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In this study, thermal models for subcritical and supercritical geothermal powered organic Rankine cycles are developed to compare the performance of these
cycle configurations. Both of these models consist of a detailed model for the shell
and tube heat exchanger integrating the geothermal and organic Rankine cycles
sides and basic thermodynamic models for the rest of the components of the cycle.
In the modeling of the heat exchanger, this component was divided into several zones and the outlet conditions of each zone were found applying logarithmic
mean temperature difference method. Different Nusselt correlations according to
the relevant phase (single, two-phase, and supercritical) were also included in this
model. Using the system-level model, the effect of the source temperature on the
performances of the heat exchanger and the organic Rankine cycle was assessed.
These performance parameters are heat transfer surface area and pressure drop of
tube side fluid for the heat exchanger, and electrical and exergetic efficiencies of
the integrated organic Rankine cycles system. It was found that 44.12% more net
power is generated when the supercritical organic Rankine cycle is used compared
to subcritical organic Rankine cycle.
Key words: shell and tube heat exchanger, subcritical, supercritical,
organic Rankine cycle, geothermal, performance assessment,
zone modeling

Introduction

Fossil fuels have started to be replaced with renewable energy resources such as
wind, solar, biomass, hydro, and geothermal in the power generating systems as the consumption of the fossil fuels and the concerns on the environmental problems (e. g. air pollution,
global warming, and ozone depletion) have increased [1, 2]. In the locations where geothermal
resources are available, geothermal power plants have been built since early 1960s; and the installation of these plants have increased significantly in the last decades [3-7]. These plants are
based on organic Rankine cycle (ORC) technology, which can convert low-grade heat source
into electrical energy [8, 9]. Although this technology is not new, researchers still work on the
development of this cycle to increase the cycle efficiency and electricity generation. In order to
obtain a high performance from this cycle, selection of the design (e. g. type of heat exchanger
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and turbine) and operating parameters (e. g. type of working fluid, source temperature, and
turbine inlet temperature and pressure) plays a crucial role [10].
According to the temperature and pressure of the turbine inlet of an ORC, the cycle
could operate either in subcritical or supercritical conditions. There are some studies on the
devel-opment of subcritical ORC and their components through modeling and experimental
studies. For example, Heberle and Bruggeman [11] studied the concepts of serial and parallel
circuits of ORC. The selection of the fluid type was assessed for some operating parameters
such as geothermal water inlet temperature and supply temperature of the heating system.
The results of this study showed that for the serial case of ORC, isobutane is the most suitable
working fluid type; whereas for the parallel case, isobutane and R227ea are the favourable
working fluid types. Tempesti and Fiaschi [12] conducted a thermo-economic analysis of a
micro-ORC system integrated with solar collectors. The thermo-economic performance of
three different working fluids (e. g. R134a, R236fa, and R245fa) was compared. This analysis
showed that R245fa is the most convenient fluid as it ensured the lowest price for electricity
production and overall cost of the plant. Wang et al. [13] developed a mathematical model for
subcritical ORC and conducted a parametric optimization using simulated annealing method.
The results of their study showed that R123 is the best choice for the temperature range 100180°C; whereas R141b is the suitable fluid for the temperature higher than 180 °C. Marion et al.
[14] proposed a mathematical model for subcritical ORC integrated with the solar-thermal collector. R134a, R227ea, and R365mfc were considered as the different working fluid
types. Their results showed that higher performance is obtained when R365mfc is used as the
working fluid; and the performances of ORC using R134a and R227ea follow it, respectively. Kosmadakis et al. [15] presented a detailed experimental investigation of a small-scale
subcritical ORC having the working fluid as R404A. In addition, ORC system is coupled
with PV/T collectors and performance assessment was conducted comparatively. The experimental tests were conducted at laboratory conditions for summer and winter seasons.
The most important result of laboratory tests is that ORC system can achieve sufficient thermal efficiency when working at very low temperature. Barbazza et al. [16] modeled a solar
driven small scale ORC with turbogenerator. They also conducted an optimization study
using genetic algorithm method. In this optimization study, evaporating pressure, minimum
allowable temperature difference of the evaporator, and condenser and ORC working fluids
(R1234yf, R1234ze, R245fa, R245ca, and n-pentane) were selected as decision variables;
whereas the net power output, and the system volume were selected as objective functions.
The results of this study showed that the minimum allowable temperature difference of the
evaporator and condenser had significant effect on the performance of the system. In addition, R1234yf and R1234ze were the most appropriate working fluids to increase the performance of the system.
A supercritical ORC generally yields higher power output compared to a subcritical
cycle; however higher investment cost, and selecting appropriate materials for the components such as turbine, heat exchanger, and fasteners such as vanes are the main disadvantages of the supercritical cycle [17]. There are some studies on the design and modelling of
supercritical ORC systems and their components. For example, Wang et al. [18] proposed a
regenerative supercritical and subcritical dual loop ORC system. A mathematical model was
employed to analyze the performance of the system (the cycle efficiency and the net power
output). In addition, they presented the effects of regeneration and operating parameters such
as turbine inlet pressure and temperature on the performance of the subcritical and supercritical ORC dual loop. The results of this study showed that dual loop ORC system achieved
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higher performance than the traditional ORC systems. Dong et al. [19] presented the selection of the working fluid type and determination of cycle parameters through a thermodynamic modeling study. They found that Siloxane MM is the most appropriate working fluid
for high temperature ORC system (higher than 200 °C). Turbine inlet temperature is found
to be more influential than the inlet pressure of the turbine on the ORC efficiency. Hsieh et
al. [20] experimentally examined a 20 kW supercritical ORC having a screw turbine and
R218 as the working fluid in order to investigate the system performance at the heat source
temperature of 90-100 °C in both subcritical and supercritical conditions. The results of this
study showed that the thermal efficiency of the supercritical ORC was 5.7%, 5.38%, and
5.28% for the heat source temperature of 90 °C, 95°C, and 100°C, respectively. Shengjun
et al. [21] conducted a thermodynamic and economic performance study for both subcritical
and supercritical geothermal powered ORC systems for low temperature geothermal resource
temperature levels (i. e. 80-100 °C). They found that R123 as the working fluid type yields
the highest performance in subcritical ORC; whereas R125 as the working fluid type provides
favorable economic and environmental performance in supercritical ORC cycle. Vetter et al.
[22] conducted a thermodynamic analysis of an ORC utilizing the energy of low temperature
geothermal wells. They discussed the effect of the geothermal brine inlet temperature on the
performance of both subcritical and supercritical ORC. They found that using propane instead of CO2 yields higher performance of the cycle compared.
Heat exchangers are critical elements affecting the performance and cost of ORC [23].
They can be classified according to construction type such as shell and tube, plate, compact, and
finned tube. Shell and tube heat exchangers have been preferred for large-scale ORC applications since they can be used at higher operating temperature and pressure, and also tube leaks
around the heat exchangers are easily identified [24]. For small-scale ORC applications, plate
type heat exchanger has been used since they can be used at lower mass flow rates, pressures
and temperatures, and they have lower manufacturing and maintenance costs [25]. There are
some studies in the literature on the design and modelling of heat exchangers for ORC applications. For example, Erdogan et al. [26] developed a detailed thermal model for the shell and
tube heat exchanger, which combines a PTSC and an ORC. Parametric studies were conducted
to find the effect of some of the key design and operating parameters (e. g. inner tube diameter,
baffle spacing, number of tubes, tube length, shell side and tube side working fluids) on the performance of the heat exchanger such as heat transfer surface area, and the pumping power. In
addition, a optimization study using two-stage Taguchi method was applied to find the optimum
design parameters that yield the minimum heat exchanger surface area and pumping power. The
results of this study showed that the baffle spacing is the most dominant design parameter affecting the performance of the heat exchanger; and Therminol VP1 or Dowtherm A as the PTSC
side fluid and R245fa or R600 as the ORC side fluid should be preferred. Zhang et al. [27] used
three different heat exchangers which are plate heat exchanger, shell and tube heat exchanger,
and finned tube heat exchanger in the ORC system to investigate the ORC cycle performance
comparatively. They obtained the optimal evaporating pressure, pinch point temperature difference, net power output, and dynamic payback period corresponding to the minimum electricity
cost. The results showed that the electricity production cost of both plate heat exchanger based
evaporator and condenser is the highest. Lazova et al. [28] designed a supercritical helical coil
heat exchanger and tested it under real operational conditions. Three heat transfer correlations,
which were taken from the literature, were used for different working fluid types. The results
showed the uncertainty of these correlations is approximately 20% for different operating conditions of an ORC.
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Literature survey conducted shows that there are many studies on the thermodynamic
analysis of ORC systems; however inclusion of detailed analysis of ORC components, especially heat exchangers, in the ORC system-level models is limited. In this study, a thermal
model of a geothermal powered ORC, which includes zone-modeling approach for the shell
and tube heat exchanger and simple thermodynamic models for the remaining components, is
developed to compare subcritical and supercritical configurations. Using this model, the effect
of source temperature on the design and performance of the shell and tube heat exchanger (the
tube side pressure drop, the heat transfer surface area, and the exergetic efficiency and effectivevess of the heat exchanger) and the performance of the ORC system (the electrical and
exergetic efficiencies) is investigated for both configurations.
System description

The process flow diagram of subcritical and supercritical geothermal powered ORC
systems modeled in this study is shown in fig. 1. The operating principle of the ORC system is
as follows. The geothermal brine extracted from production well enters the shell side of the heat
exchanger (the shell and tubes are made of stainless steel). Here, it transfers its heat to the ORC
working fluid. On the other hand, working fluid of the ORC system enters from the tube side
of the heat exchanger. Depending on the cycle configuration, the working fluid exiting the tube
side of the heat exchanger is at either subcritical or supercritical state. Then, the working fluid
enters the turbine where the power is produced. After it leaves the turbine, it enters the following components consecutively before entering the heat exchanger again: the desuperheater, the
air cooled condenser (ACC), the pump, and the desuperheater. On the other side, the geothermal
brine exiting the heat exchanger is sent back to reinjection well.
Generator

Subcritical case
Vapor region

Turbine
Production well

Two phase region

Heat
exchanger

Liquid region

Air cooled
condenser

Desuperheater

Pump
Vapor region
Liquid region
Reinjection well
Supercritical case

(3)

(1)
(2)
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(2)
(3)

Geothermal brine
ORC working uid
Air

Figure 1. The schematic of the geothermal powered ORC system

Method

In this study, a detailed thermal model is used for the shell and tube heat exchanger
for subcritical and supercritical ORC configurations; whereas energy balances are applied for
the remaining ORC components. The modelling approach and the equations are given in the
following subsections. These equations are solved using the engineering equation solver (EES)
software. The main assumptions are given as follows.
–– Heat losses from the components are neglected.
–– Changes in kinetic and potential energies and their effects are ignored.
–– The ORC system runs at steady-state conditions.
–– The geothermal fluid leaving the production well is at saturated liquid state.
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–– In the two-phase zone of the subcritical ORC, the quality of ORC working fluid is taken as
0.5 in finding the thermophysical properties, the heat transfer coefficient, and the tube side
pressure drop.
–– Pressure drops in the desuperheater and the ACC are neglected.
–– The thermophysical properties of cold (ORC working fluid) and hot (geothermal brine)
fluids are calculated based on the average temperature of each zone.
Thermal model of the heat exchanger

In this subsection, the modelling equations and approach for the shell and tube heat
exchanger are given. In this model, the heat exchanger is divided into three zones (liquid, two
phase, and vapor) for subcritical ORC; whereas it is divided into two zones (liquid and vapor)
for supercritical ORC. Zone-modeling approach is applied since the Nusselt number and pressure drop correlations change for each zone and a better estimation of thermophysical properties can be done using this approach. In the modelling of the heat exchanger, the temperatures of
ORC working fluid entering and leaving each zone of heat exchanger in subcritical and supercritical ORC are considered to be known. Hence, the unknown temperatures of geothermal fluid
entering and leaving the heat exchanger are found applying the energy balance for each zone.
This model gives us the heat exchanger design (the heat transfer surface area) and performance
parameters (the tube side pressure drop, the exergetic efficiency of the heat exchanger and the
heat exchanger effectiveness).
In the modeling of the heat exchanger, the heat transfer rate between hot (geothermal
brine) and cold (ORC working fluid) streams is first found applying an energy balance around
the cold stream in a relevant zone. Then, the enthalpy of hot fluid outlet for each zone can be
found applying energy balance around the hot stream in that zone.
Overall heat transfer coefficient (U) can be found using eq. (1):
1 Do 1 ln ( Do / Di ) 1 Do
R " fi + R " fo
=
+
+ +
U Di hi
2πkL
ho Di

(1)

where R''fi and R''fo are tube side and shell side fouling factors, which depends on fluid type,
respectively. This parameter can be found in [24, 29]. To calculate the heat transfer coefficient
of the tube side fluid (hi), Reynolds number should be calculated first [24]. After calculating the
Reynolds number, Nusselt number can be Table 1. The input parameters of the
found according to the relevant phase and heat exchanger model [26]
regime (laminar or turbulent). For single
Parameters
Values
phase flow, two phase flow and supercritiGeothermal
Shell side fluid
cal phase, the relations given by Incropera
water
et al. [30], Kandlikar [31] and Fang et al.
Tube (ORC) side fluid
R134a
[32] are used, respectively. Shell side heat
Number of pass
1
transfer coefficient (ho) is calculated using
Number of tubes
1000
the equation proposed by McAdams [24].
Inner
diameter
of
tube
[m]
0.016
Logarithmic mean temperature difference (LMTD) method is used to find
Baffle spacing [m]
0.5
the length of each zone. For this purpose,
Tube pitch [m]
0.0254
an iterative solution method is applied
Mass flow rate of shell side fluid [kgs–1]
120.7
making an initial guess for the length of
Mass flow rate of tube side fluid [kgs–1]
213.4
each zone. Using this initial guess, the
–1 –1
Thermal conductivity of tube [Wm K ]
63.9
equations given, eqs. (1) and (2), and data
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given in tab. 1 are solved to calculate the overall heat transfer coefficient (U) for each zone.
Using this value, eq. (2) is solved to calculate the length of each zone again. The iteration must
continue until the absolute value of the difference between the initial guess of the length of the
zone and the length of the zone found from eq. (2) is smaller than 10–3 m. It should be noted that
there are separate iterations for each zones in this solution approach.

Q
hx
Lzone =




(2)
 (Th ,i − Tc ,o ) − (Th ,o − Tc ,i ) 
UF 
πDo NT npass

(Th,i − Tc,o ) 

ln

(Th,o − Tc,i ) 

After finding the length of each zone using iterative solutions, the heat transfer surface
area of the heat exchanger is calculated using eq. (3):
Ahx = πDo Lhx NT npass

(3)

The pressure drop of tube side between the inlet and exit streams is calculated for each
zone. For single phase, two-phase and supercritical regions, pressure drop in tube side is given
in eqs. (4)-(6), respectively. In these equations, ftp and fs denote the two phase and supercritical
pressure friction factor and are given in [31] and [32], respectively.
npass
ρV 2
=
∆Ptube 4exp 0.576 − 0.19 ln ( Reo )  Lzone
+ 4npass
(single phase [ 24])
Di
2
m
2 f tp Lzone v f  x ( v − v ) 
g
f
A
1 +
 (two-phase [33])
=
∆Ptube
Di
2v f


∆Ptube

m
2 f s Lzone
=A
(supercritical phase [32])
2 ρ Di

The heat exchanger effectiveness can be found using eq. (7):

m h ( hh ,i − hh , o )
Q
hx
=
ε hx =
m c ( hh ,i − hc ,i ) m c ( hh ,i − hc ,i )

(4)
(5)

(6)

(7)

The exergetic efficiency of the heat exchanger can be found using eq. (8):

ηhx =

m c ( hc ,i − hc , o ) − To ( sc ,i − sc , o ) 

m h ( hh ,i − hh , o ) − To ( sh ,i − sh , o ) 

(8)

Thermal model of the ORC systems

For the control volumes enclosing each component of the system, steady state mass
and energy balances are applied using eqs. (9) and (10), respectively. Using these equations, the
thermodynamic properties of each state, power produced by the turbine, power consumed by
the pump, and net power output of the system can be found:
=
0

∑m − ∑m
i

i

e

e

(9)
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i

i

i

i
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1
+ gzi ) − ∑m e (he + Ve 2 + gze ) + Q cv − Wcv
2
e

(10)

The performance assessment parameters, which are electrical and exergetic efficiencies are calculated as given in eqs. (11) and (12), respectively:
Wnet
Wnet
=
ηel =
(11)

Q
m ( h − h )
hx

=
ηex

h ,i

h

h,o

Wnet
Wnet
=


Eh ,i − Eh , o m h ( hh ,i − hh , o ) − To ( sh ,i − sh , o ) 



(12)

Results and discussion

In this section, the results and discussion on the effect of source temperature on the
heat exchanger performance parameters (pressure drop of the tube side fluid of each zone, the
heat transfer surface area, the heat exchanger effectiveness, the exergetic efficiency of the heat
exchanger) and the overall ORC performance parameters (the electrical and exergetic efficiencies) are presented. One shell and one tube pass type heat exchanger is selected in the subcritical and supercritical ORC systems. The input parameters for the heat exchanger and ORC
models are given in tabs. 1 and 2, respectively.
The results on the effect of source temperature on the design and performance of the
heat exchanger for subcritical and supercritical ORC systems are presented in figs. 2(a) and
2(b). These figures also include a comparison between two different heat exchanger modeling approaches (single-zone and multi-zone). In single-zone modeling, the heat exchanger is
considered as a whole and single-phase flow correlations are applied; whereas in multi-zone
modeling, the equations given in the section Method are applied. Figures 2(a) and 2(b) show
the change of heat transfer surface area and the tube side pressure drop for different source
temperature, and subcritical and supercritical ORC. For the source temperature of 430 K, it
was obtained that the heat transfer surface areas and the tube side pressure drops for both subcriticial and supercritical ORC obtained from single zone modelling approach are 744.5 m2
and 835.6 m2 and 341.6 kPa and 441.1 kPa, respectively; whereas the heat transfer surface
area and the tube side pressure drops for both subcritical and supercritical ORC obtained from
multi-zone modelling approach are calculated as 1173.07 m2 and 844.7 m2 and 987 kPa and
215.3 kPa, respectively. The multi-zone modelling approach is expected to give more accurate
results since the thermo-pysical properties and heat transfer and pressure drop correlations were
evaluated in a more precise way. Figure 2(a) shows that as the source temperature increases
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Figure 2. The effect of the source temperature on the heat transfer surface area and pressure drop
of tube side fluid for R134a; (a) in subcritical ORC and (b) supercritical ORC
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from 419.5 K to 433.6 K, the heat transfer surface area obtained from single zone modelling approach decreases (1039-681.4 m2). This finding is mainly due to the fact that as the
source temperature increases, the overall heat transfer coefficient given in eq. (1) increases from
955-990 W/m2K. Since the area of the heat exchanger is inversely proportional to overall heat
transfer coefficient, length of the heat exchanger decreases. The heat transfer surface area
obtained from multi-zone modelling approach also decreases (2345.9-962.31 m2) with an increase in the source temperature. Similar to the single-zone approach, length of each zone decreases when the source temperature increases. On the other hand, the change of the tube side
pressure drop with respect to source temperature is also shown in fig. 2(a). As the source temperature increases, the tube side pressure drop obtained from single zone modelling approach
decreases. This finding is mainly due to the decrease in the heat exchanger length. In addition,
when the source temperature increases, the tube side pressure drop obtained from multi-zone
modelling approach also decreases. This result can be clarified as follows. As the source temperature increases, the length of each zone decreases. In addition, in the two phase zone, the
specific volume difference between the saturated vapor and saturated liquid states decreases.
Due to this reason, the nominator of eq. (5) decreases, thus the tube side pressure drop in the
two-phase zone decreases. For the supercritical ORC system, the effect of source temperature
on the heat transfer surface area of the heat exchanger and tube side pressure drop is similar
to that for the subcritical ORC. In the multi-zone modeling approach, the decrease in the tube
side pressure drop with an increase in the source temperature can be explained as follows. As
the source temperature increases, the viscosity and density of the ORC working fluid entering
the vapor zone at wall temperature decrease. Thus, the supercritical pressure friction factor
decreases. It was also found that the liquid zone pressure drop is higher than the vapor zone
pressure drop for a given source temperature.
Table 2. Input parameters of the subcritical and supercritical ORC [2,26]
Common parameters
The mass flow rate of air in the ACC [kgs–1]

3240 [2]

The fan power in the ACC [kW]

600 [2]

The generator efficiency

98% [2]

The isentropic efficiency of the turbine
The pressure of the condenser [kPa]
The pressure of geothermal water entering the heat exchanger [kPa]
The temperature of geothermal water entering the heat exchanger [K]

80% [2]
947 [2]
624.8 [2]
433.6 [2]

Subcritical ORC parameters
The pressure of ORC working fluid entering the heat exchanger [kPa]

3000 [26]

The temperature of ORC working fluid entering the heat exchanger [K]

343 [26]

The temperature of ORC working fluid entering the turbine [K]

370 [26]

Supercritical ORC parameters
The pressure of ORC working fluid entering the liquid region zone
of the heat exchanger [kPa]

4370 [2]

The temperature of ORC working fluid entering the liquid region zone
of the heat exchanger [K]

360 [2]

The temperature of ORC working fluid leaving the supercritical region zone
of the heat exchanger [K]

390 [2]
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Figures 3(a) and 3(b) show the change of exergetic efficiency of the heat exchanger
and the heat exchanger effectiveness on the subcritical and supercritical ORC, respectively. For
the source temperature of 430 K, it was found that the exergetic efficiency of the heat exchanger
for supercritical ORC (74.8%) is higher than that for the subcritical ORC (35.24%). However,
the effectiveness of the heat exchanger for subcritical ORC (29.1%) is found to be higher than
that of the supercritical ORC (24.94%). These figures show that when the source temperature
increases from 417.7-433.6 K, the heat exchanger effectiveness for subcritical and supercritical ORC decreases from 32.6-28.2%, and 32.16-24.15%, respectively. These findings can be
explained as follows. As the source temperature increases, the enthalpy of geothermal water
entering the heat exchanger increase, thus the effectiveness of heat exchanger decreases. For
the same range of increase in the source temperature, the exergetic efficiency for subcritical and
supercritical ORC decreases from 41.25-18.02% and 80.27-72.42%, respectively. This trend is
mainly due to the fact that when the source temperature increases, the entropy change between
the inlet and exit streams of geothermal water decreases. This decrease increases the flow exergy change of the geothermal stream and the exergetic efficiency of heat exchanger decreases.
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Figure 3. The effect of the source temperature on the exergetic efficiency of the heat exchanger and the
heat exchanger effectiveness for (a) subcritical and (b) supercritical ORC

The effect of source temperature on the electrical and exergetic efficiencies of the
subcritical and supercritical ORC is also assessed. When the source temperature increases from
405-433.6 K, the electrical efficiency of the subcritical and supercritical ORC are constant
and are calculated as 7.85% and 15%, respectively. This trend is due to the fact that, the enthalpy change between the inlet and exit streams of the cold fluid (i. e. ORC working fluid)
does not change due to the considered inlet parameters of the model. On the other hand, the
exergetic efficiency of the subcritical and supercritical ORC decrease from 30.52-10.3% and
60.7-52.19%, respectively, with the same increase in the source temperature. This trend is
mainly due to the fact that, as the source temperature increases, the flow exergy rate change
increases since the entropy change between the inlet and exit streams of geothermal fluid for
each zone decreases.
Conclusions

In this study, thermodynamic models for geothermal powered subcritical and supercritical ORC are formed and the performances of these cycles are compared using these models.
These models include a detailed thermal model of shell and tube heat exchanger integrating
geothermal and ORC sides and basic thermodynamic models for the other components of the
cycle. In the modeling of the heat exchanger, this device was divided into several zones and the
outlet conditions of each zones were found applying energy balance and the LMTD method.
This zone-modeling approach was also compared with the single-zone approach. The effect of
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the source temperature on the performance and design of the heat exchanger was assessed for
the subcritical and supercritical ORC. The following main conclusions were derived from this
study.
yy When the inlet and exit conditions of the ORC working fluid are considered as known, as
the source temperature increases, the heat transfer surface area, the pressure drop, the exergetic efficiency, and the effectiveness of the heat exchanger decrease for subcritical and
supercritical ORC.
yy When multi-zone modeling approach is used instead of single-zone approach, at 430 K,
the heat transfer surface area and the pressure drop increase by 57.56% and 68.26% for
subcritical ORC, respectively; whereas they increase by 2.09% and decrease by 48.38% for
supercritical ORC, respectively.
yy The exergetic and electrical efficiencies of supercritical ORC are higher than those of the
subcritical ORC.
yy When the supercritical ORC is used, it was found that, more than 44.12% of net power is
produced.
yy The multi zone modeling approach is considered to give more accurate results than the single zone modeling approach.
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Nomenclature
A
D
Ė
fs
ftp
F
g
h
hi, hc
k
L
ṁ
npass
Nt
Nu
Q̇
R''f
Re
s
T
U
V
Ẇ

– heat transfer surface area, [m2]
– diameter, [m]
– exergy, [kW]
– supercritical pressure friction factor
– two phase pressure friction factor
– LMTD correction factor
– gravity of acceleration, [ms–2]
– enthalpy, [kJ kg–1]
– convection heat transfer coefficient
[Wm–2K–1)
– thermal conductivity, [Wm–1K–1]
– length, [m]
– mass flow rate, [kg s–1]
– number of passes
– number of tubes
– Nusselt number
– heat transfer rate, [W]
– fouling factor, [m2KW–1]
– Reynolds number
– entropy, [kJkg–1K–1]
– temperature, [K]
– overall heat transfer coefficient, [Wm–2K–1]
– velocity, [ms–1]
– power, [kW]

x
z

– quality
– elevation, [m]

Greek symbols

ε
η
ρ
υ

– effectiveness
– efficiency
– density, [kgm–3]
– specific volume, [m3kg–1]

Subscripts

c
e
el
ex
f
g
h
hx
i
net
o
wf
zone

– cold
– exit
– electric
– exergy
– fluid
– gas
– hot
– heat exchanger
– inner, inlet, tube
– net
– outer, outlet, dead state, shell
– working fluid
– zone
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