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Abstract: The electro-hydrostatic actuator (EHA) is one of the most prevalent types of power-by-wire
(PBW) actuation systems. With the increase in EHA power density, using the pump’s leakage oil to cool
the motor has been gradually adopted to solve the problem of excessive motor temperature. However,
the viscous friction loss caused by the liquid viscosity will seriously affect the heat dissipation effect
and dynamic performance of the motor. To calculate the motor viscosity loss accurately, a novel
calculation method is proposed in this paper. Using the energy gradient theory, the relationship
between the fluid flow state and the rotation speed is analyzed. In addition, the lumped parameter
model of viscous loss is established by using the conservation of momentum theory and computational
fluid dynamics (CFD) simulation. A test rig is designed to test the viscous friction loss for various
rotation speeds, and the test results show a good agreement with the theoretical analysis. The present
results demonstrate the effectiveness of the lumped parameter model and provide a better calculation
method for wet motor viscosity loss calculation.

Keywords: electro-hydrostatic actuator (EHA); motor; viscous friction loss; energy gradient theory;
lumped parameter model

1. Introduction

With the rapid development of aviation technology, the power-by-wire (PBW) actuation system
in which power transfer from the secondary power system to the actuator will gradually replace
traditional hydraulic actuation [1-3]. The electro-hydrostatic actuator (EHA) is an essential type of PBW
actuation, and, has been successfully applied to More Electric Aircraft (MEA). As shown in Figure 1,
EHA is a highly integrated system consisting of an actuator, an accumulator, a hydraulic pump, and a
Direct Current (DC) motor. The EHA system has significant advantages, such as high-power density,
high efficiency, and high reliability [4]. In contrast, the EHA system also faces the serious problem of
concentrated “hot spots” [5], especially in high power motor because there is not enough heat sink to
absorb the system’s heat. Excessive temperature rise will cause irreversible demagnetization of the
permanent magnet, which will affect the safe operation of the motor and reduce the reliability of the
entire actuating system [6]. Therefore, the thermal design for the motor in the EHA system becomes
increasingly significant.
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Figure 1. Highly integrated electro-hydrostatic actuator (EHA) system.

Forced convection heat transfer and active load sensitive configuration are useful measures to
solve thermal problems [7,8], and one of the feasible ways is to use the leakage oil from the hydraulic
pump to cool the high-speed motor [9]. The air gap separating the rotor from the stator will be flooded
with oil. Hence, the heat generated in the stator and rotor of the motor can be absorbed and taken
away. However, it should be noted that the viscous friction that affects the dynamic performance and
the cooling effect will generate during the operation. Therefore, it is critical to evaluate the viscous loss
accurately for the design of the EHA motor.

Accurately judging the fluid flow state inside the motor air gap is a prerequisite for calculating the
viscosity loss of the motor. The fluid in the motor’s air gap can be considered the Taylor-Couette flow,
which analyzes the problem of flow between two concentric rotating cylinders [10-13]. It observed
that the viscous loss would increase rapidly with the rotation speed of the rotor exceeding a critical
value, and the flow station transition from laminar flow to turbulent flow is a fundamental factor.
Andereck [14] et al. obtained a clear distribution map of the partial flow patterns in the Taylor—Couette
system by using equipment in which the rotation speed of the inner and outer cylinders can be
changed. Through the study of Andereck et al., the flow situation in the annular gap was clearly
defined. Marcus [15] studied the wave-like Taylor vortex in the annular gap without axial flow and
obtained the distribution of the fluid velocity field in the annular gap. The Taylor number (Ta) is a vital
evaluation index for judging the Taylor fluid flow state [16]. It describes the ratio of the centrifugal
force of a flood to its viscous force due to rotation around a fixed axis. The critical value of the Ta was
obtained as 3400 by linear analysis and was proven to be valid [16]. However, the criterion using the
critical Taylor number did not consider the influence of the curvature of concentric cylinders, and it
does not apply to when the gap width to the radius of the rotor tends to zero [17]. The calculated
critical rotation speed value based on the Taylor criterion is much larger than the actual critical value.
Therefore, a suitable method to judge the fluid flow state in the air gap of the EHA motor should be
adopted since the air gap width of high-speed motors is about 0.1 mm to 0.5 mm.

In addition, theoretical and experimental studies have been carried out to investigate the viscous
loss of the motor. PS Sangha et al. analyzed the viscous loss of the motor at different temperatures by
using a laminar viscous loss theoretical model, and the results were well verified by computational
fluid dynamics (CFD) simulation and measurement with a dummy motor, except in high rotation
speeds [18]. Qi Wenjuan et al. analyzed the relationship between the viscous loss and the rotation
speeds by using the CFD simulation and proposed that the viscous loss model under laminar flow
was not applicable to the high rotation speeds state [19], while the viscous loss model in high rotation
speeds was not given. J. Saari made a comprehensive analysis of the viscous loss of the motor, and the
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theoretical formulas for calculating the viscous loss under different flow conditions were proposed [20].
The dimensionless parameters in the equations were difficult to determine, and the criteria for judging
the transition of oil flow state were not analyzed. Based on the Taylor number judgment criterion,
Wendt [21] fitted the expression of viscosity loss under turbulent flow through a large amount of
experimental data, which were based on pure water and water—glycerol mixtures. Yamada [22] also
tested the viscous loss between concentric cylinders filled with water and spindle oil and obtained the
expression according to the experimental data, but it was very different from the expression given by
Wendt [21]. Through the above analysis, there is no unified and comprehensive analysis of the viscous
loss of the motor. Therefore, it is essential to calculate the viscous loss according to different flow states
as the motor rotation speeds continuously increase.

The study aims to investigate if one can calculate the viscous loss of a flooded EHA motor
by analytical equations. The energy gradient theory, which is more suitable for a small air gap,
was adopted to judge the flow state, and the specific judgment criteria were analyzed. Besides, a more
general viscous loss model under turbulent flow was obtained based on the conservation of momentum
theory, and CFD simulation technology was used to determine the size of the relevant parameters in
the model, which will greatly reduce the computational cost. The results of this work will contribute to
a more comprehensive loss model and targeted support for the optimum design of the EHA motor.

2. Method for Judging Cooling Fluid Flow State

The Taylor number (Ta) is an important evaluation index for judging the Taylor fluid flow state [16].

It describes the ratio of the centrifugal force of a flood to its viscous force due to rotation around a fixed
axis and can be expressed as:

Ta = Re*(h/Ry) (1)

where h = Rs — R, is the air gap width (m), Ry = (Rs + R,) /2 is the mean radius of the stator and rotor
(m), R, is the radius of the rotor (m), R; is the radius of the stator (m), Re is the Reynolds number which
can be written as:

wRh

Re = 1~ @)
v

where w, is the rotation speed of the rotor (rad/s), v is the kinematic viscosity (m?/s).

However, as mentioned earlier, the Taylor criterion does not apply to situations where the air
gap width is very small. To obtain an accurate critical rotation speed, the energy gradient theory was
used in this paper [17,23-28]. In this theory, the entire flow field is treated as an energy field in which
the gradient of the energy in the transverse direction can accelerate changes in the fluid, on the other
hand, the gradient in the streamline direction can suppress the changes. A dimensionless parameter K
was proposed to characterize a ration of the energy gradient in the transverse direction to that in the
streamline direction. Similar to the Taylor number criterion, the flow state changed from laminar to
turbulent when the value of K exceeded a critical value K.. The expression of K can be defined as:

B JE/on
= 9E/ds ®)

where n expresses the direction perpendicular to the streamline direction, s denotes the streamline
direction, E is the total energy(J) of the incompressible flow which can be expressed as the following:

-2

E:P+§PU 4)

where p represents the fluid potential energy(]) the second term represents the ﬂuld kinetic energy in

which p is the oil density(kg/m?), and Uis the velocity vector. The expression of U can be expressed as

U=u+7v (5)
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where 0 is the velocity in the radial direction and 1 is the velocity in the tangential direction. For a
stable Taylor-Couette flow, the velocity in the radial direction is zero (5) = 0), and the velocity in the
tangential direction (;) can be defined as the following:

u=Ar+ g (6)
where
(R//Rs)? -
U (R/R) -1
B = w,R? ! (8)

1= (Ri/R,)?
where u is the magnitude of the tangential velocity(m/s), r is the distance from a point in the air gap to
the center of the circle (m).

The transverse energy gradient which is derived from Equation (3) to Equation (8) can be
expressed as

JE &(P + 1/29”2) du u? B
e g ey —2ealars ) ©

where p is the density of the oil (kg/m3 )

The gradient of the total energy in streamline direction equals the magnitude of total energy loss
of unit volumetric fluid in the streamline direction since there is no energy input in the pressure-driven
flows. The equation can be expressed as

(10)

JE _ oH ﬁ( B)*
ds 857}1;'4

Ar+ —
p

where H is the energy loss per unit volume of fluid (J), 4 = pv is the dynamic viscosity of the oil (Pa - s).
Readers are referred to Appendix A for more details about the derivation processes of the gradient
of the total energy in the streamline direction.
Introducing Equations (9) and (10) into (3), the dimensionless parameter K can be obtained as
the following:

R2 2 2\2
1_R: R, r( r) an

R RRl R

As mentioned earlier in the article, the oil flow state begins to change when the value of K exceeds

a critical value. According to Equation (11), it can be seen that the K is a higher-order function about r

while the size of the stator and rotor of the motor is determined, and there may be a maximum value in

the domain. To analyze the maximum value of the K, the parameter y is used to represent the distance
between a point in the air gap and the inner surface of the stator.

Yy=Rs—r (12)

Introducing Equation (12) into Equation (11), the equation of K can be rewritten as

2 2
Ry Y )2 Y h Yy h
K=Re———— = |[1-%=5| 12- =5 13
eﬂm+&xh 1 R IR, (13)
It is found from Equation (13) that K is a function about y/h and //Rs. Generally, the width of
the air gap is within 1 mm for permanent magnet synchronous motor used in EHA, and the order

magnitude of /R is usually less than 10~!. Figure 2 reflects the relationship between K/M and y/h
at different values of /1/Rs, in which M is a constant value at a certain rotation speed, and it can be



Processes 2020, 8, 975 50f 13

expressed as M = Reﬁ. As can be seen from Figure 2, the value of K increases with increasing
y/h for a given I/ R less than 0.3 and the maximum value of K is reached when y/h = 1.0. Therefore,
the expression for the maximum value of K can be written as

R, YRS
o= e ) ) "

— h/R=0

5L —— WR=0.10
—— /R F0.20
—— B/R0.30
—— hR,=0.55
—— WR,=0.60

K/M
[

0.0 02 04 0.6 0.8 1.0
ylh

Figure 2. K/M value change trend graph about y/h.

The calculation of the critical coefficient K, is a strong nonlinear and strong coupling process,
which is generally difficult to solve. By summarizing the previously published experimental data on
Taylor flow stability, the relationship between K. and /1/Rs is shown in Figure 3, which was prepared
based on the results presented in [11,14,16,29-32]. The functions of the K. and /1/Rs can be expressed
as the following by using nonlinear fitting.

(357)
K. = 365.7¢\ 007 ) 4425 (15)
400 T T
"  Experimental data
300 N L o
Experimental data fitting curve
8 200 1
100 |- T
0 1 1
0.0 0.1 0.2 0.3

h/R

S

Figure 3. The critical coefficient K. value change trend graph about 11/ R;.
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As the above analysis, for a specific motor structure size, the critical coefficient K. can be obtained
using Equation (15), and the critical rotational speed can be calculated by Equations (2) and (14) when
Kmax = Kc. Therefore, the viscous loss can be calculated according to different oil states, and the next
section will analyze the calculation method of the viscous loss under different oil flow states.

3. Theoretical Analysis of Air Gap Viscous Loss

3.1. Calculation Method of Viscous Loss in Laminar State

The expression of fluid shear stress in laminar flow state can be expressed as

= bz (16)

Hence, for r = Ry, the shear stress acting on the rotor can be expressed as

2

R
T = 2w, — s 5 (17)
RZ_R2

In addition, for the surface area of the rotor in the motor is 2nR,L, the viscous loss power is

R2R?
_ 2 NS
P = 4[,ma)rLRg R (18)

where L is the length of the air gap (m).

3.2. Calculation Method of Viscous Loss in Turbulent State

Since the oil velocity changes irregularly in the turbulent state, the viscosity loss of the motor
can no longer be calculated according to Equation (18). This paper will adopt the conservation of
momentum theory to analyze the viscosity loss of a motor in a turbulent state.

Take an axial section of the air gap and simplify the movement of the oil in the air gap to a plane
parallel flow, as shown in Figure 4 The x-axis is selected on the surface of the rotor, and the y-axis is
in the radial direction. In addition, the time-averaged velocity distribution in the x-direction can be
represented by v = v(y), and the time-averaged velocity in the y-direction is 0.

Y

() B — I(d'o/d}/)
= v=2(y)
@24 v+ 1(do/dy)

-
X

Figure 4. Velocity change diagram of fluid micro-cells under turbulent flow.
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Assume that the oil in the air gap has two layers, layer 1 and layer 2. In addition, the velocity
of the fluid in layer 1 can be expressed as v; = v while the layer 2 is v, = v + I(dv/dy) according to
Newton’s law of internal friction. At a certain moment, the oil particles in layer 1 enter layer 2 at speed
u’. Hence, the mass of oil passing through the microelement area dA in dt time can be expressed as

Am = pu'dAdt (19)

In addition, there is a velocity change v’ in the x-direction after the oil flowing from layer 1 to
layer 2. As a result, the momentum change in the oil can be written as

Ap = Amv" = pu'v'dAdt (20)

According to the momentum theorem, the momentum change rate of the oil is equal to the
tangential force which can be written as

Fr = pu'v'dA (21)
Therefore, the shear stress under turbulent conditions is
17 = pu'v’ (22)
The viscous loss power can be obtained as
Pr = 1rAR,w, = 2mpR2wLu’v’ (23)

The theoretical models for calculating viscous loss in laminar and turbulent states are obtained in
the above. It should be noted that the viscous loss in the turbulent state is related to the fluid velocities
1" and v’. However, velocities 1" and v’ cannot obtain accurate analytical solutions. Since the speed
u’ and v’ can be expressed as the functions of w, a turbulent coefficient A is introduced, and the loss
power equation can be rewritten as

Pr = 11AR,w; = 2nApR2w°L (24)

In addition, it should be noted that A is difficult to calculate by the analytical method under
a turbulent state. Typically, the value of A is mainly fitted by experimental data, which will cause
greater time. To optimize the lumped parameter model of viscous loss in a turbulent state, this paper
established a computational fluid dynamics (CFD) model of the motor air gap. The shear stress on the
rotor surface can be obtained using CFD software. Then the viscous loss power can be acquired by
integrating the shear stress, which can be expressed as the following;:

Pt :fTTds~Rr-a) (25)

Table 1 shows the domain dimensions of the motor and the oil property parameters. As the
small slot opening has little influence on the viscous loss [19], the slot opening was neglected in the
model. The geometry and mesh of the simulation model are shown in Figure 5, and the number of
grid nodes was finally determined to be 10*290*334 in the radial, circumferential, and axial directions.
By substituting the parameters of the motor into the Equation (15), K. = 272 was obtained. Introducing
K: = Kmax into Equations (14) and (2), the critical rotation speed was calculated as w = 357rad/s
(3500 rpm). In contrast, for a motor with the same structure size, the critical speed obtained by Taylor’s
criterion was 4570 rpm, employing the lamer model and standard k — ¢ turbulence model, respectively,
the viscous loss was obtained. The setup of General, Models, Material, Boundary Conditions are
shown in Table 2.
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Table 1. The parameters of the electro-hydrostatic actuator (EHA) motor and oil.

Parameters Value Unit
Radius of the rotor R, 2.35%x 1072 m
Radius of the stator R 23%x1072 m
Length of the air gap L 1.67x 1071 m
Density of the oil p 839.3 kg/m?®
Dynamic viscosity of the oil u 1.16 x 1072 N s/m?
Kinematic viscosity of the oil v 1.38x107° m?/s

(b)

@) ()

Figure 5. CFD simulation model. (a) Geometry of the air gap. (b) Radial grid of air gap. (c) Axial grid
of air gap.

Table 2. CFD simulation parameter setting.

Simulation Settings Setup
Solver Type Pressure-Based
General Velocity Formulation Absolute
Time Steady
Models Viscous Laminar/Standard k-eps%lon and Standard
Wall Functions
End Face 1 Symmetry
Boundary End Face 2 Symmetry
Rotor Moving Wall (Rotation Speed can be set)
Stator Wall (No Slip)
Method Schema SIMPLEC

As shown in Figure 6, the results of the viscous loss at various speeds are presented based on the
CFD method and traditional calculation method of Equation (18). It can be shown that the results were
more consistent in low rotation speed. However, there was a relatively large disagreement at high

speed caused by the flow states change. Therefore, the effect of different oil states on the viscosity loss
of high-speed motors needs to be considered.

3000

—— CFD results under laminar state and turbulent state
Theoretical results under laminar state

2000

Power Loss (W)

1000

0 1 1
0 4000 8000 12000 16000

Rotation Speed (rpm)

Figure 6. Comparison chart of theoretical results based on laminar flow theory and CFD simulation
results under laminar state and turbulent state.
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On the other hand, the value of the turbulent coefficient A was obtained as 1.17135 x 107® based
on the CFD simulation results, and the theoretical results and CFD simulation results are shown in
Figure 7. Above all, the expression of the viscous loss of the motor under different flow conditions can
be rewritten as

4uma?L ReR 367rad/
Wy L= w < ra S
p=] MR (26)
2.3427mpR?2w3L x 107 @ > 367rad /s
3000 : . : :
—— CFD results under laminar state and turbulent state
~——Theoretical results laminar state and turbulent state
g‘ 2000 |
S
193]
0
Q
—
t =
)
Z
A~ 1000 |
0 | 1
0 4000 8000 12000 16000

Rotation Speed (rpm)

Figure 7. Comparison chart of theoretical results and CFD simulation results under laminar state and
turbulent state.

4. Experimental Results

A test rig was designed to verify the proposed criteria for judging the state of the fluid in the air
gap and the viscous loss model, as shown in Figure 8. The test rig comprised an experimental bench,
a drive servo motor, a force sensor, and a geometrically representative motor model, including a rotor
and a stator that could be filled with oil. The novelty of the experimental device was that the force
balance method was used to indirectly measure the torque of the motor shaft through the force sensor
instead of the torque sensor, which could increase the length of the connecting shaft system.

Test Device

Experimental

Stats
Ao Bench

Drive Servo
Motor

Rotor

Force Sensor

Shaft

—

Figure 8. Test rig that was used to conduct the experiments of this research.
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Therefore, the viscous loss could be obtained by subtracting the motor shaft torque loss without
oil from the torque loss filled with oil at the same test stand. The experimental viscous loss power
could be expressed as [33]

P = Miest = (Mot = Mary ) (27)

where M, is the experimental viscous loss torque, My, is the experimental torque loss filled with oil,
M,y is the experimental torque loss without oil.

The comparisons of the viscous loss power between the measured results and the theoretical
results at variable rotation speeds were illustrated in Figure 9. It was shown that the experimental
results were in the same trend as the theoretical calculation results, which verified the effectiveness of
the method of calculating the critical rotation speed in this article. However, there was about a 10%
difference due to the viscous loss caused by the end face of the rotor being ignored in the theoretical
calculation. In addition, it was feasible to consider the viscous loss in the air gap as the overall viscous
loss of the motor due to the difference of the viscous loss was small.

16 T : . 3000 T T T
Theoretical results obtained by proposed theory Measured results

e Measured Results Theoretical results obtained by proposed theory
£ £ 2000 _
2
E A
o 08 . =
g g
s g

F~ 1000 4
04 .
0.0 L 1 1 0 I I
0 4000 8000 12000 16000 0 4000 8000 12000 16000
Rotation Speed (rpm) Rotation Speed (rpm)

(a) (b)

Figure 9. Comparison of theoretical calculation and experimental test of motor loss. (a) Motor rotor
torque loss diagram. (b) Motor power loss diagram.

5. Discussion

This paper presents a simulation-based calculation method of EHA motor viscous loss, and a
lumped parameter model was proposed under different flow states. Since Taylor’s criterion is not
applicable to the judgment of the fluid flow state inside a concentric cylinder with a small air gap,
the energy gradient theory was adopted in this paper. In this theory, a parameter K related to the motor
structure parameters and rotation speed was proposed, and the flow state of the oil in the air gap
changed when the value of K exceeded the critical value K. obtained by the experimental data. Using
this method, the critical speed of the wet EHA motor’s internal gap fluid flow state was 3500 rpm,
while the criterion rotation speed was 4570 rpm obtained by using the Taylor criterion. Then the
lumped parameter models of the viscous loss under laminar and turbulent state were analyzed by
using Newton'’s internal friction theorem and the conservation of momentum theory, respectively.
To verify the accuracy of the fluid flow state judgment criteria and the proposed lumped parameter
model, a motor viscosity loss experiment was designed. There was a 10% error between experimental
results and theoretical results, which verified the correctness of the method.
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Appendix A

Taking a microelement in the motor air gap fluid, as shown in Figure Al. The work of viscous
shear force acting on the microelement away from the rotor surface can be defined as the following:

Wout = (T4 AT)[(r + Ar)AO]Az(u + Au)dt (A1)

where A0 is the angular range of the microelement in the cylindrical coordinate system(rad), Az is the
depth of the microelement in the axial direction(m), 7 is the shear stress(N/m?) and it can be written as

(A2)

Figure A1. Schematic diagram of the velocity and force of fluid micro-element in the air gap.

Similarly, the equation of the work on the surface of the element near the rotor surface can be
expressed as
Win = 7(rAB) Azudt (A3)

The volume of fluid passing through the width of Ar in dt time is
AQ = ArAzudt (A4)

According to Equations (A1)-(A4), the work of the viscous force acting on the unit volumetric
fluid can be written as

AW Wout — Wip (T Au T AT)
AH = — = =0 —+ A A
A0 A0 + -+ rAO (A5)

ubr " r " Ar
The length of the microelement in streamline direction is
As = rAO (A6)

According to Equations (A5) and (A6), the gradient of the total energy in streamline direction can

be expressed as
AH tAu 1 At

As  udr v Ar
Thus, when the value of Ar tends to infinitesimal and introducing Equations (A6) and (A2) into
(A7), the energy loss gradient is

(A7)

OH _wdu v dv_ @( B)‘l
9s udr 7 dr Ha
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