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ABSTRACT The axial piston pumps in aerospace applications are often characterized by high-speed rotation to
achieve great power density. However, their internal rotating parts are fully immersed in the casing oil during operation,
leading to considerable churning losses (more than 10% of total power losses) at high rotational speeds. The churning
losses deserve much attention at the design stage of high-speed axial piston pumps, but accurate analytical models are not
available to estimate the drag torque associated with the churning losses. In this paper, we derive the analytical
expressions of the drag torque acting on the key rotating parts immersed in oil, including the cylinder block and the
multiple pistons in a circular array. The calculated drag torque agrees well with the experimental data over a wide range
of rotational speeds from 1500 to 12000 r/min. The presented analytical model provides practical guidelines for reducing

the churning losses in high-speed axial piston pumps or motors.
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1 Introduction

Hydraulic systems are widely used in the fields of con-
struction, agriculture, robotics, automobile, and aerospace
due to their high power density. Axial piston pumps are
known as the “heart” of hydraulic systems, given that
they supply pressurized fluid to other components
downstream in the system, such as valve, cylinder, and
motor. The maximum rotational speed of axial piston
pumps has been increasing during the last decades to
meet the market demands for smaller size and higher
power density, especially in aerospace applications [1].
At present, the speed limitation of axial piston pumps can
reach up to more than 10000 r/min in aerospace applica-
tions [2,3], which is about 10 times higher than that in
construction applications.

As typical rotating machinery, axial piston pumps
contain a group of rotating parts in an enclosed fluid-
filled casing to accomplish the basic task of fluid suction
and discharge. The rotating parts generate considerable
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power losses at high rotational speeds, leading to low
pump efficiency and high temperature rise of the casing
fluid. Figure 1 shows the power losses in three
commercial axial piston motors that have similar rotating
parts to axial piston pumps. The power losses in each
axial piston motor increase significantly with the
rotational speed. It is reasonable to believe that axial
piston pumps also have significant power losses at high
rotational speeds. Therefore, accurate prediction of power
losses is crucial for axial piston pumps, especially at the
early design stage without available tests.

According to Refs. [4-6], the power losses in an axial
piston pump mainly come from three sources: volumetric,
mechanical, and churning losses. The volumetric losses
result from the gap leakage in lubricating interfaces and
the fluid compressibility. The mechanical losses arise
from the friction at the tribological contacts between
movable parts. Many theoretical and experimental studies
have been devoted to load-dependent volumetric and
mechanical losses [7-9]. Unlike the former two load-
dependent power losses, the churning losses are no-load
dependent power losses that are associated with the drag
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Fig.1 Power losses in three commercial axial piston motors at
variable rotational speeds.

torques generated by the rotating parts stirring the
surrounding hydraulic fluid.

The rotating parts in the oil-filled casing generate flow
around multiple circular cylinders, including shaft,
cylinder block, and pistons. During the last few decades,
considerable effort has been made to study the flow
around circular cylinders numerically and experimentally
[10,11]. For instance, Singh et al. [12] numerically
examined the flow interference between two circular
cylinders at different orientations and observed that the
downstream cylinder had much lower drag coefficient
than the upstream cylinder in the case of tandem
arrangement. Yang et al. [13] experimentally studied the
flow configuration of three equilateral-triangular circular
cylinders and found unique features of flow interference
in comparison with two cylinders. Yin et al. [14]
numerically investigated the flow patterns around nine
cylinders at low Reynolds number and discovered that the
flow patterns strongly depended on the gap ratio between
two cylinders.

The churning losses are an important contributor to the
pump power losses, especially at high rotational speed,
low operating pressure, and small displacement [4,5,15].
Thus, they have attracted growing interest from academic
and industrial communities. For example, Olsson [4]
measured the churning losses in an actual axial piston
pump and estimated that the churning losses accounted
for 15%—-20% of the total power losses. Xu et al. [16] and
Zhang et al. [17] established a preliminary analytical
model for the churning losses and carried out compu-
tational fluid dynamics and semi-physical simulations to
evaluate the effects of rotational speed on the churning
losses. In particular, Zhang et al. [17] built a specific test
rig to acquire the individual contribution of cylinder
block and pistons to the total churning losses by
comparing the drag torques between wet and dry casings.
Similarly, Jing et al. [18] and Hasko et al. [19] measured
the churning losses of rotating parts in a commercial axial
piston pump through the differences in input torque
between oil-filled and empty casings. Zecchi et al. [6] and
Zhang et al. [20] considered the churning losses in the

total power losses when predicting the casing fluid
temperature in an axial piston pump. Moslatt et al. [21]
included the churning losses of rotating parts when
deducing the torque losses in variable displacement axial
piston motors. The researchers also found that the
churning losses account for a large portion of power
losses in other types of high-speed hydraulic pumps, such
as 2D piston pumps [22,23] and radial ball piston pumps
[24].

Practical methods for reducing the churning losses have
been proposed in terms of rotating parts/casing structure
and hydraulic fluid usage in the axial piston pump/motor.
Parker Hannifin Corporation invented a “power boost
insert” embedded in the motor casing for minimal fluid
friction and oil compression, reducing the power losses
by up to 5 kW (about 13%) at high rotational speeds [25].
Theissen et al. [5] and Zhang et al. [26] confirmed the
effectiveness of the “power boost insert” in churning loss
reduction through simulation and experimental results. Li
et al. [27] and Theissen et al. [5] discovered that a nano-
coated cylinder block and a low-viscosity hydraulic fluid
could generate low churning loss in axial piston pumps
by numerical and experimental analyses. Furthermore,
Rahmfeld et al. [15] claimed that the dry motor casing
could save a noticeable energy up to 5% in the driveline
by experimentally comparing the power losses between
wet and dry motor casings at various rotational speeds.

In summary, the researchers have paid increasing
attention to the churning losses in axial piston pumps in
recent years. Previous studies focused on methods for
churning loss measurement and reduction. Several studies
have also presented analytical models for the drag torques
acting on the rotating parts associated with the churning
losses in axial piston machines. Particularly, the prior
work [17] compared the calculated and measured drag
torques acting on the rotating parts (cylinder block and
pistons) in an axial piston pump. However, the
comparison results revealed a large discrepancy between
the model and measurements, especially at high rotational
speeds. Therefore, this work aims to extend the prior
work [17] by improving the prediction accuracy of
churning losses in high-speed axial piston pumps. A new
analytical model for churning losses will be established
and validated with the existing experimental data.

2 Machine description

An axial piston pump is a type of positive displacement
machines, which can convert rotating mechanical energy
into hydraulic power by changing the displacement
chamber volumes periodically. Figure 2 schematically
shows a typical swash plate-type axial piston pump. The
rotating parts of the pump are comprised of a shaft, a
cylinder block, multiple pistons, and slippers. The pistons
are connected to the slippers via ball-and-socket joints
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Fig. 2 Schematic of an axial piston pump. Reprinted with permission from Ref. [3] from Springer Nature (Copyright 2021).

and are evenly accommodated in the cylinder block
bores. The rotating parts are supported by two bearings at
the shaft ends and held against the valve plate by a
compressed spring. Once the shaft drives the rotating
parts, the slippers slide on the inclined swash plate and
force the pistons to reciprocate in the cylinder block
bores. The periodical change of the displacement
chamber volumes completes the task of continuous fluid
suction and discharge through the cylinder block ports
and two openings in the valve plate.

In addition to the above internal flow, the rotating parts
also create an external flow surrounding them because
they are fully immersed in a hydraulic fluid. The
hydraulic fluid that fills up the enclosed pump housing is
responsible for lubricating friction pairs [28] and
dissipating the generated heat during the pump operation.
However, the immersed rotating parts generate additional
power losses (also called churning losses) due to the
interaction between the rotating parts and the external
fluid. Actually, the external flow surrounding the rotating
parts can be regarded as a special flow around multiple
circular cylinders. The friction drag and pressure drag
acting on these circular cylinders consume a portion of
input torque of the pump. In the next section, we will
derive the drag torques acting on the cylinder block and
pistons in an axial piston pump. The shaft contributes
little to the total churning losses compared with the
cylinder block and pistons; hence, its drag torque is
neglected in this work.

3 Analytical model

The parameters influencing the churning losses of the
rotating parts are as follows: (a) the multi-cylinder
geometry characterized by piston number N, piston
diameter dp, piston length L, piston pitch circle radius R,

casing internal radius R, cylinder block external radius
R., and cylinder block length L; (b) the fluid properties,
i.e., density p and kinematic viscosity v; and (c) the
rotational speed w. Figure 3 illustrates the layout of the
rotating parts immersed in oil, as well as their main
dimensions.

3.1 Churning losses of cylinder block

The inside wall of the casing is simplified into a perfect
cylindrical surface concentric with the cylinder block wall
[6,16]. In this case, the fluid flow enclosed by the
cylinder block and the casing can be considered a
common annular flow between two concentric cylinders.
The drag torque (7,) acting on the rotating cylinder block
can be expressed as

1
T = ECdcn pw’RIL,, (1

@ Casing @ Oil O Cylinder block (O Shaft Q© Piston

Fig.3 Schematic of the rotating parts immersed in oil.
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where Cy, is the drag coefficient of the cylinder block that
depends on the Reynolds number and the annular
dimensions. On the basis of the work by Bilgen and
Boulos [29], the drag coefficient is written as

Cc

R.-R.\"
/llRe‘/‘z(%) for 500 < Re, < 1x 10*,

Cy = 2)

R.—R.\"
/14Re;/15(°R—) for Re, > 1x10%,

where Re. is the Reynolds number associated with the
cylinder block rotation, which is defined as
— a)RC (RC‘d RC). (3)
v

The constant coefficients A;, Ay, ..., A¢ in Eq. (2) are
determined from experimental data in principle. For
simplicity, the coefficients 4; and A4 are set to 1.03 and
0.065, respectively, and the coefficients A3 and Ag are
both set to 0.3 in accordance with the work by Bilgen and
Boulos [29]. In this case, the drag coefficient of the
rotating cylinder block can be further expressed as

[

Rca - Rc

0.3
1.03Rech( ) for 500 < Re, < 1 x 10%,

c
Cdc =
ca

R 0.3
—C) for Re, > 1 x 10*.

C

0.065Re;‘5(
“4)

Given m operating points at rotational speeds of w,,
@y, ..., »,, We can calculate the drag torque acting on the
cylinder block by using Egs. (3) and (4). The constant
coefficients in Eq. (4) are determined by minimizing the
mean squared error between calculated and measured
drag torques.

m Tcm _ T C,m 2
{A,, A5} = argmmZ( T ) , (5)
where T, and T/, are the calculated and measured drag
torques at rotational speed of w,,, respectively. Note that
A> and As need to satisfy the equation A, = As + 0.3 to
ensure a continuous drag coefficient at the critical
Reynolds number of 1x10%.

3.2 Churning losses of multiple pistons

The churning losses of the rotating parts account for a
great proportion of the total power in the axial piston
pump at a small displacement [4,5,24]. Therefore, this
study focuses on the churning losses at zero displace-
ment, in which individual pistons no longer reciprocate in
the cylinder block bores and they have an identical
overhang length. For modelling simplicity, we assume
that the slippers have the same diameter as the pistons
and regard them as an integrated body.

The pistons are nested in the cylinder block at equal

angular intervals and can be regarded as a group of
rotating circular cylinders. The calculated drag torque
acting on all pistons (7,) is expressed as
N
2
where Cy, is the drag coefficient of a single piston.
Typically, the drag coefficient for a circular cylinder is
a function of the Reynolds number f{Re,), and its curve
against the Reynolds number is available from many fluid
mechanics textbooks [30]. However, the drag coefficient
of a single piston is less than that of a circular cylinder at
the same Reynolds number due to the shielding effect
between adjacent pistons [6]. In this case, we modify the
drag coefficient of the piston by considering the shielding
effects.

T,=—=C dppa)zRngdp, (6)

2nR, - Nd,
Co={"Ng
P

where k, = (2nR, — Nd,)/(Nd,) is the dimensionless
relative gap between two adjacent pistons, and f{Rep) is
its power; and Cp is the Reynolds number-related drag
coefficient of a single circular cylinder. Both f{Re;,) and
Cp are related to the nominal Reynolds number Re, =
wRydy/v of a single piston.

Substituting the measured drag torque 7, and Eq. (7)
into Eq. (6) yields

f(Rep)
) CD = krl:(Re.O CD N (7)

In(27;) - In(NCopo*R2L,d,

f(Rey) = Ink, - ®)

We can obtain the approximate function f{Re;) by
fitting the experimental curve of f{Re,) versus the nomi-
nal Reynolds number Re, at various rotational speeds.

4 Experimental procedure

Figure 4 shows an overview of the specific churning test
rig and the simplified rotating parts of an axial piston
pump. The test rig mainly consisted of a test pump, a
torque/speed sensor, and an electric motor. The test pump
was a swash plate-type axial piston pump with nine
pistons. Its main specifications were as follows: theore-
tical maximum and minimum volumetric displacements
of 7.25 and 0.6 cm3/r, respectively, rated rotational speed
of 10000 r/min, and rated outlet pressure of 28 MPa. The
rotating parts of the test pump included a shaft, a cylinder
block, and nine pistons. Table 1 details the geometric
characteristics of the rotating parts. The cylinder block
and shaft were fabricated into an integrated body, and the
multiple pistons were fixed to the cylinder block with
threaded connection. The bearing supported the rotating
parts that were fully submerged in hydraulic oil. The
standard density and kinematic viscosity of the hydraulic
oil were 850 kg/m3 and 32 mm?/s, respectively, at 40 °C.
The electric motor drove the rotating parts up to a
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Fig. 4 Photos of (a) specific churning test rig and (b) simplified rotating parts.

Table 1 Geometric dimensions of the rotating parts [17]
Geometric dimension Value
Cylinder block external radius, Ro/mm 28
Cylinder block length, L/mm 32.5
Piston pitch circle radius, R,/mm 20
Casing internal radius, Rq/mm 42.5
Piston number, N 9
Piston diameter, d,/mm 10
Piston length, L,/mm 11.45

maximum of 12000 r/min by a coupling, and the
rotational speed was controlled by a frequency converter.
A torque/speed sensor was used to simultaneously mea-
sure the rotational speed and input torque of the rotating
parts. The pressure and temperature of the casing oil were
monitored using a pressure sensor and a temperature
sensor, respectively.

The total no-load power losses consisted of the chur-
ning losses of the rotating parts and the friction losses of
the shaft bearings and seals. The basic idea to isolate the
net churning losses was subtracting the power losses with
empty casing from that with oil-filled casing at the same
rotational speed. Specifically, the input torque was
measured in the case of empty casing and oil-filled casing
at rotational speeds from 1500 to 12000 r/min. Note that,
strictly speaking, the input torque with empty casing
included the windage losses of the rotating parts in
addition to the friction losses of the shaft bearings and
seals. Fortunately, the windage losses are generally
negligible compared with the churning losses. Addition-
ally, the friction losses of the shaft bearings and seals
under no-load conditions were almost constant regardless
of whether the casing was empty or full of oil [31].
Therefore, in this work, the net drag torque of the rotating
parts was approximately equal to the torque difference
between oil-filled casing and empty casing.

The drag torque acting on the cylinder block and the
multiple pistons needed to be measured separately. First,
the multiple pistons were connected to the cylinder block
to obtain the total net torque acting on the rotating parts.
Then, all pistons were disconnected from the cylinder

block to obtain the net torque acting on the cylinder
block, given that the drag torque acting on the shaft was
much lower than that acting on the cylinder block.
Finally, the net drag torque acting on the multiple pistons
could be obtained by subtracting the net drag torque
acting on the cylinder block from the total net torque
acting on the rotating parts with multiple pistons.

5 Results and discussion
5.1 Churning losses of cylinder block

The mean squared error of the drag torque acting on the
cylinder block achieves its minimum value at 1, = 0.336,
as shown in Fig. 5. Substituting 4, = 0.336 into Eq. (4)
yields the final expression for the drag coefficient of the
rotating cylinder block.

Rca - Rc

0.3
1.O3Re;0'336( ) for 500 < Re, < 1x 10%,

C

Rca - Rc

Cdc =

0.3
O.O65Rec‘°'°3°( ) for Re, > 1x 10"

)

Figure 6 compares the drag torque acting on the
cylinder block between the experimental data and the
calculation results of this work and previous work by
Zhang et al. [17]. Equations (1) and (9) have captured the
basic physics of churning losses of the cylinder block
with some deviations near the high rotational speed
range. The relative value of the deviation ranges from
—13% to 15% at 1500-9000 r/min, and it increases to
26% at 12000 r/min. The drag torque is overestimated at
high rotational speeds for two possible reasons. First,
cavitation occurs near the rotating cylinder block due to
high-velocity shear [17], and the entrained bubbles reduce
the friction drag. Second, the churning losses generate
considerable heat that reduces the fluid viscosity.

By contrast, the previous model significantly underes-
timates the drag torque acting on the cylinder block,
especially at high rotational speeds. The significant
underestimation of the drag torque results from the
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Fig. 6 Drag torque acting on the cylinder block—Comparisons
between different analytical models and the experimental
measurements in Ref. [17].

assumption of a constant velocity gradient for the fluid
around the rotating cylinder block [17]. That is, the fluid
velocity is assumed to decrease linearly from the cylinder
block surface to the casing inner wall. As a result, the
calculated drag torque is proportional to the rotational
speed w. In fact, the fluid velocity gradient is no longer
constant when the flow situation occurs between two
concentric cylinders rather than two parallel plates. The
drag torque is proportional to »'** for 500 < Re. < 1x10%
and to @' for Re. > 1x10% in accordance with Egs. (1),
(3), and (9).

Equation (9) shows that the drag coefficient of the
cylinder block decreases with the Reynolds number at
low and moderate Reynolds numbers but remains
relatively constant at high Reynolds numbers. This means
that the fluid viscosity has little influence on the drag
torque of the cylinder block at high rotational speeds. In
addition to the Reynolds number, the gap height between
the cylinder block and the casing, t = R, — R., is another
critical factor in determining the drag coefficient. Figure
7 shows how the drag coefficient varies with the
rotational speed at different gap heights, in which the
14.5 mm is the actual gap height between the cylinder
block and the casing in the test rig. We notice that the
drag coefficient at each gap height always experiences a

0.10
0.08+
0.06+
O A Cylinder block
0.044— ‘ ESSUS o UON OV S
®=7693 t/min |
0.021 o = 11154 r/min
" ‘ I @=22308 r/min
5000 10000 15000 20000 25000

Rotational speed/(r-min™")

Fig. 7 Radial gap effects on the drag coefficient of the
cylinder block.

rapid decrease with increasing rotational speed and then
becomes steady as the rotational speed exceeds a critical
value.

The comparison of the drag coefficient at different gap
heights shows that a smaller gap height generates a lower
drag coefficient at high rotational speeds. For example,
the drag coefficient declines by 9% and 15% at the
rotational speed of 15000 r/min when the gap height
becomes smaller from 14.5 to 10.0 and 5.0 mm, respec-
tively. This finding well explains the mechanism of
churning loss reduction by the insert device in high-speed
axial piston pumps/motors [25,26]. Specifically, the insert
device is installed between the cylinder block and the
casing, acting as a temporary casing and thus reducing the
actual gap height. On the other hand, a smaller gap height
slightly increases the drag coefficient at low rotational
speeds. For instance, the drag coefficient rises by 1% and
4% at the rotational speed of 5000 r/min as the initial gap
height of 14.5 mm reduces to 10.0 and 5.0 mm, respec-
tively. This observation agrees with the experimental
results in Ref. [26], in which the drag torque acting on the
cylinder block slightly increases at smaller gap heights
under low-speed conditions.

We can use Egs. (3) and (9) to explain the opposite
effects of the insert device on the drag coefficient in
different speed ranges. The drag coefficient in Eq. (9) can
be further expressed as a function of the gap height by
replacing the Reynolds number Re, with Eq. (3).

1' 0.336
03 (1) for 500 < Re, < 1 x 10",

R(C)A636 tOA036 1)

&™) 0,060 [y \ (10)
W(;) fOfR€C>1X10.

Equation (10) indicates that smaller gap heights
increase the drag coefficient in a low Reynolds number
range (i.e., low rotational speeds) but decrease the drag
coefficient in a high Reynolds number range (i.e., high
rotational speeds). Therefore, the insert device should be
used in high-speed axial piston pumps/motors rather than
low-speed ones in terms of churning losses.
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The gears and bearings partially immersed in an oil
sump also suffer churning losses. Similar experimental
and theoretical studies on them have emphasized the
impacts of fluid volume on the churning losses [32,33].
Expressing the drag torque acting on the cylinder block as
a function of the casing fluid volume is practical in
engineering applications because the product manuals
usually offer the information about the casing fluid
volume in an actual pump/motor. For simplification
purposes, we assume that the casing fluid only exists
between the cylinder block and the casing when deriving
the new expression from Eq. (9). Letting &; = (Rca — Rc)/R;
or Rea = (1 + k)R, the volume ratio £ between the casing
fluid and the cylinder block is given by
Va _ n(R;,—RY) L.

V.,  aRlL,
where k; is the dimensionless relative gap between the
pump casing and the cylinder block, Vo is the casing
fluid volume, and ¥, is the cylinder block volume that is
assumed to be a perfect solid circular cylinder.

The constant k. can be expressed as a function of { by
solving Eq. (11),

2 AR

: > (12)

When the negative root is discarded and the Maclaurin
series is used, Eq. (12) can be rewritten as

{= =2k, + Kk, (11)

=+41+4-1.

1 1
ke = \/1+§—1=§§—§§2+R(§), (13)

where R({) is the remainder term of the Maclaurin series.
The higher-order terms of ¢ in Eq. (13) can be neglected
because ¢ is much less than unity for an actual axial
piston pump/motor. Hence, Eq. (13) can be approxima-
tely expressed as k; = /2.

Substituting k; = £/2 into Eq. (9) yields the relationship
between the drag coefficient and the casing fluid volume.

V. 0.3
O.84Rec‘°‘33"(7°‘1) for 500 < Re, < 1x 10°,

Cc

Cy = (14)

V~ 0.3
O.OS3ReC°‘O3(’(7°'l) for Re, > 1 x 10*.

The volume ratio { reflects the degree of compactness
of the rotating parts in an axial piston pump/motor. A
lower volume ratio means more compact rotating parts
enclosed by the pump casing. Comparison of Egs. (9) and
(14) shows that the gap height and the volume ratio have
equivalent effects on the drag torque, i.e., compact
rotating parts are recommended for high-speed axial
piston pumps/motors from the viewpoint of reducing
churning losses.

5.2 Churning losses of multiple pistons

The power term f{Re,) of the dimensionless piston gap k,

is the key point to calculate the drag coefficient of the
multiple pistons, as shown in Eq. (7). Figure 8 presents
the fitted curve of f{Re,) as a function of the nominal
Reynolds number Rey, in which the value of adjusted R-
square is 0.999. The power term f{Re,) in Eq. (7) is
replaced with the fitting function in Figure 8, and the
final expression for the drag coefficient of the multiple
pistons is

R — 3.8-4.6exp(—Re, /5259)
C — C 3.8—4.6exp(—Re,/5259) _ 271: p Ndp
dp — ka ? = CD _—

Nd, '
15)

Figure 9 compares the measured drag torque acting on
the multiple pistons with the prediction results of this
work and previous work by Zhang et al. [17]. The
comparison results indicate that the calculated drag
torques in this work are in good match with the measure-
ments at all operating points with a relative value of
deviation less than 3%. By contrast, the previous work
significantly overestimates the drag torque, especially at
high rotational speeds. The large discrepancy between
different calculated drag torques lies in whether the
shielding effect between adjacent pistons is considered in
the calculation of the drag coefficient of individual
pistons. The term “shielding effect” refers to the
phenomenon in which the special circular array of the
multiple pistons allows each piston to shield the
downstream one in the rotation direction, thus reducing
the piston drag coefficient [5,6]. The previous work
neglected the shielding effect and regarded each piston as
an independent circular cylinder, leading to an overes-
timation of the piston drag coefficient. On the contrary,
this work considers the shielding effect by introducing a
reduction factor into the drag coefficient of a single
circular cylinder, as shown in Eq. (15).

The shielding effect strongly depends on the Reynolds
number and the relative gap between two adjacent
pistons. Figure 10 shows how the relative gap influences
the shielding effect over a wide range of Reynolds
numbers, in which the shielding effect is represented by
the drag coefficient rate Cgy/Cp. At low Reynolds
numbers, the shielding effect has a negligible impact on
the piston drag coefficient, and Cy, approximately equals
Cp. With the increase in the Reynolds number, the piston
drag coefficient first falls sharply and then becomes
steady gradually. The onset of boundary layer separation
and cavitation on the piston surface is a possible reason
for the almost unchanged piston drag coefficient at
extremely high Reynolds numbers. The growth trend of
the piston drag coefficient implies that the shielding
effect of the multiple pistons almost disappears in the
laminar flow regime but apparently occurs in the
turbulent flow regime. This favorable trend prevents
dramatic increases in the piston drag coefficient and
associated drag torque at high rotational speeds, as shown
in Fig. 9.
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For an axial piston pump/motor, the empirical value of
the relative gap between two adjacent pistons ranges from
0.20 to 0.50, as shown in Table 2. We can enhance the
shielding effect by reducing the relative gap between two
adjacent pistons, as shown in Fig. 10. Given the Reynolds
number of 10000 for example, the drag coefficient rate
declines by 0.043 as the relative gap decreases from 0.40
(baseline value) to 0.25; on the contrary, it rises by 0.060

Table 2 Statistical results of k;, for a series of commercial axial piston
pumps

Volumetric

displacement/(mL-1!) N Ry/mm dy/mm ky

28 9 322 15.0 0.50
45 9 34.5 18.0 0.34
60 9 345 20.0 0.21
80 9 39.5 20.0 0.38
105 9 48.0 23.0 0.46
125 9 51.0 24.5 0.45
140 9 51.0 25.0 0.42
180 9 54.3 28.0 0.35
230 9 58.0 32.0 0.27
280 9 65.4 32.5 0.40

as the relative gap increases from 0.40 to 0.50. Therefore,
at moderate and high Reynolds numbers, the drag
coefficient reduction benefits more from smaller relative
gaps because of the enhanced shielding effect. However,
the drag coefficient drops more and more slowly with
decreasing relative gap. For instance, the steady drag
coefficient rate drops by 0.26 and 0.067 when the relative
gap decreases from 0.75 to 0.50 and from 0.50 to 0.25,
respectively.

Figure 10 also suggests that a combination of high
Reynolds numbers and small relative gaps generates a
low piston drag coefficient. The expressions Re, =
oRpdy/v and k, = (2nR, — Ndp)/(Nd,) indicate that the
geometric parameters influencing the Reynolds number
and the relative gap include the piston number, diameter,
and pitch circle radius. The piston drag coefficient
increases with decreasing piston number due to a larger
relative gap and the consequent weaker shielding effect.
As a result, a pump/motor with fewer pistons may even
suffer higher churning losses in spite of the reduced
pistons [5]. In addition, a smaller piston diameter leads to
a higher piston drag coefficient due to decreased
Reynolds number and increased relative gap. Consequent-
ly, a smaller size of the pistons may lead to higher
churning losses. Enekes [34] also reported this finding
after comparing the simulated churning losses between
three groups of pistons with the same piston number but
different piston diameters. In practice, we can minimize
the churning losses by reducing the relative gap, such as
increasing the piston number and diameter or decreasing
the piston pitch circle radius.

5.3 Total churning losses of cylinder block and multiple
pistons

Figure 11 further compares the total drag torque acting on
the cylinder block and pistons between the predicted and
experimental results. The relative value of the deviation
ranges from 4.8% to 18.9% at the measured operating
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Fig. 11 Comparison of the total drag torque acting on the

cylinder block and pistons between the presented analytical
model and experimental measurements in Ref. [17].

points, which demonstrates a good qualitative and quan-
titative agreement between the theoretical predictions and
the experimental measurements. The relative error of the
analytical model achieves its maximum of 18.9% at the
rotational speed of 12000 r/min, while it is always less
than 10% at other rotational speeds. Like the drag torque
acting on the cylinder block, the overestimated total drag
torque at high rotational speeds may result from the
cavitation occurrence and declined viscosity.

6 Conclusions

This paper presents an accurate analytical model to
estimate the drag torque associated with the churning
losses of the rotating parts (cylinder block and multiple
pistons) in an axial piston pump. The accuracy and
reliability of the analytical model have been validated by
the experimental measurements from a specific test rig.
The following conclusions can be drawn from the
analytical and experimental results:

(1) The drag coefficient of the cylinder block depends
on the Reynolds number and the relative gap between the
cylinder block and the pump casing. The drag torque
acting on the cylinder block is proportional to '%* for
500 < Re. < 1x10* and to ' for Re. > 1x10% By
contrast, previous studies considered that drag torque
increased linearly with rotational speed due to the
assumption of a constant velocity gradient between
cylinder block and casing, which would significantly
underestimate the drag torque acting on the cylinder
block, especially at high rotational speeds.

(2) The shielding effect between adjacent pistons helps
reduce the drag coefficient of each piston. Previous
studies significantly overestimated the drag torque of
multiple pistons because they failed to consider the
shielding effect and directly regarded the high drag
coefficient of a single circular cylinder as the actual
piston drag coefficient. The piston drag coefficient
decreases with the increasing Reynolds number and the

decreasing relative gap. For example, the piston drag
coefficient can drop by more than 10 times when the
rotational speed increases from 1500 to 12000 r/min and
by 75% when the relative gap between adjacent pistons
decreases from 0.75 to 0.5.

(3) We can lower the churning losses of the rotating
parts in high-speed axial piston pumps/motors by
reducing the drag coefficient of the rotating parts.
Specifically, an embedded insert device can reduce the
churning losses at high rotational speeds by introducing a
smaller gap height between the cylinder block and the
pump casing. The smaller gap height essentially reduces
the volume ratio between the casing fluid and the cylinder
block. On the other hand, the insert device can slightly
increase the churning losses at low rotational speeds
because of boundary layer transition. Similarly, a lower
piston drag coefficient can be obtained by reducing the
relative gap between two adjacent pistons through
considering, for example, more pistons, a smaller piston
pitch circle radius, and a larger piston diameter.

(4) In addition to the geometric parameters of the
rotating parts, the oil property is another important factor
in determining the churning losses in axial piston pumps.
A low kinematic viscosity of oil means a high Reynolds
number and thus brings down the drag coefficient. The
density of oil influences the churning losses from the two
aspects of fluid kinetic energy and Reynolds number. A
low oil density reduces the fluid kinetic energy and hence
partially brings down the churning losses. At the same
time, it reduces the Reynolds number and thus partially
increases the drag coefficient.

The limitation of this work is that the proposed
analytical models for churning losses have only been
validated using the existing experimental data from an
axial piston pump. Overcoming this limitation requires
more physical experiments or numerical simulations with
different sizes of rotating parts of the axial piston pump
and motor in future work.

Nomenclature

Cyc Drag coefficient of the cylinder block

Cyp Drag coefficient of a single piston

Cp Reynolds number-related drag coefficient of a single
circular cylinder

d, Piston diameter

[f(Rey) A function of the Reynolds number

kp Dimensionless relative gap between two adjacent pistons

ke Dimensionless relative gap between the pump casing and
the cylinder block

L Cylinder block length

L, Piston length

m Number of operating points
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N Piston number

R Cylinder block external radius

Rea Casing internal radius

Ry Piston pitch circle radius

Re Reynolds number associated with the cylinder block
rotation

Re, Nominal Reynolds number of a single piston

R(0) Remainder term of the Maclaurin series

t Gap height between the cylinder block and the casing

T. Drag torque acting on the rotating cylinder block

Tem Calculated drag torque acting on the cylinder block at
rotational speed of w,,

T, Measured drag torque acting on the cylinder block at
rotational speed of w,,

T, Calculated drag torque acting on all pistons

T; Measured drag torque acting on all pistons

Ve Cylinder block volume

Vil Casing fluid volume

I'e Volume ratio between the casing fluid and the cylinder
block

Ai(i=1,2,...,6) Constant coefficients determined from experimental data
in principle

v Kinematic viscosity

o Fluid density

) Rotational speed
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