm Vo 17 cm?® R: 32.5mm rn 6 mm
\% 108 cm® ho 15 um R 35 mm I 13 mm
\VA 0.45 m® u 3.96x1072 Pas Rs3 43 mm Iy 67 mm
Cav 0.65 la 15 mm R4 48 mm p 962 ka/m®
P, 0 Pa

4.1. Effect of temperature on bulk modulus

Figure 4 depicts a comparison between the Simulink data plot and the theoretical plot of bulk
modulus variation with temperature as shown in Table 2. That is nonlinear as given in the (20) is consistent
between the two. The fluid bulk modulus decreases exponentially with the increase in temperature that is also
evident from in the (20).

Table 2. Bulk modulus variation with temperature
S.No. Temperature (°C)  Bulk modulus (GPa)

1 60 112
2 70 1.06
3 80 1.00
4 90 0.953
5 100 0.903
6 110 0.854
7 120 0.809
8 130 0.766
9 140 0.725
10 150 0.686

4.2. Effect of pressure on bulk modulus

It can be visualized that the variation of bulk modulus with pressure is linear in nature shown in
Figure 5. In (18) implies the linear relationship between bulk modulus and pressure. The increase in pressure
corresponds to an increase in volumetric strain within the fluid, leading to the rise in bulk modulus.

Hulk Medufus Variation with lemperature Biule Modulus Varlaton with Pressure

" W paplal3)

101 8 !
_ [-L ‘
i 5 .
3 LU g ‘
i &7 -E ‘_‘

as 1

o4 o

b 08 1% 183 i na o] £ -] 2z L3 L] 12
Sy peeatae 0 Frovoure (71
Figure 4. Bulk modulus variation with temperature Figure 5. Bulk modulus variation with pressure

4.3. Effect of bulk modulus on discharge flow rate

The simulation model as presented in previous section with parameter depicted in Table 1, was
employed for predicting the flow rates at varying bulk modulus settings illustrated in Figures 6 to 15. Figures
6 to 15 depict delivery flow rate fluctuation at varying bulk modulus of fluid which is temperature dependent
by keeping rpm and o constant. Notably, it is evident that with the increase in temperature which decreases
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fluid bulk modulus, there is an increase in the discharge flow rates. From the data analysis of the flow rate
from Table 3 it can be observed that the mean flow rate increases by 6.5 percent with the decrease in the bulk
modulus or increase in temperature from 60 °C to 150 °C. The quantified increase in flow rate is
approximately 1 liter/s. pump output flow rate variation with bulk modulus (8).

" at Pump Qutput Flow Rate . ot Pump Output Flow Rate
[ I I I I
ng» 1
£l ]
g
a
L al
H
£ 1
i | | | | | ' | | | | | |
1" 115 12 1% 13 1% 14 14 1 15 12 1% 13 1% 1 16 15
Figure 6. Discharge flow rate at § = 1.12 GPa Figure 7. Discharge flow rate at § = 1.06 GPa
5 e Pump Output Flow Rate i ar Pump Output Flow Rate
’ I I I ’ I I I
v [
; ;
L L
05 | | | | | | | 5 | | | | |
1 115 12 1% 13 1% 14 14 15 1" 115 12 125 13 1% 14 14
Figure 8. Discharge flow rate at § = 1.0 GPa Figure 9. Discharge flow rate at § = 0.953 GPa
5 0 Pump Output Flow Rate 5 it Pump Output Flow Rate:
! | I T T T
[ [4
; ;
L L
05 | | | | | | | 0 | | | | | |
1" 115 12 1% 13 1% 14 145 15 ht 115 12 12 13 1% 14 14 15

Figure 10. Discharge flow rate at 8 = 0.903 GPa Figure 11. Discharge flow rate at 8 = 0.854 GPa
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’ ] T T I T

Flow Rate (m?2/s)

L L L L L
i 115 12 15 13 1% g 1% 15 | 115 12 1% 13 13 14 14 15

Figure 12. Discharge flow rate at 8 = 0.809 GPa Figure 13. Discharge flow rate at 8 = 0.766 GPa
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Figure 14. Discharge flow rate at § = 0.725 GPa Figure 15. Discharge flow rate at 8 = 0.686 GPa
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Table 3. The coefficient of flow ripples

B (GPa)  Qumam¥)  Qumin (M*/s) Cor Avg (Cor) B (GPa)  Quma(M%s)  Qumin(M%s) Cor Avg (Cy)

0.00108 0.00062 0.541 0.00104 0.000710  0.377
0.00110 0.00063 0.543 0.00107 0.000733  0.373
0.00112 0.00061 0.596 0.00108 0.000673  0.464
0.00114 0.00058 0.651 0.00110 0.000664  0.494

1.12 0.00115 0.00054 0.722 0.692 0.854 0.00112 0.000626  0.566 0.531
0.00116 0.00052 0.762 0.00113 0.000608  0.600
0.00117 0.000511 0.784 0.00114 0.000595  0.628
0.00117 0.00050 0.802 0.00114 0.000586  0.642
0.00117 0.000498 0.827 0.00114 0.000589  0.637
0.00106 0.000652 0.477 0.00106 0.000775  0.328
0.00108 0.000645 0.504 0.00107 0.000760  0.339
0.0011 0.00062 0.558 0.00106 0.000687 0.425
0.0011 0.000598 0.591 0.00109 0.000684  0.458

1.06 0.00114 0.000558 0.686 0.650 0.809 0.00111 0.000642 0.523 0.494
0.00115 0.000541 0.720 0.00113 0.000624  0.577
0.00115 0.00052 0.754 0.00113 0.000612 0.595
0.00117 0.00052 0.769 0.00114 0.000615  0.598
0.00117 0.00051 0.781 0.00114 0.000612 0.603
0.00105 0.000642 0.482 0.00101 0.000710  0.348
0.00108 0.000665 0.476 0.00107 0.00087 0.305
0.0011 0.000635 0.536 0.00106 0.000699  0.404
0.00112 0.000616 0.581 0.00109 0.000695  0.443

1 0.00114 0.000575 0.675 0.626 0.766 0.00110 0.000657 0.504 0.469
0.00115 0.000558 0.693 0.00112 0.000640  0.545
0.00116 0.000545 0.721 0.00112 0.000638  0.548
0.00116 0.000536 0.736 0.00113 0.000632 0.565
0.00115 0.000532 0.735 0.00113 0.000633  0.564
0.00104 0.000648 0.464 0.00100 0.000740  0.299
0.00107 0.000686 0.437 0.00107 0.000816  0.269
0.00109 0.000647 0.510 0.00105 0.000713  0.382
0.00111 0.000633 0.547 0.00107 0.000706  0.410

0.953 0.00113 0.000593 0.623 0.596 0.725 0.00110 0.000672 0.483 0.440
0.00114 0.000576 0.657 0.00108 0.000655  0.490
0.00115 0.000563 0.685 0.00112 0.000642 0.543
0.00116 0.000535 0.737 0.00113 0.000640  0.554
0.00115 0.000553 0.701 0.00113 0.000653  0.535
0.00105 0.000660 0.456 0.00108 0.000790  0.310
0.00107 0.000708 0.407 0.00107 0.000840  0.241
0.00108 0.000660 0.483 0.00104 0.000726  0.356
0.00111 0.000649 0.524 0.00108 0.000718  0.403

0.903 0.00113 0.000609 0.599 0.568 0.686 0.00109 0.000686  0.455 0.420
0.00114 0.000592 0.633 0.00111 0.000696  0.458
0.00114 0.000578 0.654 0.00111 0.000656  0.514
0.00115 0.000569 0.676 0.00112 0.000658  0.520
0.00113 0.000664 0.520 0.00115 0.000666  0.530

4.4. Effect of bulk modulus on delivery pressure

Figures 16 to 25 provide a representation of the delivery pressure at varying temperatures. The data
analysis from Table 4 (see appendix) provides valuable insight into delivery pressure variation with bulk
modulus. From the analysis, it can be deduced that delivery pressure is decreasing with a decrease in bulk
modulus that is noteworthy till the temperature reaches 100 °C, without any change in @ and rpm of the
VAPP. After 100 °C there is no effect of temperature or bulk modulus on delivery pressure that remains
constant and moves around 54.29 MPa till 150 °C. The decrease in delivery pressure is 6.5% with a 19.3%
decrease in bulk modulus. Pump output pressure variation with bulk modulus (8).

Pump Qutput Pressure

Pump Qutput Pressure

11 115

13 1% 14 14

Figure 16. Pump discharge pressure at 8 = 1.12 GPa

Figure 17. Pump discharge pressure at 8 = 1.06 GPa
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Figure 18. Pump discharge pressure at § = 1.0 GPa Figure 19. Pump discharge pressure at 8 = 0.953 GPa
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Figure 20. Pump discharge pressure at § = 0.903 GPa Figure 21. Pump discharge pressure at 8 = 0.854 GPa
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Figure 22. Pump discharge pressure at 8 = 0.809 GPa Figure 23. Pump discharge pressure at 8 = 0.766 GPa
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Figure 24. Pump discharge pressure at § = 0.725 GPa  Figure 25. Pump discharge pressure at 5 = 0.686 GPa

4.5. Bulk modulus and flow ripple

To assess the impact of bulk modulus on flow ripples, a dimensionless parameter known as the
coefficient of flow ripple (Cx) is defined as (21):

Coefficient of flow ripples, Cy, = 2 * Qdmazx ~ Cdmin (21)
QdmaxtQdmin

From the data analysis of Table 3, the flow ripple is decreasing with the decrease in bulk modulus or
increase in temperature. Flow ripple reduction is notably significant at 39.30% with a corresponding 38.75%
decrease in bulk modulus of fluid. The decrease in flow ripples with the decrease in bulk modulus can be attributed
to less volumetric strain in the fluid. Figure 26 depicts the variation of flow ripple with bulk modulus 3.
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4.6. Bulk modulus and pressure pulsation
To evaluate the impact of bulk modulus on discharge pressure pulsations, a dimensionless parameter
known as the coefficient of pressure fluctuation is defined as (22);

Coefficient of pressure fluctuation, C,, = 2 » Z4mex—Tdmin (22)
Pamax*tPdmin

Pressure pulsation takes place because of the bulk modulus variation and the piston’s reciprocating motion.
Pulsation also depends on the number of the pistons. More the number of pistons more the pulsation.
The pressure fluctuations originate within the transitional regions of the inner and outer dead center due to
compression and expansion in the barrel. Data analysis from Table 4 and Table 2 can be deduced that
pressure fluctuation is decreasing with the decrease in bulk modulus. The 38.75% decrease in bulk modulus
proves to be reducing the pressure fluctuations by 43.2%. The decrease in pressure pulsation is attributed to a
decrease in pressure that results in a less volumetric strain of the fluid depicted in Figure 27.
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Figure 26. Flow ripple vs bulk modulus
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Figure 27. Pressure pulsation vs bulk modulus

5. CONCLUSION

Simulating in the (20) that correlates bulk modulus with temperature, and plotting the data obtained
of bulk modulus from the Simulink model are in agreement, demonstrating an exponential decrease in bulk
modulus with an increase in temperature. Results obtained from simulating pressure and bulk modulus
relation are coherent and align with established theory depicting positive linear correlation with no
anomalies. There is a nonlinear relation between bulk modulus and flow rate. The simulation demonstrates a
6.5% increase in the flow rate of VAPP when the bulk modulus of the fluid decreased from 1.1 GPa to
0.59 GPa which quantifies to an increase of approximately 1 litre/s. The observed, increase in flow rate is
significant for the better pump responsiveness given its critical nature of application in the aerospace
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industry. A positive linear correlation between bulk modulus and pressure leads to a decrease in delivery
pressure with the decrease in bulk modulus. The decrease in pressure is consistent till 100 °C temperature or
0.903 GPa bulk modulus and remains constant till 150 °C temperature or 0.686 GPa bulk modulus. The
modest overall decrease in delivery pressure is 2.6% against a 39.2% decrease in bulk modulus. The
dynamics of VAPP is influenced by flow ripple and pressure pulsation. It has been found that bulk modulus
decreases, resulting in both flow ripple and pressure pulsation reduce significantly. Flow ripple and pressure
pulsation reduce to 39.30% and 43.2% respectively corresponding to a 38.75% reduction in bulk modulus.

Optimizing the bulk modulus conditions within the operational range will be the key to enhancing
pump efficacy. The fine balance between minimum delivery pressure drops and flow rate increase of the
VAPP is key to achieving better performance of the pump. The acoustic noise and vibrations in the operation
of VAPP that affect the dynamic performance of the pump is also improved because of the reduction in flow
ripple and pressure pulsation. The reduction in bulk modulus has a major impact on the improved dynamic
performance of the pump. These, findings of the research on the bulk modulus can help pump designers for
designing control strategies that can dynamically adapt pump operation for optimal performance across a vast
range of dynamic operating conditions. Also, research on the bulk modulus could pave the way for the
development of new materials and fluids designed for use in VAPPs, further enhancing their dynamic
performance.

APPENDIX

Table 4. The coefficient of pressure fluctuations
B(GPa)  Pumax(N/M?)  Pamin(N/m?) Cot AVQ(Cpr) B (GPa)  Pamax(N/M)  Pamin (N/m?) Cot Avg (Cr)

112 78.50 27.43 0.964 1.04 0.854 71.20 35.10 0.679 0.805
80.50 26.34 1.014 72.29 34.01 0.694
84.94 24.54 1.103 73.97 29.15 0.869
88.00 23.48 1.158 77.90 29.01 0.915
90.4 22.68 1.198 80.71 28.67 0.951
92.10 21.93 1.230 82.60 28.43 0.976
93.14 21.40 1.253 83.55 27.87 1.000
93.87 21.81 1.246 84.30 27.25 1.023
93.17 21.56 1.248 84.79 27.74 1.014
1.06 76.77 28.78 0.910 1.02 0.809 70.10 37.10 0.616 0.748
78.97 27.42 0.969 71.36 36.18 0.654
82.77 25.48 1.058 72.08 29.70 0.833
84.71 24.65 1.098 76.25 30.00 0.871
88.37 24.30 1.137 79.06 29.78 0.906
90.05 23.12 1.183 79.98 29.24 0.929
91.00 22.69 1.202 82.11 29.04 0.955 91.00
92.04 22.09 1.226 82.65 29.47 0.950
1 75.50 29.95 0.864 0.974 0.766 69.70 39.60 0.550 0.690
77.12 29.02 0.906 70.76 38.75 0.585
80.20 26.39 1.009 70.48 30.52 0.791
83.76 25.82 1.057 74.65 31.27 0.820
86.22 25.08 1.086 76.80 30.98 0.850
88.00 24.37 1.132 79.52 30.83 0.882
88.87 23.92 1.151 80.46 30.27 0.906
89.49 23.53 1.167 81.21 29.65 0.930
89.03 23.33 1.169 81.25 33.01 0.844
.953 73.40 33.40 0.750 0.892 0.725 70.00 39.20 0.564 0.670
75.48 30.41 0.851 71.42 40.96 0.542
77.95 27.35 0.961 68.90 31.53 0.744
81.18 26.93 1.004 72.31 31.94 0.774
84.30 26.30 1.049 76.03 31.90 0.818
86.17 25.88 1.076 77.10 31.48 0.840
86.95 25.20 1.101 79.07 31.54 0.859
87.65 24.77 1.118 79.54 31.48 0.866
86.98 24.56 1.119 79.56 31.87 0.802
0.903 72.44 30.20 0.795 0.887 0.686 68.28 44.10 0.430 0.590
73.81 32.23 0.784 71.21 43.29 0.488
74.75 27.95 0.911 67.43 32.32 0.704
78.60 28.01 0.949 71.03 32.38 0.748
82.43 27.50 0.999 73.92 32.85 0.769
83.10 27.15 1.015 76.61 32.54 0.810
85.27 26.34 1.056 77.79 32.19 0.829
85.58 25.98 1.068 78.78 32.66 0.828
86.38 26.35 1.065 79.05 32.15 0.844
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