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Abstract: The heat pump system has been widely used in residential and commercial applications
due to its attractive advantages of high energy efficiency, reliability, and environmental impact. The
massive exergy loss during the isenthalpic process in the expansion valve is a major drawback of the
heat pump system. Therefore, the Tesla turbine exergy analysis in terms of transiting exergy efficiency
is investigated and integrated with the transcritical heat pump system. The aim is to investigate the
factors that reduce exergy losses and increase the coefficient of performance and exergy efficiency. The
contribution of this paper is twofold. First, a three-dimensional numerical analysis of the supercritical
CO2 flow simulation in the Tesla turbine in three different geometries is carried out. Second, the
effect of the Tesla turbine on the coefficient of performance and exergy efficiency of the heat pump
system is investigated. The effect of the rotor speed and disk spacing on the Tesla turbine power,
exergy loss, and transiting exergy efficiency is investigated. The results showed that at a lower disk
spacing, the turbine produces higher specific power and transiting exergy efficiency. In addition,
the coefficient of performance (COP) and exergy efficiency improvement in the heat pump system
combined with the Tesla turbine are 9.8% and 28.9% higher than in the conventional transcritical heat
pump system, respectively.

Keywords: CFD approach; Tesla turbine; heat pump cycle; exergy efficiency; exergy loss

1. Introduction

The concern of energy saving continues to rise due to the cost of energy and the
reducing sources of fossil fuel. Besides, the heat pump system is capable of working under
various heat sources and is beneficial for both residential and industrial applications. The
great potential of energy saving of the heat pump system has gained much attention,
and many researchers have been attempting to improve the overall efficiency of the heat
pump system. Despite the high energy efficiency of the heat pump system, there is one
issue regarding the huge exergy loss or irreversibility during the isenthalpic process in the
throttling valve. Generally, the heat pump system is composed of a compressor, gas cooler,
evaporator, and expansion valve. Furthermore, many different expansion devices, such as
expansion valve, ejector [1–3], vortex tube [4,5], and Tesla turbine [6], have been integrated
with the heat pump system. The heat pump performance relies on the optimum gas cooler
pressure, so the expansion device plays an important role.

In the conventional heat pump cycle, the pressure difference between the condenser
and evaporator is small, so the exergy loss in the expansion valve is negligible. However, in
the transcritical heat pump cycle, the higher-pressure difference causes higher exergy loss,
so choosing the appropriate expansion device is vital. The ejector was introduced as an
alternative method to decrease the expansion loss, and it attracts many researchers’ atten-
tion [3,7–10]. Fangtian and Yitai [11] compared the ejector and throttling valve performance
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in the heat pump cycle. Their results showed that the ejector reduces 25% of the exergy
losses and improves the COP of the heat pump cycle by up to 30%. Xing et al. [12] proposed
two ejectors as expansion devices for a two-stage heat pump cycle to enhance the cycle
performance, and based on their simulation, COP increased by more than 10.5%. Taslimi
Taleghani et al. [13] optimized the two-phase ejector heat pump system with an ejector that
improves the COP and heat capacity by up to 12% and 25%, respectively, compared with
the basic cycle. Even though the ejector reduces the compressor power due to pressure
augmentation at the compressor inlet, the higher ejector efficiency occurs at the lower gas
cooler optimum pressure rather than the basic cycle [13,14]. In addition, computational
fluid dynamics (CFD) modeling of a two-phase ejector indicated that droplets have a nega-
tive effect on the ejector performance [15]. The vortex tube is the second device that was
proposed as an expansion device. The vortex tube is the second expansion device that is
able to produce the hot and cold streams simultaneously. The vortex tube was invented in
1933, and since then, it has been used as a cooling device and gas-type separation [16] and
it has been analyzed experimentally [17–19] and numerically [20–22]. The vortex tube as an
expansion valve was introduced in [1,4,5,23,24]. Groll et al. [23] analyzed the vortex tube
application in the heat pump cycle, and based on their findings, the COP of the heat pump
cycle was increased by up to 37% when the vortex tube efficiency was 100%. Sarkar [4]
investigated two different models of the heat pump cycle integrated with the vortex tube,
namely, the Maurer model and the Keller model. The maximum COP improvement varied
from 0.3% to 18.7% and 0% to 17.8% for the Maurer and Keller models, respectively. Even
though much research indicates the COP improvement of the heat pump cycle integrated
with the vortex tube, there are no experimental results regarding the utilization of the vortex
tube in the heat pump system. An experimental study of two-phase propane indicated that
when the quality of the working fluid is less than 0.8, the temperature separation dimin-
ishes rapidly [25], and another experimental research on steam showed that no energy is
separated when the working fluid quality is less than approximately 0.98 [26]. The greater
pressure difference between the gas cooler and evaporator leads to greater exergy losses,
making work recovery more beneficial. The Tesla turbine is an alternative method for work
recovery [6]. The application of the Tesla turbine is not impressive compared with the other
turbomachinery device; however, in some situations, such as the presence of the second
phase in the working fluid, the conventional turbomachinery devices are not suitable and
the Tesla turbine is an appropriate device [27–29]. Yang et al. [30] applied the first and
second laws of thermodynamics to the heat pump integrated with the expander, and their
results showed 33% and 30% improvements on the COP and exergy efficiency, respectively.
For the first time, the capacity of the Tesla turbine as an expansion valve was illustrated by
Aghagoli and Sorin [6], who showed a 16.3% COP improvement.

In this paper, a thermodynamic analysis on the transcritical heat pump system coupled
with the Tesla turbine in a term of COP and exergy efficiency is investigated. The effect of
rotor speed and disk spacing on the Tesla turbine power production, specific power, exergy
loss, and transiting exergy efficiency is investigated. A 3D CFD simulation of the Tesla
turbine is performed with the ANSYS CFX solver. The CFD results of the 3D simulation of
the Tesla turbine are entered into the heat pump system, and the effect of the Tesla turbine
on the overall COP and exergy efficiency of the TeslaHPS is discussed.

2. Heat Pump Cycle Description

Schematic and P-h diagrams of the heat pump system are illustrated in Figures 1 and 2,
respectively. The process starts at stat 1 and ends at stat 4. The temperature evolution in
the gas cooler and evaporator is illustrated in Figure 3. In the evaporator, CO2 evaporates
as heat is received from an external fluid whose temperature drops from T7 to T8. At
the evaporator outlet, the CO2 state is assumed to be saturated vapor and enters the
compressor. The pressure and temperature of CO2 increase after the compressor and
exceed the critical point. In the isobaric process, assuming that the pressure losses are
neglected, the CO2 temperature decreases due to the heat rejection to the external fluid



Energies 2022, 15, 4973 3 of 16

whose temperature rises from T5 to T6. CO2 expands in the expansion device, and its
pressure and temperature decrease, and eventually, it enters the evaporator. The following
assumptions are considered to analyze this cycle:

• There is no heat loss to the environment.
• The heat pump cycle operates in a steady-state condition.
• The pinch point is 5 K, and water is an external fluid.

Energies 2022, 15, x FOR PEER REVIEW  3  of  16 
 

 

the critical point. In the isobaric process, assuming that the pressure losses are neglected, 

the CO2 temperature decreases due to the heat rejection to the external fluid whose tem‐

perature rises from T5 to T6. CO2 expands in the expansion device, and its pressure and 

temperature decrease, and eventually,  it enters  the evaporator. The  following assump‐

tions are considered to analyze this cycle: 

 There is no heat loss to the environment. 

 The heat pump cycle operates in a steady‐state condition. 

 The pinch point is 5 K, and water is an external fluid. 

 

Figure 1. Schematic of the heat pump cycle integrated with the expansion device. 

 

Figure 2. P‐h diagram of the heat pump cycle integrated with the expansion device. 

Figure 1. Schematic of the heat pump cycle integrated with the expansion device.

Energies 2022, 15, x FOR PEER REVIEW  3  of  16 
 

 

the critical point. In the isobaric process, assuming that the pressure losses are neglected, 

the CO2 temperature decreases due to the heat rejection to the external fluid whose tem‐

perature rises from T5 to T6. CO2 expands in the expansion device, and its pressure and 

temperature decrease, and eventually,  it enters  the evaporator. The  following assump‐

tions are considered to analyze this cycle: 

 There is no heat loss to the environment. 

 The heat pump cycle operates in a steady‐state condition. 

 The pinch point is 5 K, and water is an external fluid. 

 

Figure 1. Schematic of the heat pump cycle integrated with the expansion device. 

 

Figure 2. P‐h diagram of the heat pump cycle integrated with the expansion device. Figure 2. P-h diagram of the heat pump cycle integrated with the expansion device.



Energies 2022, 15, 4973 4 of 16

Energies 2022, 15, x FOR PEER REVIEW  4  of  16 
 

 

 

Figure 3. Temperature evolution in the gas cooler and evaporator. 

The total of exergy losses of the heat pump system is defined as a summation of ex‐

ergy loss of all components present in Table 1: 

    
Total C Gc T EI = I + I + I + I   (1) 

The COP of the Tesla heat pump system (TeslaHPS) is calculated as: 

COP


 
Gc

C T

Q
=
(W ‐ W )

  (2) 

The exergy efficiency of the TeslaHPS is defined as follows: 

 
 
 



 
Total

II

C T

I
η = 1 ‐

W ‐ W
  (3) 

The transiting exergy efficiency is given as [31]: 



  

  
out tr

tr

in tr

E ‐ E ΔE
η = =

E ‐ E E
  (4) 

where  EΔ   and  E    are the exergy produced and exergy consumed in the process.  trE  

is  the exergy  that has not undergone  transformation within an analyzed process.  EΔ , 

E  , and  trE   for the Tesla turbine can be calculated as [31] in the case of the expansion 

process operating above T0: 

   Δ   
 

in out out out outE = m e P ,T ‐ e P ,T   (5) 

      
 

in in in out outE = m e P ,T ‐ e P ,T   (6) 

  
tr in out outE = m e P ,T   (7) 

Figure 3. Temperature evolution in the gas cooler and evaporator.

The total of exergy losses of the heat pump system is defined as a summation of exergy
loss of all components present in Table 1:

.
ITotal =

.
IC +

.
IGc +

.
IT +

.
IE (1)

Table 1. Thermodynamic Analysis of heat pump system components.

Component Energy Analysis Exergy Analysis

Compressor
ηC = 0.9343− 0.04478(PGc/PE).

WC =
.

m(h2 − h1)

.
IC =

.
mT0(s2 − s1)

Gas cooler
.

QGc =
.

m(h2 − h3).
QGc =

.
mext,Gc(h6 − h5)

.
IGc = T0

[ .
m(s3 − s2) +

.
mext,Gc(s6 − s5)

]
Expansion valve h3 = h4

.
IEv =

.
mT0(s4 − s3)

Tesla turbine
.

WT =
.

m(h3 − h4)
.
IT =

.
mT0(s4 − s3)

Evaporator
.

QE =
.

m(h1 − h4).
QE =

.
mext,E(h7 − h8)

.
IE = T0

[ .
m(s1 − s4) +

.
mext,E(s8 − s7)

]

The COP of the Tesla heat pump system (TeslaHPS) is calculated as:

COP =

.
QGc

(
.

WC −
.

WT)
(2)

The exergy efficiency of the TeslaHPS is defined as follows:

ηI I = 1 −
( .

ITotal
.

WC −
.

WT

)
(3)

The transiting exergy efficiency is given as [31]:
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ηtr =

.
Eout −

.
Etr

.
Ein −

.
Etr

=
∆

.
E

∇
.
E

(4)

where ∆
.
E and ∇

.
E are the exergy produced and exergy consumed in the process.

.
Etr is the

exergy that has not undergone transformation within an analyzed process. ∆
.
E, ∇

.
E, and

.
Etr the Tesla turbine can be calculated as [31] in the case of the expansion process operating
above T0:

∆
.
E =

.
min[e(Pout, Tout) − e(Pout, Tout) ] (5)

∇
.
E =

.
min[e(Pin, Tin) − e(Pout, Tout) ] (6)

.
Etr =

.
mine(Pout, Tout) (7)

∆
.
E, ∇

.
E, and

.
Etr the exergy produced and consumed and transiting exergy within the

Tesla turbine, respectively.
The Grassmann exergy efficiency is given as:

ηGr =

.
Eout

.
Ein

(8)

It can be noticed that the exergy losses can be calculated by subtracting the numerator
from the denominator in Equation (4). The details regarding the transiting exergy efficiency
can be found in references [20,31].

3. CFD Model

Computational fluid dynamic (CFD) assists the researcher to understand the phenom-
ena of fluid flow inside the domain of study based on the conservation of mass, momentum,
and energy. Even though the CFD is a useful tool in simulating fluid motion, wrong
assumptions lead to inaccurate results. Therefore, the following steps must be considered
correctly: accurate working fluid, state equation, appropriate turbulence model, boundary
condition, and grid independence study. In this study, the thermodynamic modeling of
the Tesla turbine is considered; however, more details about the CFD modeling can be
found in [6].

3.1. Carbon Dioxide Thermodynamic Properties

Figures 4 and 5 illustrate the density (ρ) and the specific heat at a constant pressure
(CP) of CO2 as a function of pressure and temperature, respectively. As it is presented in
Figure 4, the density varies from 50 to 850 kg·m−3, and CP varies from 1 to 140 kJ kg−1 K−1.
Therefore, the nonlinear behavior of CO2 near the critical point is a major problem in the
CFD modeling this fluid.

In the present study, the very high resolution of the real gas property (RGP) table
is implemented into the commercially available ANSYS CFX software. Further details
regarding RGP can be found in [6].

Figure 6 illustrates the tabulated region of CO2 in which the RGP table range for
pressure is chosen from 1 to 20 MPa, and for temperature, 220 to 400 K is considered to
cover all the simulation criteria.
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3.2. Turbulence Model

In this study, a 3-D numerical model of the Tesla turbine was developed using the
shear stress transport turbulence model (SST), and the flow pattern in the Tesla turbine
can be considered a steady state [32,33]. The SST turbulence model effectively applies the
k-ε turbulence model and the k-ω turbulence model in the free stream and near the wall
region, respectively.

The mass, momentum, and energy equations for compressible turbulence flow in the
Tesla turbine are:

∂

∂xj

(
ρuj
)

= 0 (9)

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)]
+

∂

∂xj

(
−ρu′iu

′
j

)
(10)

∂

∂xj

[
ρui

(
h +

1
2

uiuj

)]
=

∂

∂xj

[(
τij
)

e f f ui + ke f f
∂T
∂xj

]
(11)

The turbulence kinetic energy (k) and specific turbulence dissipation (ω) of the SST
model result from solving the following transport equations:

∂

∂xj

(
ρkuj

)
=

∂

∂xj

[(
µ +

µt

σk2

)
∂k
∂xj

]
+ Pk − β′ρkω (12)

∂

∂xj

(
ρωuj

)
=

∂

∂xj

[(
µ +

µt

σω3

)
∂ω

∂xj

]
+ 2ρ(1 − F1)

1
σω2ω

∂k
∂xj

∂ω

∂xj
+ α

ω

k
Pk − β3ρω2 (13)

For further details regarding the coefficients in Equations (12) and (13), refer to [34].

3.3. Boundary Conditions

The geometry of the Tesla turbine is taken from a previous study [6] and is shown in
Figure 7. In addition, the boundary conditions of the Tesla turbine are presented in Table 2
and the Tesla turbine geometry is presented in Table 3.
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Table 2. Boundary conditions of the Tesla turbine.

Boundary Condition Value

Inlet
Inlet pressure 10 (MPa)

Inlet temperature 35 (◦C)

Outlet Outlet pressure 4 (MPa)

Stator Adiabatic and no-slip
boundary condition -

Rotor–stator interface Frozen rotor method -

Rotor Rotating speed 250, 500, 750, 1000, 1250, 1500,
1750, and 2000 (rad/s)
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Table 3. Tesla turbine design dimensions [6].

Section Dimension

Rotor outer diameter 100 (mm)
Rotor inner diameter 38.4 (mm)
Rotor disk thickness 1 (mm)

Disk spacing 0.3, 0.5, and 1 (mm)
Inlet nozzle angle 10◦

Number of disks 5

The CFD validation and grid independence study were carried out in our previous
study [6]. For the current study, 1.425 million hexahedral cells are constructed in the CFD.

4. Results and Discussion

The aim of this section is to investigate the effect of the Tesla turbine on the COP,
transiting exergy efficiency, exergy losses, and exergy efficiency of the heat pump cycle
integrated with the Tesla turbine. The effect of the disk spacing and rotor speed on the
Tesla turbine parameters, which are torque and power, are investigated. In addition, the
exergy loss and transiting exergy efficiency of the Tesla turbine are investigated. Finally,
the effect of Tesla turbine disk spacing on the COP and exergy efficiency of the TeslaHPS
is presented.

4.1. Effect of Rotor Speed and Disk Spacing on the Tesla Turbine Parameters

The torque production with respect to the disk spacing and rotor speed is presented in
Figure 8. The mass flow increases in proportion to the disk spacing due to the increase in
area, which leads to an increase in torque production at a constant rotor speed. A higher
rotor speed leads to a lower torque on the rotor wall. For better understanding, the pressure
contour and flow path at a constant disk spacing and different rotor speeds are presented
in Figure 9. The working fluid pressure at the rotor inlet increases with increasing rotor
speed from 250 to 2000 rad/s, which leads to a higher mass flow rate and then leads to a
higher torque. Besides, the flow paths for the different rotor speeds show that the working
fluid at a lower rotor speed produces higher tangential velocity and lower radial velocity,
which causes higher centrifugal force and, consequently, higher torque.
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The power of the Tesla turbine depends on the torque production and rotor speed, and
as shown in Figure 10, increasing the rotor speed reduces the torque. Therefore, the turbine
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power increases until at optimum rotor speed and then decreases. The maximum power of
the turbine at 1 mm disk spacing is 861 W, which occurs at 1000 rad/s. Increasing the rotor
spacing produces more torque, so the turbine power at a constant rotor speed is higher.
However, the specific power of the turbine is maximized at a lower disk spacing, which
can be explained by the increase in the mass flow rate at a higher disk spacing. Therefore,
increasing the mass flow rate overcomes the increasing turbine power, which leads to a
decrease in specific power.

The effect of disk spacing and rotor speed with respect to the Tesla turbine exergy
loss and specific exergy loss is presented in Figure 11. The exergy loss of the Tesla turbine
depends on the inlet mass flow rate and specific exergy loss. The specific exergy loss of the
Tesla turbine decreases until the optimum rotor speed and then increases due to the mutual
effect of torque and rotor speed. In addition, increasing the disk space leads to increasing
the mass flow rate, and increasing the mass flow rate has a direct effect on the exergy loss
of the Tesla turbine. The minimum value of the exergy loss of the Tesla turbine occurs at a
lower rotor speed with increased disk spacing. With the same inlet and outlet conditions
(10 and 4 MPa), the specific exergy loss of the expansion valve equals 11.8 kJ/kg, and the
maximum and minimum specific exergy losses of the Tesla turbine are 10.8 and 7.7 kJ/kg.
Thus, it can be concluded that if the Tesla turbine performs under its ideal condition, the
percentage of exergy loss can be reduced by up to 34.7%.
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The effect of rotor speed and disk spacing on the transiting exergy efficiency and
transiting exergy is illustrated in Figure 12. The transiting exergy efficiency of the Tesla
turbine illustrates the same trend of specific power in which the transiting exergy efficiency
increases until the optimum value of the rotor speed and then decreases. As the disk
spacing decreases, the transiting exergy efficiency increases. The maximum transiting
exergy efficiency, minimum turbine exergy loss, and maximum specific power occur at
the same rotor speed, which means that transiting exergy efficiency is able to predict the
optimum rotor speed corresponding to the maximum specific power. In addition, the Tesla
turbine has a higher transiting exergy at a lower rotor speed and increasing the disk spacing
leads to an increase in the transiting exergy.
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Table 4 shows the exergy metrics of the Tesla turbine with respect to the rotor speed.
It can be observed that the transiting exergy efficiency increases from 56.16% to 67.96%
when increasing the rotor speed from 250 to 1500 rad/s and then decreases slowly to about
66.43% (about 2.25% of decrease) when rotor speed rises to 2000 rad/s. Since both consumed
∇

.
E and produced ∆

.
E exergies decrease by increasing the rotor speed, the reduction in

exergy production is surpassed by the reduction in exergy consumption, which causes
the augmentation of the transiting exergy efficiency until reaching the optimum rotor
speed (1500 rad/s). Furthermore, the reduction of the exergy consumption overcomes
the reduction of the exergy production, which leads to decreasing the transiting exergy
efficiency. The results also show a minimum value for the exergy loss, and maximum
values of the transiting exergy efficiency and Grassmann exergy efficiency occur at the
same rotor speed.

Table 4. Variation in exergy metrics with respect to the rotor speed for the Tesla turbine at disk
spacing = 0.3 mm.

Ω ∆
.
E ∇

.
E

.
Etr ηtr

.
I

.
Ein

.
Eout ηGr

(rad/s) (kW) (kW) (kW) (%) (kW) (kW) (kW) (%)

250 1.64 2.92 24.04 56.16 1.28 26.96 25.68 95.25
500 1.77 2.92 24.01 60.62 1.15 26.93 25.78 95.73
750 1.87 2.91 23.94 64.26 1.04 26.85 25.81 96.13
1000 1.92 2.89 23.82 66.44 0.97 26.71 25.74 96.37
1250 1.94 2.87 23.64 67.59 0.93 26.52 25.58 96.46
1500 1.93 2.84 23.42 67.96 0.91 26.27 25.35 96.50
1750 1.89 2.82 23.23 67.02 0.93 26.05 25.12 96.43
2000 1.86 2.80 23.03 66.43 0.94 25.83 24.89 96.36

4.2. Effect of the Tesla Turbine on the Transcritical Heat Pump System

The effect of rotor speed and disk spacing on the COP and exergy efficiency of the heat
pump system integrated with the Tesla turbine is indicated in Figure 13. The gas cooler and
compressor inlet and outlet conditions are constant, so the power of the Tesla turbine is the
only effective parameter on the COP. The COP of the TeslaHPS at a constant disk spacing
reaches the maximum value at an optimum rotor speed and then decreases by increasing
the rotor speed. In addition, increasing the disk spacing leads to increasing the specific
power, and consequently, the COP of the TeslaHPS increases (Figure 10). From Figure 13, it
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is observed that exergy efficiency indicates a similar increase with respect to disk spacing.
Comparing COP and exergy efficiency between the TeslaHPS and traditional HPS, it can be
concluded that by employing the Tesla turbine as an expansion valve, the COP and exergy
efficiency improvements are up to 9.8% and 28.9%.
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Figure 13. The effect of rotor speed and disk spacing on the COP of the heat pump system integrated
with the Tesla turbine.

The exergy loss of each component is illustrated in Figure 14 in various heat pump
systems integrated with an expansion device, namely, Tesla turbine with 0.3, 0.5, and 1 mm
disk spacing and expansion valve. The exergy loss ratio for other components in the various
heat pump configurations is close to each other, and for the traditional HPS, the exergy
loss ratio in the evaporator, gas cooler, and compressor is lower than for the TeslaHPS
because the highest exergy loss ratio is assigned to the expansion valve. Consequently, other
components in the traditional HPS have a lower exergy loss ratio than in the TeslaHPS.
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5. Conclusions

In the present study, the numerical simulation of the Tesla turbine with CO2 as a
working fluid was analyzed using the RGP table at different rotor speeds and three different
disk spacings in the commercial ANSYS CFX solver. The CFD simulation showed that at a
higher disk spacing, the Tesla turbine power production is higher; however, the specific
power has the opposite trend. The tesla turbine produces more torque at a higher disk
spacing due to a higher mass flow rate. The maximum value of turbine transiting exergy
efficiency, as a function of rotor angular velocity, provides the maximum value of COP for
the TeslaHPS. In addition, by integrating the Tesla turbine, the COP and exergy efficiencies
of the heat pump system rise to 9.8% and 28.9%, respectively. In addition, the Tesla turbine
can recover up to 34.7% of the expansion valve exergy loss. The Tesla turbine can recover
approximately 14% to 20% of the compressor work and can be connected to the shaft. The
added value of the Tesla turbine is to produce mechanical work, which will reduce the
quantity of the required one for the compressor. The intervention of the turbine allows an
increase in the coefficient of performance of the heat pump. Certainly, the amount of work
generated by this turbine is not enough to power a generator or a pump for other things,
but this work is fed back into the system. Moreover, the important objective is to reduce
the exergy losses observed in the absence of the Tesla turbine in the system.
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Abbreviations
The following abbreviations are used in this manuscript:

Nomenclature
C specific power, kJ kg−1

ex specific exergy, kJ kg−1
.
E exergy rate, kW
h specific enthalpy, kJ kg−1

H enthalpy, kW
.
I exergy loss, kW
k turbulence kinetic energy, m2 s−2
.

m mass flow rate, kg s−1

P pressure, MPa
.

Q heating load, W
s specific entropy, kJ kg−1 K−1

t time, s
T temperature, ◦C or K
ui fluid velocity component in xi-direction, m s−1
.

W power, W
xi coordinates
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Greek symbols
v specific volume, m3 kg−1

η efficiency
ρ density, kg m−3

µ dynamic viscosity, kg m−1 s−1

Ω rotor angular velocity, rad s−1

τ stress tensor, N m−2

σ torque, N m
ω specific dissipation
Subscripts
C compressor
E evaporator
Ed expansion device
Ev expansion valve
Ext external
in inlet
Gc gas cooler
Gr Grassmann
i, j, k Cartesian indices
out out
sat saturated
T turbine
tr transiting
Acronyms
COP coefficient of performance
EoS equation of state
HEM homogeneous equilibrium
HPS heat pump system
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