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a b s t r a c t

This paper presents a comparative thermodynamic and economic analysis of two kinds of
organic Rankine cycles (ORCs) with pure and zeotropic mixtures for recovering waste heat
from the exhaust gases of large diesel engines used in the offshore platforms of phase 12
of South Pars Gas on Persian Gulf. The mixtures of three hydrocarbons with two re-
frigerants in two cycle arrangements (simple ORC and ORC with internal heat exchanger)
at different evaporation temperatures are investigated to optimize three indicators. The
results showed that both the energy and exergy efficiencies are maximized at particular
mass fractions of refrigerants. The ORC with mixture of R236ea/Cyclohexane (with a ratio
of 0.6/0.4) has the best performance as its energy and exergy efficiency are 14.57% and
37.84%, respectively. These values are increased to 16.81% and 40.75%, respectively by
adding IHE to system. The minimum amount of the specific investment cost for the most
cases is achieved at the mass fractions of 0.1 and 0.5 and it is greater for the ORC with IHE.
Also the payback period of investment is calculated for comparison of economic value of
systems and it is observed that its amounts for the ORC with IHE are greater than simple
one.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

By the growing industrialization over the last decades, global energy consumption has increased to a level never reached
before, which has led to many serious environmental problems such as climate changes, air pollution, acid rain and ozone
layer depletion. Due to the energy shortage and emission problems, the issues of energy saving and energy efficiency
improvement has received more attention recently and has become a field of intense research and development. Utilization
of Organic Rankine Cycle (ORC) is one of the proposed solutions to increase the energy usage and to reduce environmental
emissions. Waste heat recovery is one of the applications of this system. As an example, by recovering waste heat from
exhaust gases of an engine, the efficiency of the engine will be greatly enhanced.

In an ORC, the working fluid is an organic compound instead of water in the traditional steam cycle. Lower boiling point
temperature and higher vapor pressure of organic fluids make better conformity with low and medium temperature heat
sources compared to water. Also the ORC technology has many other advantages such as possibility of local and small scale
power generation, simplicity of components and startup procedure, no need to operator attendance, easy maintenance
er Ltd. This is an open access article under the CC BY-NC-ND license
.
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Nomenclature

Abbreviations

CEPCI chemical engineering plant cost index
GWP global warming potential
IHE internal heat exchanger
ODP ozone depletion potential
ORC organic Rankine cycle
PP payback period
SIC specific investment cost

Greek letters

ΔHvap heat of vaporization ( )kJ/kgK
η efficiency (%)
μ dynamic viscosity ( )Pa s
ρ density ( )kg/m3

ε effectiveness of internal heat exchanger (%)

Symbols

̇Ex exergy destruction (kW)
̇E exergy (kW)

ṁ mass flow (kg/s)
Q̇ heat absorbed or released (kW)
Ẇ work (kW)
A heat transfer surface area (m2)
Bo boiling number
C cost ( )k$
h specific enthalpy ( )kJ/kg or heat transfer coef-

ficient ( )W/m K2

k thermal conductivity ( )W/mK
L length (m)
MM molar mass (g/mol)
Nu Nusselt number
P pressure ( )MPa
Pr Prandtl number

Re Reynolds number
s specific entropy ( )kJ/kgK
T temperature ( )K
U overall heat transfer coefficient ( )W/m K2

V velocity ( )m/s
x vapor quality

Subscripts

+IHE with internal heat exchanger
pH1 single phase
pH2 two phase

BM bare module
c condenser
cd condensation dew point
cr critical point
e evaporator
eb evaporation bubble point
f working fluid
g exhaust gas
I energy efficiency
i equipment i
IHE internal heat exchanger
II exergy efficiency
in inlet
l liquid
LMTD logarithmic mean temperature difference
net net output
out outlet
p pump
pp c, condensation pinch point
pp h, evaporator pinch point
t turbine
TBM total bare module
TCI total capital investment
tot total
v vapor
w cooling water
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procedure, long life, lower cost and applicability with various kinds of heat resource. Low thermal efficiency than that of the
steam cycle and organic fluid defects (i.e. flammability, toxicity, environmental concerns and their high cost) are the main
drawbacks of the ORC technology [1,2]. Therefore, many studies have been accomplished to find suitable organic working
fluids for the ORC system. Wang et al. [3] analyzed the performance of the ORC system using nine different pure organic
working fluids which has recovered waste heat from internal combustion engines on the vehicles. The results showed that
R245fa and R245ca were the most environmentally friendly working fluids. Shu et al. [4] investigated alkanes-based
working fluids and found that they may be more attractive for the ORC system in engine exhaust heat recovery. Tian et al. [5]
considered twenty low boiling organic fluids and reported that the R141b, R123 and R245fa perform better. Chacartegui [6]
analyzed the performance of low temperature ORC by using toluene, cyclohexane, isopentane, isobutene, R113 and R245,
and the results showed that the first two perform better. Roy et al. [7] optimized an ORC systemwith R12, R123, R134a, and
R717 as working fluids and found that the ORC with R123 has maximal thermal efficiency as well as minimal irreversibility.

Utilization of the pure fluids including single chemical compounds causes larger irreversibilities in the heat transfer
processes due to isothermal temperature profile in the evaporation and condensation. Using of the zeotropic mixtures as
working fluid enhance the temperature matching between fluids in heat exchangers and can partly solve this issue. The
effects of mixtures used in the ORC are investigated in the work of M. Chys [8]. The results showed that the cycle efficiency
increases at the specific heat sources, compared with pure fluids. Wang et al. [9] experimentally investigated the use of
zeotropic mixtures and R245fa for a solar ORC and found that the zeotropic mixtures can produce higher collector efficiency
and thermal efficiency compared to R245fa in the experimental condition. Heberle et al. [10] examined the performance of
isobutane/isopentane and R227ea/R245fa mixtures in a geothermal ORC. Investigation showed that the second law
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efficiency of zeotropic mixtures is higher than pure fluids. Bliem [11] compared a geothermal plant efficiency with mixtures
and pure fluids and found that the mixture of R114/R22 has 3–8% higher efficiency compared to pure R114.

Reforming the cycle configurations is the other way to improve the performance and the profitability of the system such
as regenerative configuration and a system combined with Internal Heat Exchanger (IHE). Shu et al. [12] analyzed the effects
of IHE on thermal efficiency and the exergy destruction of ORC with both pure fluids and mixtures. Investigation showed
that by adding IHE to system, cycle performance improved, and for benzene/R11 (0.7/0.3) mixture, the efficiency growth is
about 7.12% 9.72%. Li et al. [13] compared the thermal and exergy efficiency between the ORC with IHE and simple one and
found that the increase in ORC with IHE efficiency were higher for the mixtures R141b/RC318 than for pure R141b. Mago
et al. [14] investigated first and second law analysis and compared the regenerative ORC with the simple one and discovered
that the regenerative ORC has higher efficiency. Pei et al. [15] analyzed the performance of regenerative ORC compared to
simple one for solar thermal electricity generation. The results showed that the maximum efficiency and the maximum
overall system efficiency of regenerative ORC are 9.2% and 4.6–5.4% higher than simple one, respectively.

Also, there are many indicators which have used by researchers to analyze the performance of the system. In the study of
Roy et al. [16] three indicators, i.e. net power output, first and second law efficiencies, were used for the parametric opti-
mization of a waste heat recovery system based on an ORC. Yari [17] investigated the performance of different ORC con-
figurations such as regenerative ORC with internal heat exchanger, regenerative ORC, ORC with internal heat exchanger and
basic ORC using dry organic fluids, with thermal efficiency, exergy efficiency and exergy destruction rate as the performance
indicators. Aljundi [18] adopted three indicator parameters, which were thermal efficiency, second law efficiency and mass
flow rate to analyze the effects of the working fluid and critical temperature on the performance of ORC and found that the
efficiency is a strong function of working fluid's critical temperature. Thermodynamic and economic optimization of an ORC
was performed by Quoilin et al. [19] that is employed the total heat recovery efficiency, overall system efficiency and specific
investment cost of system to seek the optimal working conditions for the economic optimization with R600, R601, R123,
R134a, R1234yf, R245fa, SES36, and HFE7000. The results showed that R600 was the optimal working fluid. Cayer et al. [20]
carried out a parametric optimization of a transcritical power cycle using six indicators: net power output, thermal effi-
ciency, exergy efficiency, total surface of the heat exchangers, total heat transfer capacity and relative cost of the system.
Shengjun et al. [21] studied the performance of subcritical ORC and transcritical power cycle system using thermal effi-
ciency, exergy efficiency, recovery efficiency, heat exchanger per unit power output and the Levelized Energy Cost, as the
performance indicators. Xiao et al. [22] built a multi-objective function by the incorporation of single-objective functions,
i.e., net power output, exergy drop of the exhaust gas, total exergy destruction rate and total system cost. The model was
optimized using the method of linear weighted evaluation function by the use of pure working fluids R600a, R245fa, R601a,
R601, R123, and zeotropic mixed working fluids R600a/R601a, R245fa/R601a, R245fa/R601, R600a/R245fa.

A review of the above literature demonstrates that most of the investigations are concentrated on selecting or mixing
working fluids and optimization of the thermodynamic performance or cost of the ORC system. However, still there are only
a limited number of researches about the effects of mass fraction of fluids in the zeotropic mixtures especially in the
economic field. The aim of this paper is to optimize and compare the thermodynamic and economic potential of simple ORC
and ORC with internal heat exchanger using pure and zeotropic mixtures as working fluids under different mass fractions of
fluids, for recovering waste heat from the exhaust gases of large diesel engines used in the offshore platforms of phase 12 of
South Pars Gas on Persian Gulf. In summary, this paper presents the following specific subjects to the related field of study:

� Investigation of two cycle arrangements at special case: Simple ORC and ORC with IHE for waste heat recovery of offshore
diesel engine.

� Utilization of zeotropic mixtures: The mixtures of three hydrocarbons (Hexane, Cyclohexane and Isohexane) with two
refrigerants (R236ea and R245fa).

� Consideration of effects of mixtures in heat exchanger designing.
� Optimization of thermodynamic and economic indicators at different mass fractions of refrigerants: Energy efficiency,

exergy efficiency and specific investment cost.
� Comparison of economic value of systems using payback period of investment at different mass fractions of refrigerants.
� Examination of effect of evaporation temperature on the indicators at different mass fractions of refrigerants.
2. Systems and working fluids description

2.1. Systems description

Fig. 1 presents two kinds of cycle arrangements for Organic Rankine Cycles (ORCs): a simple ORC and an ORC with
Internal Heat Exchanger (IHE). A simple ORC system consists of an evaporator, a turbine, a condenser and a pump, while in
the ORC with IHE an internal heat exchanger is added to the cycle to improve the performance of the system. The turbines of
two systems are connected through the shaft to the generator to produce electricity.

In the present study, the heat source is the hot exhaust gas of a large diesel engine which is used in offshore platform of
South Pars Gas and the heat sink, is considered to be sea (Persian Gulf) water. The other parameters of the ORC systems are
given in Table 1.



Fig. 1. System diagrams and T-s diagrams of simple ORC and ORC with IHE.

Table 1
Some given parameters for ORC systems. (Parameters of the diesel engine are adopted from Ref. [23]).

Outlet temperature of exhaust gas, ( )T Kg in, 698.85

Iutlet temperature of cooling water, ( )T Kw in, 293.15

Evaporation bubble point temperature, ( )T Keb 410
Condensation dew point temperature, ( )T Kcd 328.15
Pressure of exhaust gas, ( )P kPag 150

Pressure of cooling water, ( )P kPaw 150
Evaporator pinch point temperature difference, Δ ( )T Kpp h, 20

Condenser pinch point temperature difference, Δ ( )T Kpp c, 10

Exhaust gas mass flow rate, ̇ ( )m kg/sg 1.2154
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The working fluid is pressurized by the pump to a high pressure (1–2). Next, the evaporator, evaporates the pressurized
working fluid and converts it to saturated vapor by the heat that absorbed from the hot exhaust gases (2–3). Then, saturated
vapor expands to a superheated vapor, by the turbine (3–4), where it delivers work to generate electricity. Finally, the
superheat vapor condensed into saturated liquid by the cooling water in the condenser (4–1). In the ORC with IHE, after the
pumping process, the pressurized working fluid absorbs heat ( −2 2IHE) by the IHE that is recovered from the stage after the
turbine ( −4 4IHE). Thus the cycles complete. The corresponding −T s diagram of two ORCs are shown in Fig. 1(b) and (d).

2.2. Working fluids candidates

The selection of working fluid of ORC is a very important procedure in the design process of a system. From numerous
working fluids there are just a certain number of them can be chosen. Many principles and limitations should be considered
when selecting the working fluids for the ORC application. The following guidelines and indicators which are adapted from
Quoilin et al. [24], should be taken into account to obtain good selection:

1. Thermodynamic performance: the efficiency and output power should be as high as possible for a given heat source and
heat sink temperatures. This performance depends on a number of interdependent thermodynamic properties of the
working fluid: critical point, specific heat, density, etc.

2. Positive or isentropic saturation vapor curve (ds dT/ ): a negative saturation vapor curve (wet fluid) leads to droplets in the
later stages of the turbine. The vapor must therefore be superheated at the turbine inlet to avoid turbine damage.

3. High vapor density: lower density leads to higher volume flow rate and the size of the heat exchangers must be increased
to limit the pressure drops. This has a non-negligible impact on the cost of the system.

4. Low viscosity and high conductivity: low viscosity and high conductivity in both the liquid and vapor phases result in
high heat transfer coefficients and low friction losses in the heat exchangers.

5. High safety level: safety involves two main parameters; toxicity and flammability.
6. Low Ozone Depleting Potential (ODP) and Global Warming Potential (GWP).
7. Good availability and low cost.

However, in general, it is not possible all the considerations to be collected simultaneously in one case. One of the
alternative ways to solve this problem is using zeotropic mixtures instead of pure fluids as ORC working fluid.

Using zeotropic mixtures as a working fluid also have another advantage which is obvious temperature glide in the phase



Table 2
The characteristics of the working fluid candidates [18,25].

Fluid MM Tcr Pcr ODP GWP type
(g/mol) (K) (MPa)

R236ea 152.04 412.44 3.502 0 1350 Dry
R245fa 134.05 427.16 3.651 0 1020 Dry
Hexane 86.175 507.82 3.034 0 0 Dry
Cyclohexane 84.161 553.64 4.075 0 Small Dry
Isohexane 86.175 497.7 3.04 0 Small Dry
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change process at constant pressure. This character of the mixture provides better temperature matching between the
temperature profile of the working fluid and the heat source or heat sink media profile. This causes that the outlet tem-
perature of evaporator and condenser, respectively, be higher and lower than that of the pure fluid and consequently
increases the cycle efficiency and reduces the exergy destruction of the system.

Finally, three hydrocarbons and two refrigerants are selected to mixing together according to the considerations. The
characteristics of the working fluid candidates are described in Table 2.
3. Thermodynamic modeling

For the performance analysis of ORC systems it is necessary to give operating conditions, because of the temperature
glide of mixtures during the phase change process. Therefore, the condensation dew point temperature Tcd (which is set as
cycle condensation temperature), and evaporation bubble point temperature Teb (which is set as evaporation temperature)
are considered to be fixed in the present work.

For simplicity in our thermodynamic modeling, the other general assumptions and the initial conditions are described
below:

� The all components of the ORC systems operate in the steady state conditions;
� The pressure drops and heat losses in thermodynamic analysis as well as changes in kinetic and potential energies are

neglected;
� The irreversibilities in the pipes are negligible;
� The compositions of the mixtures and working fluids do not change during the running process;
� The exhaust gas is supposed as ideal gas and its composition is assumed to be: oxygen¼11.23%, nitrogen¼74.16%, wa-

ter¼3.0% and carbon dioxide¼11.61%.
� The temperature glide profile of the mixtures is considered to distribute linearly along heat exchangers;
� The ambient temperature and pressure are 298.15 K and 1 atm, respectively;
� The isentropic efficiency of the turbine is 85% and for the pump is 80%. Also the effectiveness of IHE is ε = 50%.

The thermodynamic modeling of the systems is carried out by MATLAB with a combination of the REFPROP library
Version 8.0. [25] to retrieve fluids properties.

According to the first and the second laws of thermodynamics, the energy and exergy analysis are described as follows:

3.1. Energy analysis model

According to the first law of thermodynamics, the following formulas describe the energy behavior of working fluids at
any point of the ORC:

Heat absorbed and released in the evaporator and condenser are respectively calculated by:
Without IHE:

̇ = ̇ ( − ) = ̇ ( − ) ( )Q m h h m h h 1e g g in g out f, , 3 2

̇ = ̇ ( − ) = ̇ ( − ) ( )Q m h h m h h 2c w w out w in f, , 4 1

With IHE:

̇ = ̇ ( − ) = ̇ ( − ) ( )+Q m h h m h h 3e g g in g out f, , 3 2IHE IHE

̇ = ̇ ( − ) = ̇ ( − ) ( )+Q m h h m h h 4c w w out w in f, , 4 1IHE IHE

Heat recovery in the IHE:

̇ = ̇ ( − ) = ̇ ( − ) ( )Q m h h m h h 5IHE f f2 2 4 4IHE IHE
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Turbine power output:

η̇ = ̇ ( − ) = ̇ ( − ) > ( )W m h h m h h 6t f f s t3 4 3 4

Pump power input:

η̇ = ̇ ( − ) = ̇ ( − ) ( )W m h h m h h / 7p f f s p2 1 2 1

Net mechanical power output:

̇ = ̇ − ̇ ( )W W W 8net t p

Thermal efficiency (The first law efficiency):

η =
̇
̇ ( )

W
Q 9I

net

e

And effectiveness of IHE is defined by:

ε =
−

− ( )
T T

T T 10
4 4

4 2

IHE

3.2. Exergy analysis model

On the basis of the second law of thermodynamics, the thermodynamic irreversibility which is occurring generally on
each component, can be determined from following formulas:

The exergy for each steady state point of ORCs is defined by:

= − − ( − ) ( )e h h T s s 11x x x0 0 0

where 0 subscript mean the reference state (dead state), which is taken as standard state values in this paper (i.e. °25 C and
1 atm, for the reference temperature and pressure, respectively). It is notable that the chemical exergy has not played a role
in analysis since the mass fraction of working fluids is considered constant at all of the cycles.

Exergy supplied by the hot exhaust gases:

̇ = ̇ ( − ) ( )E m e e 12g g g in g out, ,

Exergy efficiency:

η =
̇
̇ ( )

W
E 13

II
net

g

Exergy destruction of evaporator and condenser, respectively:
Without IHE:

⎡⎣ ⎤⎦
⎡⎣ ⎤⎦

̇ = ̇ ( − ) − ( − )

− ̇ ( − ) − ( − ) ( )

Ex m h h T s s

m h h T s s 14

e g g in g out g in g out

f

, , 0 , ,

3 2 0 3 2

⎡⎣ ⎤⎦
⎡⎣ ⎤⎦

̇ = ̇ ( − ) − ( − )

− ̇ ( − ) − ( − ) ( )

Ex m h h T s s

m h h T s s 15

c f

c w out w in w out w in

4 1 0 4 1

, , 0 , ,

With IHE:

⎡⎣ ⎤⎦
⎡⎣ ⎤⎦

̇ = ̇ ( − ) − ( − )

− ̇ ( − ) − ( − ) ( )

+Ex m h h T s s

m h h T s s 16

e g g in g out g in g out

f

, , 0 , ,

3 2 0 3 2

IHE

IHE IHE

⎡⎣ ⎤⎦
⎡⎣ ⎤⎦

̇ = ̇ ( − ) − ( − )

− ̇ ( − ) − ( − ) ( )

+Ex m h h T s s

m h h T s s 17

c f

c w out w in w out w in

4 1 0 4 1

, , 0 , ,

IHE IHE IHE

Exergy destruction of IHE:

̇ = ̇ ( − + − ) ( )Ex m T s s s s 18IHE f 0 2 2 4 4IHE IHE

Turbine exergy destruction rate:

̇ = ̇ ( − ) ( )Ex m T s s 19t f 0 4 3



Table 3
Comparison between the results of this study and Ref. [12].

Ref. [12] This study Deviation

Heat input
̇ ( )Q kWe 124.96 124.84 0.10%

̇ ( )+Q kWe IHE
121.39 121.12 0.22%

Energy efficiency
ηI (%) 13.73 13.69 0.29%
η +I IHE

(%) 15.94 15.91 0.19%

Total exergy destruction
̇Extot (kW) 32.12 32.02 0.31%
̇

+Extot IHE (kW) 31.04 30.96 0.26%
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Pump exergy destruction rate:

̇ = ̇ ( − ) ( )Ex m T s s 20p f 0 2 1

And the cycle total exergy destruction is equal to the sum of its component exergy destructions:
Without IHE:

̇ = ̇ + ̇ + ̇ + ̇ ( )Ex Ex Ex Ex Ex 21tot p e t c

With IHE:

̇ = ̇ + ̇ + ̇ + ̇ + ̇ ( )+Ex Ex Ex Ex Ex Ex 22tot p e t c IHEIHE

3.3. Thermodynamic validation

In order to validate the present model, a thermodynamic analysis of the ORC is performed under the same operating
conditions as those in Shu et al. [12]. Table 3 shows a good agreement between the present solutions and results from Ref.
[12]. The small differences are mainly due to the various versions of REFPROP used in the studies.
4. Economic modeling

4.1. Economic correlations

The capital cost for a plant (such as ORC) must take into consideration many costs other than the purchased cost of the
equipment, as described in Turton et al. [26]. It should be noted that all the data for the purchased cost of equipment that
adapted from Turton et al. [26] were obtained from a survey of equipment manufacturers in the year of 2001, with an
average value of the CEPCI (Chemical Engineering Plant Cost Index) of 397. Therefore, the updated value of 576.1 of CEPCI for
the year of 2014 is used in this paper [27].

The following equations present some of the cost correlations that applied in the evaluation of the total capital in-
vestment which are adapted from Seider et al. [28].

∑= ( )C C 23TBM BMi

= ( )C C0.05 24site TBM

= ( )C C0.05 25serv TBM

= + + ( )C C C C 26DPI TBM site serv

= ( )C C0.18 27cont DPI

= + ( )C C C 28TDC DPI cont

= ( )C C0.1 29startup TDC



Table 4
Constants for the cost calculations [26].

Equipments K i1 K i2 K i3 C i1 C i2 C i3 B i1 B i2 FMi FBMi

Pump 3.3892 0.0536 0.1538 �0.3935 0.3957 �0.00226 1.89 1.35 1.6 –

heat exchanger 4.3247 �0.303 0.1634 0.03881 �0.11272 0.08183 1.63 1.66 1.0 –

Turbine 2.2476 1.4965 �0.1618 – – – – – – 6.1
Electrical generator – – – – – – – – – 1.5
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= + ( )C C C 30TCI TDC startup

where CTBM is total bare module cost; CBMi is bare module equipment cost; Csite is cost of site preparation; Cserv is the cost of
service facilities; CDPI is total direct permanent investment; Ccont is cost of contingencies and the contractor's fee; CTDC is total
depreciable capital; Cstartup is cost of plant startup; and CTCI is total capital investment.

The bare module cost is the sum of the direct and indirect costs. The Eq. (31) is used to calculate the bare module cost for
each piece of equipment:

= ( )C C F 31BM p BM
0

i i i

where CBMi is bare module equipment cost: sum of direct and indirect costs for each unit; Cp
0

i
is purchased the cost for base

conditions: equipment made of the most common material, usually carbon steel and operating at near ambient pressures;
and FBMi is bare module cost factor [26].

The purchased equipment cost for base conditions, Cp
0

i
, is calculated by:

⎡⎣ ⎤⎦( )= + ( ) + ( )C K K A K Alog log log 32p i i10
0

1 2 10 3 10
2

i i i i

where Ai is a dimensional parameter corresponding to the surface area for heat exchangers or work for pump, turbine and
electrical generator. The mechanical work of pump or turbine can be obtained by the Eqs. (7) and (6). The electrical work of
the generator is considered to be ̇ = ̇W W0.95g t . Also the heat exchangers surface area calculations are presented in Section
4.2.

Bare module factors, FBMi, for pumps and heat exchangers are calculated by the Eq. (33); and for the other equipment are
given in Table 4.

= + ( )F B B F F 33BM M P1 2i i i i i

where the values of the constants B1i and B2i and equipment material factor, FMi, are given in Table 4.
FPi is operating pressure factor and is obtained by the following equation:

⎡⎣ ⎤⎦( )= + ( ) + ( )F C C P C Plog log log 34p i i10 1 2 10 3 10
2

i i i i

The constants C1i, C2i and C3i are given in Table 4 and the units of pressure in this equation, are bar gauge or barg
(1 bar¼0.0 barg). The pressure factors are always greater than unity.

Finally, for the economic optimization, the Specific Investment Cost (SIC) that represents the ratio of the total capital
investment, CTCI, to the net power output, Ẇnet , for the ORC system is defined as:

= ̇ ( )
SIC

C
W 35

TCI

net

The other parameter which gives a better intuition of the economic analysis is Payback Period (PP) of investment. The
payback period is defined as the length of time required for the cash inflows received from a project to recover the original
cash outlays required by the initial investment, and it can be calculated by dividing the total depreciable capital by the
average annual net cash inflow (ANCF) [29]:

= ( )PP
C

ANCF 36
TDC

where = ( )· ̇ ( )· ( )ANCF W0.1 $/kWh kW 7446 h/yearg , in which ( )0.1 $/kWh is electricity price for selling to the network of cor-
responding case [30], Ẇg is the electrical work of the generator and 7446 ( = × × )0.85 24 365 is annual operating hours of
the systems.

4.2. Heat exchanger surface area calculations

The shell and tube heat exchangers with approximate counterflow pattern are chosen for the evaporator, condenser and
IHE in this work. The generic geometry of shell and tube heat exchanger is shown in Fig. 2 and several parameters of heat
exchangers are given in Table 5, while several other parameters such as the number of tubes and baffle cuts should be



Fig. 2. (a) Major components of a shell and tube heat exchanger. (b) Cut section of a shell and tube heat exchanger. (c) NTIW design. (d) Flow area of square
pitch; [31].

Table 5
Some given parameters for heat exchangers.

Outer tube diameter, do (cm) 2.54
Inner tube diameter, di (cm) 2.3622
Tube pitch, PT (cm) 3.175
Number of tube passes, Nt

P 2

M. Kolahi et al. / Case Studies in Thermal Engineering 8 (2016) 51–70 59
modified later to satisfy the pressure constraints.
The heat exchangers are modeled using the Logarithmic Mean Temperature Difference (LMTD) method in this study:

̇ = Δ ( )Q UAF T 37LMTD

where U is the overall heat transfer coefficient; A is the heat transfer surface area; F is the correction factor which is
considered to be 1 for phase change processes and 0.95 for other parts; and ΔTLMTD is the logarithmic mean temperature
difference.
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where di and do are inner and outer diameters of tubes which are given in Table 5; k is the thermal conductivity of fluids; hi

and ho are heat transfer coefficient at inside and outside of tubes; R fi and R fo are fouling factors at inside and outside of tubes,
respectively. The amounts of thermal conductivity and fouling factors can be found in Ref. [32]. Also tube diameters are in B.
W.G. 20 standard [33].

In the IHE there is just one phase fluid flow in tubes and shell side, the liquid phase flows inside the tubes and the gas
phase is in the shell side. But in the evaporator and condenser there are two zone of fluid flow in tubes: single phase fluid
flow and two phase. The working fluid flows inside the tubes and exhaust gas or cooling water around them. The total heat
transfer area is the sum of the heat transfer areas of the two zones:

= + ( )A A A 40tot pH pH1 2

In the surface area calculations, it is necessary to know the number of tubes of the heat exchangers. To reduce the cost of
heat exchangers the number of tubes should be minimized, but the pressure drop considerations should be taken into
account. Thus, the pressure drop correlations are presented in Appendix A.

The shell side heat transfer coefficient of evaporator, condenser and IHE is calculated by the Bell-Delaware method [34].
It should be noticed that the fluid flow of all of these sides is in the single phase. As described in Ref. [34]:

= ( )h h J J J J J 41shell id c l b s rpH1

where hid is the heat transfer coefficient for pure cross-flow in an ideal tube bank; Jc is a correction factor for baffle window
flow; Jl is the correction factor for baffle leakage effects; Jb is the correction factor for bundle bypass effects; Jr is the laminar
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flow correction factor; Js is the correction factor for unequal baffle spacing. The combined effect of all these correction
factors for a reasonable well-designed shell-and-tube heat exchanger is approximately 0.6 [35].

The heat transfer coefficient for pure cross-flow in an ideal tube bank, hid, is calculated by [35]:

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟μ

μ
μ

=
̇

( )
h j Cp

m
A

k
Cp 42

id i s
s

s

s

s s

s

s
w

2/3 0.14

where ji is the Colburn j-factor for an ideal tube bank, which is calculated in Appendix B.
Heat transfer coefficient of single phase flow of evaporator, condenser and IHE in smooth tubes is predicted by the

Gnielinski correlation [36], that is valid for ≤ ≤Pr0.5 2000 and × ≤ ≤ ×Re3 10 5 103 6:

= ( )h Nu
k
D 43tube pH1

where Nu is the Nusselt number:

( )
( )( )

( )
=

−

+ − ( )
Nu

f Re Pr

f Pr

/8 1000

1 12.7 /8 1 44
0.5 2/3

The two phase flow regions in evaporator and condenser based on discretization method, are divided into n small
sections (50 segments in the present work), because of change in fluid properties within a narrow range of temperature and
pressure in the two phase flow heat transfer process. This method is subjected to an identical heat transfer rate ΔQ̇ for heat
transfer calculation.

The heat transfer coefficient of flow boiling process in horizontal tubes of evaporator, is predicted by the correlation of
Gungor-Winterton [37]:

= ( )h E h 45tube lpH ev2 ,

where hl is single phase liquid flow heat transfer coefficient and E is the enhancement factor which are presented in
Appendix B. However, the Gungor-Winterton correlation enhancement factor with the mixture effects is:
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The heat transfer coefficient for the condensation process in plain tubes, is predicted by the correlation of Shah [38].
According to this empirical correlation, there are two heat transfer regimes during the condensation in plain tube:

In regime I (turbulent regime)

= ( )h h 47tube IpH co2 ,

In regime II (mixed regime)

= + ( )h h h 48tube I NupH co2 ,

To correct the predictions of Shah [38] for mixture condensation in plain tubes, Bell and Ghaly [39] method is used.
According to this method:

= +
( )h h

Y
h

1 1
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V
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where

=
Δ
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Y xCp
T
H 50

V v
glide

vap

hmono is the condensing heat transfer coefficient calculated with mixture properties using the Shah correlation for pure
fluids.

And hVS is the superficial heat transfer coefficient of the vapor phase, assuming vapor phase to be flowing alone in the
tube, calculated by:

⎛
⎝⎜

⎞
⎠⎟

( )
μ

=
( )

h
GxD Pr k

D
0.023

51
VS

v

v v
0.8 0.4

The other essential correlations are given in appendices.



Table 6
Comparison between the SIC of this study and Ref. [40].

Mass fraction of refrigerant: 0.2 0.4 0.6
SIC ($/kW) of Ref. [40]: 4157 4202 4243
SIC ($/kW) of this study: 3619 4243 3723

Root mean square error: 11.79%
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4.3. Economic validation

Table 6 shows the results of economic validation. To this validation, the work of Le et al. [40] is chosen. However, all of
the required data for heat exchanger designing are not presented in this paper. So it is necessary to design them again based
on the pressure drop limitation. The differences in the results between the present solutions and those from Ref. [40] are
because of this issue.
5. Results and discussion

There are three indicators which are used to investigate the performance of the systems in this paper: the energy efficiency, the exergy efficiency and
the specific investment cost. Also, the simulation showed that the evaporation temperature is one of the most important parameters that affects the
performance of systems. For this reason, a comprehensive parametric study is finally performed to investigate the effects of this parameter on the
performance.

5.1. Thermodynamic and economic analysis

Fig. 3 presents the temperature glides of working fluids in the evaporation and condensation processes of the both simple ORC and ORC with IHE. As
this figure shows, there is no difference between temperature glides for the same processes of the systems. The reason is that the condensation and
evaporation temperatures are fixed in the simulation. Also, this figure shows that the temperature glides are maximized at particular mass fractions of the
refrigerants. As the mass fraction is close to 0 or 1, the working fluid properties become closer to a pure fluid and the glide is reduced.

5.1.1. Thermodynamic analysis
Energy efficiency and exergy efficiency are the most important thermodynamic indexes which are used to investigate the cycle performance. Fig. 4

illustrates the variations of energy efficiency and exergy efficiency as a function of the mass fraction of refrigerants for the both systems. According to this
figure, the efficiencies of R236ea/Cyclohexane mixture are higher than the other mixtures. Also, it can be seen that with increasing the mass fraction of
refrigerants, both of the efficiencies at all cases, firstly increases, then decreases and the maximum of efficiencies usually occur in the mass fractions of
0.5 or 0.6. As Fig. 3 shows, the temperature glides are also maximized at these fractions which causes better temperature matching between the tem-
perature profile of the working fluid and the heat source or heat sink media profile. Furthermore, it caused the average evaporation temperature and the
average condensation temperature of the mixture be higher and lower than that of the pure fluid, respectively. This decreases the exergy destruction and
consequently increases the efficiency.

Also, it is apparent from Fig. 4 that the efficiencies of ORC with IHE are obviously higher than the simple one. By preheating fluid at the pump outlet
with the superheated vapor of the turbine outlet, IHE recovers part of the heat energy and decline the heat load of the evaporator. In addition, higher and
lower temperature of fluid at the inlet of the evaporator and condenser respectively, lead to higher average evaporation temperature and lower average
condensation temperature in the ORC with IHE compared to simple ORC. These reasons result higher efficiencies for the ORC with IHE.

The variations of net power output and exergy destruction as a function of the mass fraction of refrigerants are given in Fig. 5. As it is shown, the
mixture of R236ea/Cyclohexane has the best performance (i.e. higher net power output and lower exergy destruction) than other mixtures at all cases. In
addition, from Fig. 5 there is an optimum value in each case which is usually occurs in the mass fractions of 0.5 or 0.6. In other words, by increasing of the
mass fraction of refrigerants, the net power output firstly increase and then decrease but the trend for exergy destruction is reverse. These trends confirm
Fig. 3. Temperature glide of different mixtures vs. mass fraction.



Fig. 4. Energy efficiencies and exergy efficiencies vs. mass fraction.

Fig. 5. Net power output and exergy destruction vs. mass fraction.
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Fig. 6. Specific investment costs of the systems vs. mass fraction.
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the variation of energy and exergy efficiencies (see Fig. 3). Although, it is expected to acquire a better performance by adding IHE to the system, however
the enhancement does not look striking, as shown in Fig. 5.
5.1.2. Economic analysis
One of the most important factors affecting the selection of a design for a thermal system is the cost of the final product (s) [29]. This part focuses on

the economic analysis and the Specific Investment Cost (SIC) is selected as a criteria for the investigation. Fig. 6 illustrates the variation of the specific
investment cost as a function of the mass fraction of refrigerants for the both systems. As it can be seen, there is an irregularity in the charts. However, the
minimum amounts of SIC in the most cases are apparent at the mass fractions of 0.1 or 0.5. In details, the relevant mass fractions for the minimum SIC are:
R236ea/Cyclohexane (Simple ORC: 0.3/0.7 and ORC with IHE: 0.5/0.5), R245fa/Cyclohexane (both: 0.4/0.6), R245fa/Hexane (both: 0.1/0.9), R236ea/Hexane
(Simple ORC: 0.1/0.9 and ORC with IHE: 0.6/0.4), R245fa/Isohexane (both: 0.5/0.5), R236ea/Isohexane (both: 0.5/0.5). In addition, from Fig. 6, the specific
investment costs of the IHE system are greater than the simple one that is because of the existence of an extra heat exchanger in the system.

The Payback Period (PP) of the systems are presented in Fig. 7. As it is shown, the behavior of PP at various amounts of mass fractions of refrigerants are
coincident with the behavior of SIC as a function of the mass fraction. Also, it can be seen that the PP of the ORC with IHE whose total capital investment is
higher, is greater than simple one, as it is expected. However differences of PPs of the systems are less than 1.5 year at some cases and its minimum
amounts are appeared in the mass fractions of 0.4, 0.5 or 0.6. Also, the mixture of R236ea/Cyclohexane has the least differences, and these are because of
better power generation in the systems at these cases. Although, the time value of money is not considered by the PP, however utilization of this parameter
is a simple way to rank and compare various projects to choose a system with the shortest payback period.

The optimal thermodynamic and economic results for both of the systems are given in Table 7. The mixture of R236ea/Cyclohexane (0.6/0.4) has the
best thermodynamic performances, whose energy and exergy efficiencies are 14.57% and 37.84% and they are increased to 16.81% and 40.75%, respectively,
by adding IHE to the ORC. Also, the minimum of SIC and PP are 9.24(k$/kW) and 11.75 year for the mixture of R245fa/Cyclohexane (0.4/0.6) and they are
increased to 10.48 (k$/kW) and 13.34 year by adding IHE to the system.
5.2. Effects of the evaporation temperature

Due to performance analysis of ORC systems, the evaporation temperature is considered to be fixed (410 K) in the previous section. However, as it is
mentioned, the evaporation temperature is one of the most important parameters of the systems that affects the thermodynamic and economic perfor-
mance. Therefore, the effects are examined in this section. The investigation is performed for three mass fractions of refrigerants (0.3, 0.5 and 0.7).

The variations of the energy efficiency, the exergy efficiency and the Specific Investment Cost (SIC) with the evaporation temperature are presented in
Figs. 8, 9 and 10, respectively. These figures show that increasing the turbine inlet pressure increases the energy and exergy efficiencies while decreases the
specific investment cost. Also, it is apparent that, the ORC with IHE has a better thermodynamic performance but it has more cost. As an important result,
the both systems in the mass fraction of 0.5 have better performance. This shows the advantage of using a zeotropic mixture instead of pure fluids as
working fluid.

The main consequence of this section is the enhancement of indicators in the most cases with the increasing of evaporation temperature. So it is better
to have a greater evaporation temperature.
Fig. 7. Payback period of the systems vs. mass fraction.



Table 7
The optimal thermodynamic and economic results for the ORC systems.

R245fa/Cyclohexane R236ea/Cyclohexane R245fa/Hexane R236ea/Hexane R245fa/Isohexane R236ea/Isohexane

Thermodynamic optimal results
ηI (%) 14.49 (0.6/0.4) 14.57 (0.6/0.4) 12.89 (0.6/0.4) 12.90 (0.6/0.4) 12.32 (0.6/0.4) 12.33 (0.6/0.4)
η +I IHE

(%) 16.36 (0.6/0.4) 16.81 (0.6/0.4) 14.59 (0.5/0.5) 14.91 (0.6/0.4) 13.94 (0.5/0.5) 14.19 (0.5/0.5)

ηII (%) 36.97 (0.6/0.4) 37.84 (0.6/0.4) 32.22 (0.6/0.4) 32.76 (0.6/0.4) 30.53 (0.5/0.5) 30.92 (0.6/0.4)
η +II IHE

(%) 39.49 (0.6/0.4) 40.75 (0.6/0.4) 34.86 (0.5/0.5) 35.84 (0.6/0.4) 33.16 (0.5/0.5) 33.89 (0.5/0.5)

Ẇnet (kW) 70.91 (0.6/0.4) 72.86 (0.6/0.4) 61.39 (0.6/0.4) 62.75 (0.6/0.4) 58.01 (0.5/0.5) 59.00 (0.6/0.4)
̇

+Wnet IHE (kW) 74.00 (0.6/0.4) 76.53 (0.6/0.4) 64.88 (0.6/0.4) 66.99 (0.6/0.4) 61.54 (0.5/0.5) 63.13 (0.6/0.4)

̇Extot (kW) 99.92 (0.5/0.5) 97.94 (0.6/0.4) 107.92 (0.5/0.5) 106.87 (0.6/0.4) 110.48 (0.5/0.5) 109.81 (0.5/0.5)
̇

+Extot IHE (kW) 97.20 (0.5/0.5) 95.20 (0.6/0.4) 104.55 (0.5/0.5) 103.37 (0.6/0.4) 107.11 (0.5/0.5) 106.19 (0.5/0.5)

Economic optimal results
SIC (k$/kW) 9.24 (0.4/0.6) 9.36 (0.3/0.7) 9.71 (0.1/0.9) 9.94 (0.1/0.9) 10.37 (0.5/0.5) 10.38 (0.5/0.5)

+SIC IHE (k$/kW) 10.48 (0.4/0.6) 10.57 (0.5/0.5) 11.33 (0.1/0.9) 11.38 (0.6/0.4) 11.77 (0.5/0.5) 11.70 (0.5/0.5)
PP (year) 11.75 (0.4/0.6) 11.91 (0.3/0.7) 12.35 (0.1/0.9) 12.65 (0.1/0.9) 13.19 (0.5/0.5) 13.21(0.5/0.5)

+PP IHE (yera) 13.34 (0.4/0.6) 13.45 (0.5/0.5) 14.42 (0.1/0.9) 14.48 (0.6/0.4) 14.98 (0.5/0.5) 14.88 (0.5/0.5)
Δ = −+PP PP PPIHE (yera) 1.44 (0.5/0.5) 1.40 (0.6/0.4) 1.68 (0.5/0.5) 1.57 (0.6/0.4) 1.78 (0.4/0.6) 1.67 (0.5/0.5)

The numbers in parenthesis in front of the values show the corresponding mass fractions of fluids.

Fig. 8. Energy efficiency vs. evaporation temperature.
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Fig. 9. Exergy efficiency vs. evaporation temperature.
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6. Conclusions

The present paper provides the thermodynamic and economic comparison and optimization of the simple ORC and ORC
with IHE using zeotropic mixtures utilizing for waste heat recovery from the exhaust gases of large diesel engines used in
the offshore platforms of South Pars Gas on Persian Gulf. Energy and exergy efficiencies as well as the specific investment
cost of the cycles are investigated. The following conclusions can be drawn:

1. Energy efficiency and exergy efficiency of the R236ea/Cyclohexane mixture at the most mass fractions of refrigerant
(R236ea) is higher than other mixtures.

2. With increasing of the mass fraction of refrigerants, both of the efficiencies (i.e. energy efficiency and exergy efficiency) at
all cases, firstly increases, then decreases and the maximum of efficiencies usually occur in the mass fractions of 0.5 or 0.6.

3. The efficiencies of the ORC with IHE are higher than the simple one.
4. The minimum amounts of the specific investment cost are apparent at the mass fractions of 0.1 and 0.5 for the most cases

and they are greater for the ORC with IHE.
5. The behavior of payback period at various amounts of mass fractions of refrigerants are coincident with the behavior of

SIC as a function of the mass fraction, and its amounts for the ORC with IHE are greater than simple one.
6. The maximum energy efficiency is for the mixture of R236ea/Cyclohexane (0.6/0.4) and it is increased from 14.57% to



Fig. 10. Specific investment cost vs. evaporation temperature.
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16.81% by adding IHE to the ORC system. Also, its maximum exergy efficiency is 37.84% in the simple ORC and 40.75% in
the ORC with IHE.

7. The minimum of SIC and PP are 9.24 (k$/kW) and 11.75 year for the mixture of R245fa/Cyclohexane (0.4/0.6) and they are
increased to 10.48 (k$/kW) and 13.34 year by adding IHE to the system.

8. By increasing the evaporation temperature, the energy and exergy efficiencies increase and the specific investment cost
decreases.
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Appendix A. Pressure drop calculations

The pressure drop allowance in heat exchangers at shell side is 0.5 bar and at the tube side is 0.2 bar [35]. Therefore, with
the trial and error method, the minimum number of tubes in the shell with the allowable pressure drop can be found by the
following correlations:

The shell side pressure drop [35]:
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where Nb is the number of baffles:
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And f is the friction factor for the shell which is valid for ≤ ≤Re400 106:
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The total pressure drop for tube side for single phase fluid [35]:
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Where f is the friction factor for fully developed fluid flow. For fully developed laminar flow, f is obtained from:

= ( )f Re64/ A.8

And for fully developed turbulent flow, f is calculated by Eq. (B.3).
The pressure drop of two phase fluid flows inside the tubes is the sum of the static pressure drop ΔPstat , the momentum

pressure drop ΔPmom and the frictional pressure drop ΔPfrict:
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The static pressure drop ΔPstat , is zero because of the no change in static head for a horizontal tube, i.e. =H 0 so:
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The momentum pressure drop ΔPmom, as described by Didi et al. [41] is calculated using a void fraction obtained from the
drift flux model:
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Where ε is the void fraction, is obtained from the Steiner version of the drift flux model of Rouhani and Axelsson [42] for
horizontal tubes:
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And the frictional pressure drop ΔPfrict is obtained from integral of the two phase frictional pressure gradient that is
calculated by the correlation of Müller-Steinhagen and Heck [43]:
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where a and b are the frictional pressure gradients when all the flow is assumed liquid and vapor, respectively:
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And the friction factors, fl and fv, are calculated from the corresponding Reynolds number by:
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Appendix B. Heat transfer calculations

The Colburn j-factor for an ideal tube bank is calculated by:
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where the constants a1, a2, a3 and a4 are given in Ref. [35]. And the constant a is defined by:
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The correlation of Petukhov [44] for the smooth tube which is used to obtain the friction factor in the Eq. (44) at
≤ ≤ ×Re10 5 104 6, is:
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Single phase liquid flow heat transfer coefficient, hl, is calculated by the Dittus-Boelter [45] correlation:
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where G is the mass velocity; x is the vapor quality.
E is the enhancement factor:
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which is corrected for mixture effects utilizing Thome [46] nucleate pool boiling equation as described in Ref. [47].
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where hI is the ideal heat transfer coefficient calculated with the Gungor-Winterton correlation without mixture effects, but
with the mixture physical properties; ΔTglide is the temperature glide; Bo is a scaling factor assumed to be 1.0 (i.e. the theory
assumes all heat transfer at a bubble interface is latent heat); q is the local heat flux attributable to nucleate boiling; βl is the
liquid phase mass transfer coefficient that can be assumed to have a constant value of 0.0003 m/s.

And the boiling number, Bo, is calculated by:
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At the correlation of Shah [38] regime I occurs when ( )≥ + −J Z0.98 0.263v
0.62, where Jv is the dimensionless vapor

velocity defined by:

⎡⎣ ⎤⎦( )ρ ρ ρ= − ( )J xG gD/ B.8v v l v
0.5

hI and hNu are calculated by the following correlations:
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where hLS is the heat transfer coefficient assuming liquid phase flowing alone in the tube, and it is calculated by Dittus-
Boelter [45] correlation:

( ) ( )= ( )h Re Pr
k
D

0.023 B.11LS LS l
l0.8 0.4

And Z is Shah's correlating parameter calculated by:
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