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Abstract

The shift from traditional diesel-powered machinery to more environmentally-friendly
alternatives in the non-road mobile machinery sector is driven by strict environmental
regulations and the demand for greater efficiency. While hybrid solutions have
demonstrated benefits such as improved fuel efficiency and reduced emissions, the
electrification of hydraulic actuation systems has received less attention. This study
introduces a dual-mode electro-hydrostatic actuator designed to replace the hydraulic
lift cylinder in hybrid wheel loaders, addressing challenges in efficiency, safety, and
thermal management. The actuator operates in two distinct modes: a typical mode and
a safety mode employing counterbalance valves, which enhances load-lowering control
and safety through integrated solenoid valves and counterbalance mechanisms. Using
co-simulation between AMESim and MATLAB/Simulink, the dynamic performance
and thermal behavior of the electro-hydrostatic actuator are evaluated over a 3600 sec-
ond duty cycle. Simulation results highlight differences in thermal and dynamic
performance between the two modes. The safety mode achieves superior load-holding
capability with reduced motor current demand but experiences higher temperatures in
the cylinder and valves due to discontinuous fluid flow. Conversely, the typical mode
encounters greater thermal stress in the pump, particularly at the leakage point. This
work provides a detailed analysis of the thermal behavior of the electro-hydrostatic
actuator, offering crucial insights for optimizing thermal design and cooling strategies.
The study also contributes to the advancement of electrified hydraulic systems and
integrating hybrid powertrains with electrified hydraulic systems, paving the way for
sustainable, high-performance non-road mobile machinery solutions that meet safety
and operational standards.

Keywords: thermal behavior, hybrid wheel loader, electrification, electro-hydrostatic
actuator, counterbalance valve

1 Introduction

The transition toward full electrification of non-road mobile
machinery (NRMM) is driven by increasingly strict environ-
mental regulations and the rising demand for sustainable
technologies[1]. Conventional diesel-powered NRMM con-
fronts challenges such as high emissions and inefficiencies,
necessitating innovative solutions. Hybrid powertrains are
emerging as practicable alternatives, offering enhanced fuel
efficiency, reduced emissions, improved operational perfor-
mance, lower noise levels, and reduced maintenance costs[2].
Significant research has explored various hybrid powertrains,
the focus has primarily been on powertrains[3]. For instance,
[4], [5], [6] introduces three hybrid powertrains developed by
different original equipment manufacturers (OEMSs): 1. series
2. parallel 3. series-parallel. However, OEMs retain initial

hydraulic circuits that possess system inherent power losses
(SIPL).

Besides, limited attention is given to the electrification of
hydraulic actuation systems. Two concepts, individual meter-
ing system and secondary control using hydraulic transformer
are contributions to the improvement of hydraulic actuation
systems. Although individual metering system lowers the en-
ergy consumption, SIPL still exists when loads are in different
weights[7]. Hydraulic transformer is one of valve-less systems
that avoids SIPL, but the increased number of hydraulic com-
ponents and unchanged hydraulic power supply bring issues of
more required space and higher costs[8]. Electro-hydrostatic
actuators (EHAS) and electro-mechanical actuators (EMAS)
are among the promising technologies to address this gap,
providing opportunities to improve hybrid NRMM efficiency
and enable progress toward full electrification. One of them,



EHA, its essential concept is to connect an electrical-motor-
controlled pump to a hydraulic cylinder, realizing varied trans-
mission of power. The servo valve is not required in this
scheme and thus the power loss across it can be decreased
sharply[9]. Because EHA has the potential to recover en-
ergy[10], many scholars started to research its application on
NRMM. [11] and [12] proposes specific and independent elec-
trified working hydraulic system by adopting direct-driven hy-
draulics or EHAs. In [13], the researchers incline their work
towards how to evaluate the match level between novel actua-
tors and NRMM. Nevertheless, these papers related to adopt-
ing EHAs only take functional compatibility into account. In
fact, key factors such as physical characteristics, dynamic per-
formance, and compliance with safety standards like 1SO
8643[14]—which regulates load-lowering control in case of
hydraulic line failure happening in earth-moving machinery—
must be considered as well before EHA is implemented on
NRMM for real. Additionally, integrated EHA systems face
unique challenges in managing heat due to limited space for
heat exchangers[15], making thermal analysis essential. En-
ergy is dissipated through heat conduction, convective heat
transfer, and radiative heat transfer as passive outputs, which
are not considered effective dissipation mechanisms[16].
Moreover, elevated temperatures have a significant impact on
the performance of the EHA [17]. [18], [19], [20] have studied
the temperature and efficiency of different EHASs by building
models or doing experiments. Nonetheless, dynamic perfor-
mance and thermal behavior of the EHA cannot be observed
at the same time via their models.

Therefore, a tool is needed to simultaneously monitor the
dynamic performance and thermal behavior of the EHA that
satisfies safety standards, enabling its evaluation for potential
implementation in hybrid NRMM. This paper introduces an
innovative prototype of an integrated EHA designed to replace
the lift cylinder in a hybrid wheel loader. This EHA is
equipped with counterbalance valves (CBVs) that could be
seen as a kind of lowering control devices which ISO 8643
requires to enhance load control and safety while a hybrid
wheel loader is working in the safety mode. Furthermore, it
also offers an alternative operating mode without CBVs by
energizing solenoid valves, which is called typical mode as
normal EHA scheme. Naturally, the EHA under safety mode
requires more hydraulic power to open the CBVs, making it
less energy-efficient compared to the typical mode. However,
ISO 8643 mandates the inclusion of lowering control devices
in wheel loaders to avoid hazard. Therefore, comparing the
performance differences between the two operating modes is
both relevant and meaningful for ensuring regulatory
compliance. EHA with dual modes also possesses varied heat
transfer mechanisms, including the impact of convective cool-
ing in the pump and accumulator in safety mode and the ele-
vated thermal stress on components in typical mode. In order
to investigate the specific EHA's thermal behavior and dy-
namic performance under dual operating modes, co-simulation
via MATLAB/Simulink and AMESim is deployed.

This study not only advances understanding of EHA technol-
ogy but also provides a pathway for high-performance and
sustainable hydraulic actuation systems that meet safety and
operational standards, offering valuable guidance for the

effective implementation of electrified hydraulic systems in
hybrid wheel loaders.

The rest of the paper is organized as follows: Section Il ana-
lyzes heat transfer in the EHA; Section 11 presents mathemat-
ical thermal models based on the lumped-parameter method
(LPM); Section IV shows temperature results from a 3600-sec-
ond duty cycle; Section V discusses the simulation results;
Section VI offers conclusions.

2 Heat transfer analysis

EHA system’s configuration is given in 2.1, having great in-
fluence on analyzing heat transfer. Thermal network models
are illustrated to characterize the heat transfer mechanisms
within the EHA system in 2.2,

2.1 EHA system
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1-symmetric cylinder 2-solenoid valves 3-counterbalance
valves 4-filter 5-PMSM 6-axial piston pump/motor 7-check
valves 8-accumulator

Figure 1: Schematic diagram of EHA prototype

Figure. 1 shows the schematic diagram of an integrated EHA
prototype. The system is built around a symmetric hydraulic
cylinder (1), with one of its rods concealed within the housing.
The EHA operates in two modes, triggered by the configura-
tion of the two solenoid valves (2):

Typical Mode: In this typical volume-controlled EHA opera-
tion, oil flows directly through both solenoid valves, allowing
standard actuation. CBVs (3) act as relief valves for safety. It
takes the advantage that the system can realize the more accu-
rate and rapider position control. Compared to safety mode,
there is a degradation in system security. This mode serves as
the baseline for observing the system's behavior when an EHA
with a fundamental structure is directly integrated into a wheel
loader.

Safety Mode: Solenoid valves operate as check valves, ena-
bling oil to pass through CBVs. This mode directs the fluid
flow into the accumulator (8), through the check valves (7),
and then to the suction port of the pump/motor (6). This design
prevents oil from flowing directly to the inlet of the pump.
During load-lowering control, if a pipeline failure occurs,



CBVs can shut off the flow to prevent the load from descend-
ing uncontrollably, thereby mitigating the risk of accidents and
significantly enhancing system safety. However, this comes at
the cost of reduced control precision and response speed. This
mode provides insight into the system's behavior when the
EHA is equipped with CBVs.

The hydraulic circuit includes additional components for func-
tionality and efficiency: a filter (4) for fluid cleanliness, an
axial piston pump/motor (6), and a permanent magnet synchro-

nous motor (PMSM) (5), which drives the pump via a coupling.

Notably, the pump is immersed in the accumulator, providing
a compact and integrated design. The accumulator (8) stores
energy and helps smooth operation. This configuration offers
enhanced flexibility and allows for detailed studies of perfor-
mance differences between the two operating modes.

2.2 Heat transfer within EHA

The EHA system comprises components involved in heat
transfer, including the cylinder (1), solenoid valves (2), CBVs

Valve shell node

(3), PMSM (5), pump (6) and accumulator (8). Due to dual
operating modes, heat transfer mechanisms and thermal net-
work models differ, as shown in fig. 2 and fig. 3. No matter
how the pump rotates, in a clockwise direction or a counter-
clockwise direction, the direction of the heat transfer is always
defined by fig. 2 and fig. 3. Circular nodes represent fluid
nodes, while rectangular nodes indicate solid nodes. The pump
has four nodes, with mechanical losses at the outlet node and
churning losses at the leakage node. In typical mode, convec-
tive heat transfer happens between the pump shell and accu-
mulator via direct oil contact. The cylinder and solenoid valves
are modeled with three nodes each, with mechanical losses dis-
tributed to the cylinder inlet node and outlet node, and valve’s
energy losses at the outlet node. Heat exchange with external
environment occurs at the shells of the cylinder, accumulator,
and PMSM via convection and radiation. In safety mode, a
CBYV replaces one solenoid valve, altering heat transfer path-
ways and facilitating heat transfer from the CBV to the accu-
mulator as depicted in fig. 3.
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Figure 2: Heat transfer in typical mode based on LPM
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Figure 3: Heat transfer in safety mode based on LPM
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3 Thermal modelling

For lumped parameter method and one-dimensional flow,
there is a simplified representation of the temperature
differential equation. Several authors have presented thermal
models of hydraulic systems, for example, referring to [21] for
details. In this paper, thermal models are derived from the prin-
ciples of conservation of energy and mass.

3.1 Basic equation building for different systems

lQ = Qin - Qout
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I ———
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Figure 4: The First law of thermodynamics
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Building thermal models must be based on the first law of ther-
modynamics that is illustrated by fig. 4. There are three
primary types of thermodynamic systems categorized by how
this system exchanges mass and energy with its surroundings,

referring to open systems, closed systems and isolated systems.

As shown in fi. 1, cylinder (1), solenoid valves (2), CBVs (3),
pump (6) and accumulator (8) belong to open systems, which
means that these components exchange energy as well as mass
with surroundings. Therefore, an open system should also
obey the law of conservation of mass, analyzed through con-
trol volume method. PMSM (6) is a kind of closed systems
because no mass crosses the boundary of this system, analyzed
through control mass method.

For open systems, the temperature differential equation with
respect to time has been previously derived in [21]. In this
study, the same equation is obtained using an alternative ap-
proach. The temperature differential equation is directly pre-
sented as follows:

dT_ 1
dr_cpm

Z min [Cp(Tin - Tout) + (1 - Tav)ﬁ(pin - pout)]

*

. . dp
+Q —W; + mTaVvE

M

To enhance the clarity of this equation, the last term within the
curly brackets should be extracted separately, as it explicitly
represents the effect of pressure variation on temperature
change. Apart from this term, the remaining components influ-
ence temperature at a given pressure.

Equation (1) is derived based on the assumption that the en-
thalpy within the control volume is equal to the enthalpy leav-
ing the system. However, this assumption is not practical to all

hydraulic components in EHA. Therefore, it is essential to un-
derstand the derivation of eq. (1). which is presented in eq. (2):

d_T _ 1

dr cpm
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| |
| )
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)
For closed systems, the energy equation is quite simpler than
that for open systems:
dEcy
dt

Similarly, dE¢), is the differential element of the internal
energy of this control mass. No mass changes in closed sys-
tems, so the term on the right side of the equal sign can be
expressed as:
dEcy dU dmu  du @)
dt  dt dr —de

where introduces another thermodynamics property, c,, which
means the specific heat at constant volume. Therefore, the tem-
perature differential equation for the closed system is:

daTr _ 1

dt  c,m

Q-W= 3

Q-w) ®)

3.2 Thermal models of components

Expressions of temperature differential equations on the basis
of heat transfer in fig. 2 are as the followings.

The symmetric cylinder (1) in fig. 1 includes 1-inlet node, 1-
outlet node and 1-shell node, following the eq. (6-8) respec-
tively:
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(6)
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The solenoid valve (2-1) in fig. 1 involves 2-1-inlet node, 2-1-
outlet node and 2-1-shell node. The solenoid valve (2-2) in-
cludes 2-2-inlet node, 2-2-outlet node and 2-2-shell node. The
modelling principle of two solenoid valves is same, following
eq. (9-11):
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PMSM (5) only has two nodes, 5-interior node and 5-shell
\ node as the following eq. (12) and eq. (13):
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The axial piston pump/motor (6) is comprised of 6-inlet node,
6-outlet node, 6-leakage node and 6-shell node, as the follow-

ing eq. (14-17):
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The accumulator (8) contains 8-interior node and 8-shell node
as the following eg. (18) and eq. (19). There is a noteworthy
change in the equation for one node as the mass of flow enter-
ing the accumulator might not be equal to that leaving the
accumulator, which means that eq. (2) should be taken into
account.

lo 1

= *
dt CaccMacc

Cacc (Tleak - Tacc)

Poit Qexleakp + (1 _ ay (Tleak + Tacc)
2

Cacc (Tinlet - Tacc)
_poilQacc + (1 _ ay (Tinlet + Tacc)

) ﬁ(pleak - pacc)

2

_haccshellAaccshell (Tacc

) ﬁ(pinlet - pacc)

accshell)

+ haccpump A accpump (Tpumpshell - Tacc )

dpacc
+macc Tacc ayv dt
(18)
dTaccshell _ 1 "
dr CaccshellMaccshell

haccshellAaccshell (Tacc accshell)
_haccamtAaccamt (Taccshell - Tamt)

4 4
_SAaccath(Taccshell - Tamt)

(19)

Expressions of temperature differential equations on the basis
of heat transfer in fig. 3 are:

The symmetric cylinder (1), solenoid valve (2-1), (2-2) and
PMSM (5) in fig. 1 have the same equations as eq. (6-13).
Therefore, equations that are different from those in typical
mode are given. CBV (3-1) includes 3-1-inlet node, 3-1-outlet
node and 3-1-shell node. CBV (3-2) contains 3-2-inlet node,
3-2-outlet node and 3-2-shell node, following eq. (20-22):
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The axial piston pump/motor (6) is as the following eq. (23-
26):
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Equation (27-28) about the accumulator (8) are expressed as:
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4 Simulation results

According to fig. 5, dynamic performance of the EHA is sim-
ulated through AMESim as one part of the co-simulation, and
PID controller is deployed. In order to estimate thermal behav-
ior, two thermal models are developed in MATLAB/Simulink
for each operating mode.

Parameters: p, Q, w, etc.

N

Temperature

Dynamic Performance Model Thermal Model

Figure 5: Data exchange within co-simulation

The EHA achieves rod extension and retraction by driving the
pump in different rotational directions. Consequently, alt-
hough the mathematical temperature differential equations are
derived, it is crucial that the Simulink model accurately ac-
counts for directional parameters when data is transferred from
AMESim.

4.1 Duty cycle

Since this EHA is designed for lifting applications, it consist-
ently sustains force in a single direction, which means the EHA
operates in two quadrants. As shown in fig. 6(a), the load force
is obtained from Mevea-based simulations[22] and subse-
quently scaled down and linearized to align with the specifica-
tions of the integrated EHA.




Figure. 6(b) illustrates the trajectory of a hybrid wheel loader
completing a single and 60-second duty cycle, as viewed from
Mevea user interface. This duty cycle represents a typical load-
ing and unloading process. The sequence begins with the
wheel loader moving from point A to point B without a load.
Upon reaching point C, the loader lowers its bucket, tilts it, and
raises the boom to collect material into the bucket. After
loading, the loader reverses to point D, then drives forward to
point E to unload the material. The cycle is completed when
the loader returns to the starting position at point A.

The stroke of the cylinder is also scaled down. Even though
models of dual operating modes in AMESIim employ three-
loop PID controllers, they have varied control parameters and
effects due to different working hydraulic components.
Figure. 6(c) and (d) presents a comparison of piston position
dynamics as a function of time between a reference command
and a simulated response. The most notable discrepancy
occurs around point C, where the piston continues to retract in
fig. 6(c) because of a sharp increase in load force, as depicted
in fig. 6(a). This sudden load boom exceeds the hydraulic sys-
tem's damping to counteract the impact in real-time, resulting
in a pronounced deviation in the response. Nevertheless, CBVs
play an important role in resisting this impact in safety mode,
which can be proved by the curve around point C in fig. 6(d).
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Figure 6: Duty cycle of the hybrid wheel loader under two
modes

Initial temperatures of all components are set to 20.00 °C
(293.15 K), matching the ambient temperature, which remains
constant at 20.00 °C throughout the process. To intuitively ob-
serve the temperature trend, a co-simulation was conducted
with a 60-second duty cycle and repeated a total duration of
3600 seconds.

4.2 Temperature results

Temperature in 6-inlet node under safety mode is a little larger
than that under typical mode. The temperature of 6-outlet node
in safety mode in fig. 7(b) closely follow that in typical mode
in fig. 7(a). On the contrary, the temperatures of 6-leakage
node and 6-shell node in typical mode are significantly higher
than those in safety mode, with the difference becoming more
pronounced as time progresses. A critical observation from fig.
7 is that in typical mode, the temperature in 6-shell node curve
gradually rises above the 6-outlet node temperature after
approximately 1500 seconds. Nonetheless, in safety mode, the
6-shell node temperature consistently remains lower than the
6-outlet node temperature throughout the entire duration.
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Figure 7: Temperatures in the pump under dual modes

As mentioned in Chapters 2 and 4, the inlet and outlet ports of
a pump switch roles as the flow direction changes. This pre-
sents two possible approaches for implementation in
MATLAB/Simulink. The first approach defines the two pump
ports as Port A and Port B, where each port can function as
either an inlet port or an outlet port. Consequently, each port
requires two distinct states (represented by two separate equa-
tions, such as eq. (14) and eq. (15)) that must switch accord-
ingly. However, this method is challenging to implement in
software.

The second approach assigns that the inlet port is either Port A
or Port B, requiring only parameter switching within a single
equation while inheriting temperature from the previous state.
This study adopts the second approach, though it results in sig-
nificant temperature oscillations during switching.

In spite of different modes, temperatures of 5-interior node and
5-shell node are quite similar respectively as fig. 8 shows.
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Figure. 9 clearly demonstrates that the temperatures of the
three CBV (3-2) nodes—the inlet, outlet, and shell nodes—are
varied, with 3-2-outlet node temperature being the highest.
Conversely, the temperatures of the 3-1-inlet and 3-1-outlet
nodes remain nearly identical, exhibiting no distinguishable
difference throughout the observed period.
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Figure 9: Temperatures in the CBV under safety mode

Table. 1 shows temperatures of all nodes at 3600 seconds for
typical mode and safety mode. It is evident that the cylinder
(1), solenoid valve (2-1) and (2-2), and exhibit higher temper-
atures in safety mode, compared to typical mode. In contrast,
temperatures at the 8-interior node and 8-shell node are lower

in safety mode than those in typical mode.

Table 1 Final Temperatures at the 3600 seconds

Typical mode Safety mode
Node Name  Temperature | Node Name Temperature
1-inlet 42.99 °C 1-inlet 68.29 °C
1-outlet 37.97 °C 1-outlet 54.79 °C
1-shell 36.22 °C 1-shell 49.08 °C
2-1-inlet 42.01°C 2-1-inlet 72.16 °C
2-1-outlet 50.56 °C 2-1-outlet 73.17°C
2-1-shell 26.12 °C 2-1-shell 30.33°C
2-2 inlet 46.29 °C 2-2 inlet 73.08 °C
2-2-outlet 55.89 °C 2-2-outlet 73.25°C
2-2-shell 27.24°C 2-2-shell 30.26 °C
5-interior 128.26 °C | 5-interior 124.85 °C
5-shell 93.88 °C 5-shell 92.20 °C
6-inlet 54.41 °C 6-inlet 60.24 °C
6-outlet 72.44 °C 6-outlet 74.01°C
6-leakage 105.82 °C | 6-leakage 82.06 °C
6-shell 91.24°C 6-shell 69.18 °C
8-interior 81.13°C 8-interior 60.64 °C
8-shell 72.05°C 8-shell 54.35 °C
3-1-inlet 74.35°C
3-1-outlet 74.67 °C
3-1-shell 30.35°C
3-2-inlet 57.25°C
3-2-outlet 67.70 °C
3-2-shell 28.25°C




5 Analysis and discussion

There are two possible reasons to explain that the difference in
PMSM temperatures between the modes appears surprisingly
low: 1. Imprecise simulating values. We haven’t done experi-
ments to correct a few of coefficients; 2. In typical mode,
PMSM must work in the situation of high torque and low speed
when the piston reaches the desired position. In this case,
PMSM keeps rotating and generating heat. In safety mode,
motor needs more power to drive pump and then open CBVs.

The higher temperatures observed in the cylinder during safety
mode can be attributed to the behavior of the CBVs. In safety
mode, CBVs prevent fluid flow until the pressure inside the
cylinder’s chamber reaches a sufficient level to open the valve.
On the contrary, in typical mode, fluid flows through the sole-
noid valve without any restriction. When the piston reaches
necessary position, CBVs can assist in maintaining the load
without the pump working with small flow rate and high
torque. This is the reason why the temperature of pump
leakage node in safety mode is lower than in typical mode in
fig. 7. Additionally, since the pump is submerged in oil within
the accumulator, the pump shell struggles to dissipate heat
effectively to the ambient air as the oil temperature increases.
However, in safety mode, more fluid enters the accumulator
through the CBVs, enhancing convective heat transfer. This
results in lower temperature in the pump shell node in safety
mode in comparison to the outlet node. Similarly, this en-
hanced heat transfer explains why the temperatures of accu-
mulator’s two nodes are lower in safety mode than in typical
mode.

Furthermore, this EHA used for lifting experiences a continu-
ous pushing force, even when the bucket is unloaded, leading
to higher pressure in one chamber of the cylinder. The pilot
pressure required to open the CBV closely matches the lower
pressure in the other chamber. These factors result in discon-
tinuous fluid flow through one of the CBVs when the pilot
pressure is insufficiently high. Consequently, varying temper-
atures are observed at the CBV’s inlet and outlet, as illustrated
in fig. 9 via curves of temperature rise of the 3-2-inlet node
and 3-2-outlet node.

These results indicate a difference in thermal behavior
between the two modes, highlighting the influence of mode-
specific conditions on system temperature distribution.

6 Conclusion

This study has demonstrated the viability of a dual-mode inte-
grated EHA as a direct replacement for the conventional lift
cylinder in hybrid wheel loaders, fully satisfying ISO 8643
safety requirements. Lumped parameter thermal models for
both open and closed hydraulic circuits were developed and
validated via co-simulation in AMESim and MATLAB Sim-
ulink over a representative 3,600 s duty cycle.

Results indicate that engaging the CBVs under safety mode
markedly enhances load-holding capacity and enables reliable
two-quadrant operation under variable loads. However, inter-
mittent fluid flow in this mode elevates cylinder and solenoid
valve temperatures, increasing localized thermal stress, even

as convective heat transfer in the pump and accumulator is
improved.

In contrast, EHA under typical mode (CBVs disengaged)
maintains continuous fluid circulation, which keeps cylinder
and valve temperatures lower but shifts the bulk of thermal
load to the pump leakage node and the accumulator. Notably,
permanent-magnet synchronous motor temperatures remained
statistically unchanged between both modes, highlighting the
motor’s inherent thermal robustness.

Based on these findings, we recommend targeted cooling strat-
egies for each mode: focused heat dissipation for the cylinder
and valves during safety-mode operation, and enhanced
pump-leakage and accumulator heat rejection in typical mode.
Overall, the proposed modeling and simulation framework
offers a clear pathway for optimizing component-level thermal
management in electrified hydraulic systems, paving the way
for future work on transient control integration and advanced
heat-exchanger design to further boost efficiency and reliabil-
ity in non-road mobile machinery.

Future work: The primary objective is to conduct experiments
to refine parameters and validate the models. The testrig is be-
ing built and is equipped with a real-time simulation machine
for Hardware-in-the-Loop (HIL) simulation.
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Nomenclature

Designation  Denotation Unit

0 Rate of heat transfer w

114 Rate of work w

m Mass flow rate kgls

u Specific internal energy J/kg

v Specific volume m3/kg

v Average specific volume m3/kg

D Fluid pressure Pa

o Fluid density kg/m?®

€ Emissivity 1

o Stefan-Boltzmann constant ~ W/(m2-K#)
A Thermal conductivity W/(m-K)
) Thickness m

k. Specific kinetic energy J/kg

De Specific potential energy J/kg

a, ggtre]fficient of cubic expan- 1K

Ecym Control mass energy J



Q Volumetric flow rate m3/s

T Temperature K

T Time second
Prioss Mechanical loss in cylinder W
Prinorioss Energy loss in valve W
Protorioss Energy loss in Motor W
Prnioss Mechanical loss in pump W
Pehnioss Churning loss in pump w
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