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ABSTRACT

PERFORMANCE ANALYSIS OF AN ORGANIC RANKINE CYCLE WITH
OPTIMIZATION OF HEAT TRANSFER COMPONENTS

OKASH, Abdulraaouf
M.Sc. in Mechanical Engineering
Supervisor: Prof. Dr. Recep YUMRUTAS
Co-Supervisor: Assoc. Prof. Dr. Hiiseyin YAGLI

August 2023
180 Pages

This study focused on optimizing the performance of an Organic Rankine Cycle
(ORC) that comprises four heat exchanger components, namely a preheater,
evaporator, and superheater which are all finned tube type, as well as a horizontal shell
and tube condenser. The main objective of the study was to achieve an optimal design
for heat exchanger components with minimal heat transfer surface area while keeping
the pressure drop below 0.2 bar. Through significant design procedures by using the
trial and error method, 1244 distinct designs have been reached, and an optimum
design has been selected for each heat exchanger component. Upon performance
analysis of the ORC based on the optimum designs of heat exchanger components, it
has been determined that the selected fluids namely R245fa, R600, R123, R236fa,
R142b, and R600a exhibited high performance compared to the ideal case (no pressure
drop across the heat exchanger components), with over 98% performance observed

across all selected fluids.

Key Words: ORC (Organic Rankine Cycle) 1, Performance 2, Optimization 3, Heat

exchanger, pressure drop



OZET

ISI DEGISTIRICI BILESENLERINE BAGLI OLARAK BIR ORGANIK
RANKINE CEVRIMININ PERFORMANS ANALIZI VE OPTIMIZASYONU

OKASH, Abdulraaouf
Yiiksek Lisans Tezi, Makine Miihendisligi
Danisman: Prof. Dr. Recep YUMRUTAS
ikinci Damisman: Dog. Dr. Hiiseyin YAGLI

Agutos 2023
180 sayfa

Bu ¢alisma, tamamen kanatli boru tipi 1s1 degistiricilerden olusan bir Organik Rankine
Cevrimi (ORC) sisteminin performansinin optimize edilmesine odaklanmaktadir. Bu
sistemin temel bilesenleri, bir on 1sitici, bir buharlastirici, bir kizdiric1 ve bir yatay
kabuk ve borulu kondansator icermektedir.

Calismanin temel hedefi, her bir 1s1 degistirici bileseni i¢in en diisiik 1s1 transfer yiizey
alani korurken basing diisiisiinii 0,2 barin altinda tutacak en uygun tasarimlar elde
etmektir. Deneme yanilma yontemi kullanilarak gergeklestirilen 6nemli tasarim
stirecleri sonucunda, toplamda 1244 farkli tasarim secenegi degerlendirilmis ve her 1s1
degistirici bileseni i¢in en uygun tasarim se¢ilmistir.

ORC sisteminin 1s1 degistirici bilesenlerinin en uygun tasarimlarina dayali yapilan
performans analizi sonuglarina gore, secilen ¢alisma akiskanlar1 (R245fa, R600, R123,
R236fa, R142b ve R600a) ideal calisma kosullarima gore yiiksek performans
sergilemektedir (tiim ylizeylerde basing diislisii olmamaktadir). ORC igerisinde
calisilan tiim akiskanlarda %98'in tizerinde verimlilik gézlenmistir. Bu sonuglar, ORC
sistemi i¢in en iyl calisma kosullarinin ve bilesen tasarimlarmin belirlendigini

gostermektedir.

Anahtar Kelimeler: ORC (Organik Rankine Cevrimi) 1, Performans 2 Optimizasyon
3, Is1 degistirici, basing diisiisii
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation of Study

Energy is the driving force behind the functioning of our modern world. It powers our
homes, businesses, and transportation systems, and enables us to perform a vast array
of tasks with ease and efficiency. However, energy waste is a serious issue that has a
detrimental impact on the environment and our limited natural resources. From the
energy consumed by idle appliances to the emissions from power plants, energy waste
not only harms the planet but also increases costs for consumers and businesses. It is
essential that we take steps to reduce energy waste and transition to more sustainable
forms of energy to ensure a healthy planet and a prosperous future for generations to
come. Nowadays most scientific researches talk about how to increase energy
efficiency by reducing or reusing wasted energy. The Organic Rankine cycle (ORC)
is an applicable example of saving energy that promises an application for waste heat
recovery due to its heat recovery efficiency and environmental_ friendly features.
ORCs can be used in both large-scale power plants and small-scale, distributed
systems, making them versatile for a wide range of applications. ORCs have a working
principle similar to that in the conventional Rankine cycles which utilizes water and
steam as working fluids to generate electricity. However, they utilize organic fluids as
working fluids due to low boiling and condensing temperature. When any energy
system or power planet is constructed to have good energy efficiency the first thing
that comes to mind is the that this system must work perfectly and give us exquisite
outputs. However, installing and working cost is not less important than the thing
mentioned above, and usually, there is a trade-off between them so to have a good
system design you should make a balance between required outputs and cost, in
another word any energy system must have a characteristic combined of the maximum
working efficiency and minimum cost containing (installing, working, equipment and
maintenance). In order to achieve this characteristic, we have developed a unique and
step by step design and optimization methodology for designing the condenser,

evaporator, preheater and superheater.



1.2 Aim and objective

The aim of this study is to tackle the issue of the expensive investment in the Organic
Rankine Cycle (ORC) mainly due to the high cost of its components, particularly the
heat exchangers. Previous research has mostly focused on performance analysis only,
neglecting the impact of heat transfer component designs on the system. On the other
hand, some studies have only concentrated on designing heat transfer components
without taking into account their effect on ORC performance. Therefore, our study
encompasses both the performance analysis of a real ORC and the influence of optimal
designs on it. SO, this study contributes to the body of knowledge in the field of
sustainable energy generation through ORC technology, and may have significant
implications for industrial operations seeking to harness waste heat for electricity

production.



CHAPTER 2
INTRODUCTION TO ORGANIC RANKINE CYCLE

2.1 Organic Rankine cycle definition and the working principle

The Organic Rankine Cycle (ORC) is a thermodynamic cycle that converts heat into
mechanical work, which is finally converted into useful electrical power. It is similar
to the conventional Rankine Cycle, but instead of utilizing water as the working fluid,
it uses an organic fluid having a lower boiling point, such as a hydrocarbon or
refrigerant.

The work principle of ORC is that the working fluid in the ORC is evaporated by
absorbing heat from a high-temperature source, such as industrial exhaust gases. The
vaporized fluid then expands and produces rotational energy in a turbine. A generator
then converts this energy into electrical power. The low-pressure vapor is condensed
back into a liquid after expanding in the turbine by rejecting heat to a low-temperature
sink. The condensed liquid is then returned to the high-temperature source by a pump,

where the cycle is repeated.

2.2 The Organic Rankine Cycle system description

In this study the ORC includes 6 main components that are a condenser, a pump, a
preheater, an evaporator, a superheater, and a turbine as it is shown in Figure 2.1. The
exhaust gas comes from industrial operations enters the cycle at a high temperature
through the superheater and then goes through the evaporator and finally exits from
the preheater at a low temperature comparatively. The heat transfer process takes place
between the exhaust gas and refrigerant in four stages three of them are energy-
absorbing processes by the refrigerant and one is an exothermic process (condensation

process).
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Figure 2.1. Organic Rankine cycle ORC

2.3 Refrigerant selection criteria

The selection of the working fluid in an Organic Rankine Cycle (ORC) system is a
critical aspect that significantly impacts its thermal performance [1-2]. The choice of
an organic fluid for the ORC should meet the following properties to ensure both
optimal cycle performance and environmental considerations. These properties
include economic viability, non-toxicity, non-flammability, environmental
friendliness, and safety [3-4]. In addition, the operating temperature range of the ORC
system affects the choice of refrigerants. The appropriate choice of organic working
fluid depending on the operating temperature range of the ORC system can minimize
thermodynamic inefficiencies, increase energy conversion efficiency, and lower
capital costs [5]. In our study, R245fa, R123, R236fa, R600a, and R142a are chosen
due to their known and desirable properties that align with the efficient use of ORC
for low tempeature heating source 375 °C in this study. Xu et al. focused on
identifying pure working fluids for subcritical ORC systems, investigating the effects
of nearly 30 working fluids on both simple and regenerative ORC systems. They
presented maps to guide the selection of working fluids at different temperatures and
constant pressures [6]. Bao, reviews the working fluid and expander options for the
organic Rankine cycle, including an examination of the impact of working fluid
category and thermodynamic and physical parameters on the performance of the

organic Rankine cycle, as well as an overview of pure and mix fluids. [7].
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Table 2.1. Refrigerants’ thermal and physical properties [8-15].

SHRAE Molecular structure MM (g/mol) Tb (K) Tc (K) Type
number
R245fa CF3CH2CHF2 134.05 288 427 Dry
R123 CHCI2CF3 152.93 301 457 isentropic
R600 CH3CH2CH2CH3 58.123 273 425 Dry
R236fa CF3CH2CF3 152.0393 272 398 isentropic
R142b CCIF2CH3 100.50 264 410 Isentropic
R600a CH(CH3)3 58.1 261 425 Dry

ODP GWP ASHRAE 34 group

0 1030 Al

0.060 77 Bl

0 20 A3

0 9810 Al

0.043 2300 A2

0 3 A3

MM: Molecular Mass, ODP: Ozone Depletion Potential (relative to R11), GWP: Global Warming Potential (relative to CO,)
*A low toxicity, B high toxicity; 1 no flame; 2 lower flammability, 3 higher flammability

2.4 Problem description of ORC

The aim of this thesis is to investigate the feasibility of utilizing exhaust gas from
industrial operations, having a temperature of 375 °C and a mass flow rate of
approximately 21.8 kg/s at a pressure of 1 Bar, to generate electricity via an Organic
Rankine cycle power plant. The cycle comprises a superheater, evaporator, and
preheater, with all heat exchanger components being of the finned tube type, selected
for their optimal heat transfer coefficient with air. To ensure maximum cost-
effectiveness, a horizontal shell and tube condenser is employed, known for its low
cost, simple structure, and high heat transfer efficiency, which is cooled using water
at a temperature of 20 °C and exits at 35 °C. The study aims to perform a

comprehensive performance analysis of the cycle with six different refrigerant types,



namely R245fa, R600, R123, R236fa, R142b and R600a under variable pump outlet
pressures. The pump inlet pressure is carefully selected to be as low as possible while
still ensuring optimal performance for each refrigerant type. Specifically, we set the
pump inlet pressure to be 3 bar for R245fa, 3.5 bar for R600, 2 bar for R123, 4 bar for
R236fa and 5 bar for R142b and R600a. In this study, the pump outlet pressure is
gradually increased from 10 bar until it reaches the maximum pressure at which the
refrigerant can no longer vaporize. By conducting a detailed performance analysis, we
aim to provide a deep understanding of Organic Rankine Cycl ORC and its behavior
under many different conditions and with different distinct working fluids. The
performance analysis of ORC is carried out in this thesis firstly for the ideal case (the
pressure drop through the heat exchanger components is neglected) and then for the
real case based on optimal designs of heat transfer units involved in the system after
introducing a comprehensive and unique design and optimization methodology for

each heat transfer units.

Table 2.2. Exhaust’s (dry air) accepted nominal parameters:

Fluid ma T9 T12 h9 h12
Kg/s °C °C kJ/kg kJ/kg
Exhaust (dry air) 21.8 375 150 784.3018 550.7663

ma: Mass flow rate; T9: Exhaust temperature coming from industrial operations; T12: Exhaust temperature exits from the

system; h: Enthalpy

Table 2.3. Refrigerant’s accepted nominal parameters:

Organic P1** P2* x1 x3 x4
fluid bar bar

R245fa 3 22 0 0 1
R123 2 22 0 0 1
R600 2.5 22 0 0 1
R236fa 4 22 0 0 1
R142b 5 22 0 0 1
R600a 5 22 0 0 1

P1: pump inlet pressure; P2: pump outlet pressure; x: gas quality
*Moderate value in which the system has a good performance for all working fluids. ** minimum applicaple pressure inlet in

where T1<T7.



2.5 Evaluation method
The mass, energy, and exergy balance equations of the ORC are given below

(Eq. 1-14):

Table 2.4. The energy equations for the components of ORC cycles [16-17]

Components Energy equations

QCON = mg(hy — hg) = My, Cp AT

QPRE = mR(hS —hy) = ma(hn —hy3)

QEVAP. = mg(hy — h3) = ma(hm —hyq)

QSUP. = mp (hs — hy) =mg(hg — hyp)

Wtot = Tf’LR(h5 - he)
wnet = wtot — wpump
WtOt hs - hSG

- turbine = =
Nrh w, he — he

wpump = mg(hy — hy)

ﬁ ws hs2 — h1l
.‘ Nrp - pump =

v wpump ~h2—n1

Total energy gained by the cycle heat exchanger components can be calculated by
using the following equation:
QTOTAL = QPRE + QEVAP. + QSUP. = Mg (hg — hyz) = Mg(hs — hy)

Thermal and exergy efficiencies are calculation as following:

wnet

NTh,orRC = )
TOTAL

_ wnet
NEx,0rRC = EXin



Exin = m,(Yin — Yout)

Y =(H—-H0)—TO0(S — S0)

Where:

Qcon is condenser heat transfer rate (KW)

QprE is preheater heat transfer rate (KW)

Qgy ap.is evaporator heat transfer rate (KW)

Qqyp. is superheater heat transfer rate (KW)

mg, is refrigerant mass flow rate (kg/s)

h is enthalpy (kj/kg)

my, is water mass flow rate (kg/s)

m, is air mass flow rate (kg/s)

Cp is specific heat (kj/kg k)

wtot is total power output (KW)

Wwpump is total power consumed by the pump (KW)
wnet is net useful power (KW)

Nrn 1s thermal efficiency %

Nrh,orc total organic Rankine cycle thermal efficiency %
NEx orc 18 exergy efficiency %

Exin exergy inlet.



CHAPTER 3
ORC PERFORMANCE ANALYSIS FOR IDEAL CASE

3.1 ORC'’s performance calculations for ideal case

In this topic the performance analysis for ORC is carried out by assuming all the
pressure drop through the heat exchanger components is negligible. The performance

calculations are performed by using six different types of refrigerants.

Table 3.1. The flow parameters for ORC (ideal case)

Pressure Temperature Enthalpy

Fluid

1 R245fa 3 4558 26065  2L11
2 R245fa 22 46.63 262.50 21.11
3 R245fa 22 126.60 384.96 21.11
4 R245fa 22 126.60 487.66 21.11
5 R245fa 22 136.60 503.64 21.11
6 R245fa 3 73.37 466.77 21.11
7 Water 1 20.00 84.01 69.40
8 Water 1 35.00 146.70 69.40
9 Exhaust gas 1 375.00 784.30 21.80
10 Exhaust gas 1 360.41 768.82 21.80
11 Exhaust gas 1 265.51 669.36 21.80
12 Exhaust gas 1 150.00 550.77 21.80
1 R600 3.5 37.225 289.8 10.68
2 R600 22 38.445 293.93 10.68
3 R600 22 119.67 526.21 10.68
4 R600 22 119.67 740.43 10.68
5 R600 22 129.67 770.61 10.68
6 R600 3.5 66.165 693.97 10.68
7 Water 1 20.00 84.01 68.85
8 Water 1 35.00 146.70 68.85
9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 361.0626 84.01 21.80




11 Exhaust gas 1 260.8866 146.70 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R123 2 48.047 249 22.83
2 R123 22 49.229 250.78 22.83
3 R123 22 152.72 370.82 22.83
4 R123 22 152.72 461.73 22.83
5 R123 22 162.72 473.75 22.83
6 R123 2 78.187 432.93 22.83
7 Water 1 20.00 84.01 66.98
8 Water 1 35.00 146.70 66.98
9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 363.1308 771.7073 21.80
11 Exhaust gas 1 272.3793 676.4905 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R236fa 4 37.09 245.56 27.33
2 R236fa 22 38.282 247.26 27.33
3 R236fa 22 106.19 343.21 27.33
4 R236fa 22 106.19 417.69 27.33
5 R236fa 22 116.19 433.53 27.33
6 R236fa 4 63.084 407.83 27.33
7 Water 1 20.00 84.01 70.74
8 Water 1 35.00 146.70 70.74
9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 356.2737 764.4465 21.80
11 Exhaust gas 1 267.1581 671.0682 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R142b 5 38.395 250 21.51
2 R142b 22 39.6 251.97 21.51
3 R142b 22 103.06 346.67 21.51
4 R142b 22 103.06 474 21.51
5 R142b 22 113.06 488.68 21.51
6 R142b 5 51.277 455.34 21.51
7 Water 1 20.00 84.01 70.44
8 Water 1 35.00 146.70 70.44
9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 361.3533 769.8242 21.80
11 Exhaust gas 1 241.2011 644.1953 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R600a 5 37.713 290.49 12.22

10




2 R600a 22 39.011 294.46 12.22
3 R600a 22 105.56 484.2 12.22
4 R600a 22 105.56 681.08 12.22
5 R600a 22 115.56 711 12.22
6 R600a 5 62.349 652.24 12.22
7 Water 1 20.00 84.01 70.52
8 Water 1 35.00 146.70 70.52
9 Exhaust gas 1 375 784.3018 21.8
10 Exhaust gas 1 359.1813 767.5239 21.8
11 Exhaust gas 1 253.728 657.1469 21.8
12 Exhaust gas 1 150 550.7663 21.8

Table 3.2. Heat exchanger components’s heat transfer rate for ideal case

R245fa 2585.3 2168.26 337.46 4351.79
R600 2480.76 2287.98 322.33 4316.64
R123 2740.79 2075.73 274.56 4199.68

R236fa 2623 2036 433 4435.21
R142b 2036.8 2738.71 315.6 4416.4
R600a 2319.10 2406.22 365.76 4421.30

Table 3.3. ORC performance analysis for ideal case

Tth,0RC TNex,0rC
% %

R245fa 39.07 778.36 739.28 14.52 32.61
R600 44.13 818.57 774.43 15.21% 34.16%
R123 40.61 932.00 891.39 17.51% 39.32%
R236fa 47 702 655.87 12.88% 28.93%
R142b 42.4 717.1 674.771 13.25% 29.76%
R600a 48.48 718.25 669.77 13.16% 29.54%

Table 3.3. shows the performance parameters of ORC for six different refrigerants.
The calculations were carried out under uniform working conditions for all fluids while
assuming that the pressure through the heat exchanger components (Preheater,

Evaporator, Superheater, and Condenser) is negligible.
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Figure 3.1. Performance analysis of ORC (Ideal case)

The values indicated in Figure 3.1. are calculated based on the ideal case, where the
pressure drop across the heat transfer unit is neglected. The figure illustrates that R123
exhibits the best performance in the Organic Rankine Cycle (ORC) among the other
fluids, namely R600, R245fa, R142b, R600a, and R236fa, respectively.

In the following chapters, a step-by-step design process is presented for each
component of the heat exchangers used in the cycle, including the preheater,
evaporator, superheater, and condenser. The design calculations are carried out for
each heat exchanger unit by using the parameters that were obtained from the

performance calculations conducted in this chapter.
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CHAPTER 4
CONDENSER

4.1 Condenser definition

Condenser is one of Organic Rankine cycle components where the high pressure and
temperature vapor coming from the expander condenses to a liquid state. Usually, the
working fluid is cooled at the condenser by water and this type of condenser called
water cooled condenser. the other type of condenser is cooled by air is called air cooled
condenser. Both of condenser could be used of Rankine cycle. In case of shape there
are many types of condensers but in our study, we used water cooled Shell and Tube
condenser due to its high heat transfer coefficient and low manufacturing and operating
cost. Horizontal shell and tube condenser is one of the most popular types of heat
exchangers which could be used for wide range of pressures and temperatures consists
from many circular tubes contained in a cylindrical shell. Heat transfer inside the
condensers occurs between two fluids, one of them is a working fluid and the other is
a cooling fluid. One of these two fluid enter the tubes side and the other enters from
the shell side. Here in our case the refrigerant enters the shell side where the
condensation occurs and the water which is cooling fluid enters from tube side as it is
shown in Figure 4.1

Coolant
out

Refrigerant in
A Coolant tubes

IO~

! out Outer shell
Coolant in

Figure 4.1.Schematic Diagram of a two-pass, Shell and Tube type condenser.
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4.1.1 Condenser design methodology

In our study, the Kern's method has been employed for the design of the condenser,
which plays a pivotal role in the efficient functioning of the ORC system. The
condenser operates by receiving the superheated vapor from the turbine through the
shell side, and the condensation process takes place inside the condenser until all the
vapor is transformed into fluid. The fluid then exits the condenser through the other
side. To achieve this, water has been used as a coolant that enters the condenser and
passes through the tube passes. It is noteworthy that the temperature of the water
entering the condenser has been maintained at 20 °C, and the mass flow rate of the
coolant has been fixed at 80 kg/s. The water exits the condenser at a temperature of 35
°C. The selection of appropriate coolant and maintaining its flow rate and temperature
are crucial factors in the efficient operation of the condenser and thereby achieving

optimal performance of the ORC system.

Estimate the Estimate heat Assign number
Fixed inlet and exit thermal and anctor rateof of passes for
conditions for both shell > physical > S densie » shell and tube <
and tubes sidf fluids properties of (kW) side Ntp, Nsp
Tin, Tout, P, 7 (kg/s) working fluids l
Assign tube
DESIGN METHODOLOGY OF HORIZONTAL .
'YPE SHELL AND TUBE CONDENSER Do, Din, Lt
Determine the
number of tubes < Estimate Am2 < LMTD +— Assume Uo —
required (kW/m2 K)
Esti L Determine Calculate new
timate heat fouling factor overall heat Estimate
transfer coefficients ——» o o o0 transfer > Error %
for both tube and outside diameter coefficient
shell side
of the tubes Uo,new
hi, ho
Calculate
Is the pressure dropin =~ pressuredrop < YES < — Error< 10% — > NO
the accepted range? for both tube
and shell sides
7
/ W
/ N
» 4
YES No
End design

Figure 4.2. Flowchart for designing horizontal shell and tube condenser

4.1.2 Condenser design steps [18-21]

The design process for the horizontal shell and tube condenser involves several

crucial steps to ensure optimal performance. Firstly, it is essential to define the inlet
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and outlet conditions of the refrigerant, including the inlet temperature, outlet
temperatures, mass flow rate, and condenser pressure. Once these parameters are
established, the physical and thermal properties of the coolant, in this case, water,
must be obtained at the mean temperature Tavg, and the refrigerant in its liquid and
vapor states at the saturated temperature, Tsat. The heat transfer rate for the
condensation process is then calculated using an equation. This critical design
process follows Kern's method, which is widely recognized as an effective approach
for designing shell and tube heat exchangers, and it is essential for achieving the
desired performance of the ORC system.

Qcond = rg(hs — hy) = My, Cpy, AT (15)
Where:

mg= mass flow rate of refrigerant kg/s

m,,= mass flow rate of water kg/s

cpw= specific heat of water Kj/kg°C

2) Logarithmic mean temperature difference LMTD which could be determined by

using the following equation:

T1—t;)—(T2-t
LMD = -2t 2[)Tlft2] 2 (16)
T2-t1

Where: T; and T, are hot fluid inlet and outlet temperature respectively

t; and t, are cold fluid inlet and outlet temperature respectively

Note: If two of the working fluids proceed no isothermal process LMTD must be
multiplied by correction factor F which could be determined by using following

diagram:
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Figure 4.3. Temperature correction factor
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Assuming a value of overall heat transfer coefficient Uo
3) Typical U-value for a horizontal shell and tube condenser using R245fa
refrigerant can be in the range of 200-300 W/m”2-K.

4) Total heating surface area of the condenser from the equation:

_ QCOND
A= Uo LMTD (17)

5) Once the tube properties have been defined, the total number of tubes required
for the condenser can be calculated. This is based on the total heating surface area.
By using equation:

A=TdoUut LENE ..o e (18)
6) Determine the shell geometries firstly we assign the layout of tubes which could

be either square of triangular and then we calculate bundle diameter of tubes.
b Nt 1m1
Db=dout (Kl) ............................................................... (19)

Where: Db= tube bundle diameter m
Nt= total number of tubes

K1 and n! constants could be estimated from the Table3.

Table 4.1. K1 and n1 values

Triangular pitch pt = 1.25do

No. passes 1 2 4 6 8

K1 0.319 0.249 0175 0.0743  0.0365
nl 2.142 2.207 2.285 2.499 2.675
Squire pitch, pt = 1.25do

No. passes 1 2 4 6 8

K1 0215 0.156 0.158 0.0402 0.0331
nl 2.207 2.291 2.263 2.617 2.643

Inner shell diameter by using this formula:

DS = DD 4 CD ..o
(20)

Where:

CD = clearance defined from the chart diagram below

16
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7) Heat transfer coefficient inside the tube hi for single phase flow, we use Seider-

Tate and Hausen equations:

1

h;=0.023 Re®*p? () (4000< Re) 1)
2 1 am\a\ | K
h,_0.116 <R; - 125) p3 (1 + (%)3> (G- (2300<Re<4000) (22)
1
D k
hy = 1.86 (Re Pr2)° () (Re < 2300) (23)
Gxdin
- (2
m
Where:

G= mass velocity kg/m? s

din= tube inside diameter m

u= fluid dynamic viscosity kg/m s

Pr: Prandtl number

K: fluid thermal conductivity W/m K

8) Heat transfer coefficient for shell side which is more complicated due to presence

of both liquid and vapor use equation:

17



(h)b—095hiﬂgLﬁﬁ]( Ny (24)

' = m
"TIXN,
= (N (26)
Db
Nr = (27)

Where: I'n= is row density
Nr=number of tubes in the center raw
pt= tube pith which recommended to have a value of 1.25d
9) Uo over all heat transfer coefficient which can be written as:
1 1 Ao (din — dout\ Ao /1 Ao
5= gt R+ 5 (T, ) 2 () Rl
Where: R;, and R4;= fouling factors are estimated from Table.4

ky,= Tube wall thermal conductivity

Table 4.2. Fouling factors and coefficient

Fluid Coefficient (W/m? °C) R;, (m2°C/W)
River water 3000-12000 0.0003-0.0001
Sea water 1000-3000 0.001-0.0003
Cooling water 3000-6000 0.0003-0.00017
Refrigerant 3000-5000 0.0003-0.0002
Air and industrial gases 5000-10000 0.0002-0.0001
Organic vapours 5000 0.0002
Organic liquids 5000 0.0002

10) Subsequently, we compare the value of Uo we estimated from equation and the
value we assumed and check the Error percentage if it is in accepted limit or not, the

limitation is given by Kern’s method.

E% = Uo.esti—Uo.assum % 100<30% (28)

Uo. assum

11) If the design in accepted range the next step is to determine pressure drop for

both shell and tubes sides. For calculation the pressure in tube side we use the

following equation:

APt = AP tube + AP Turing pass (29)
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AP tube = fdarcy ( L ) pv? Ntp (30)

ain) 2
. pv?
AP Turing pass = K ~ Ntp (31)
Where: Ntp= number of tube passes
din= tube inner diameter m

K=Minor friction coefficient

Shell side pressure drop is estimated by using the following formula:

2
4Ps = 8jh () () == (32)

Where:

Jh: friction coefficient which is determined from the chart In figure 5 below
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Figure 4.5. Shell side friction factor jh chart
GDe
Res =
Us
= 27 (p2 — 0,785d2,,) f itch 34
De = —— (pf — 0,785d§,,;) for square pitch type (34)
De = 2 (p2 —0,917d2,,) for triangular pitch
e= — (pi ) Gue) for triangular pitch type. (35)
Bs = Ds. (36)
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Vs= () (37)

Gs =15 (38)

Asg
A = %x Ds x Bs 39)
Where: Ds = Shell diameter m
De= equivalent diameter m

d = outside tube diameter m

pt = tube pitch m

Bs = baffle space m

Vs = shell side fluid velocity m/s

Gs = shell side mass velocity kg/m? s
ms= shell side fluid velocity m/s

A= shell side cross flow velocity m/s

4.1.3 Condenser design limitations

To achieve an optimal design of the condenser with minimal cost, it is essential to
strike a balance between heating surface area and pressure drop. Increasing the heating
surface area results in a higher cost of materials and construction, while a smaller
surface area leads to lower costs but increased pressure drop. Thus, to obtain the best
compromise between cost and performance, certain limitations are imposed. In this
study, we have proposed limitations that enable us to attain an optimum design with
minimum surface area (i.e., minimum cost) and an allowable pressure drop. By setting
appropriate constraints, we were able to ensure that the design satisfies the
requirements of the ORC system while minimizing the cost of the condenser. This
approach allowed us to achieve a balance between cost and performance, resulting in

an efficient and cost-effective ORC system.

Table 4.3. Condenser design limitations

Error (E%)" v, (m/s)** 21 L/DS™ AP, (bar) AP (bar)

<10% 1.5<v, < 2.5 5 < L,/Ds<10 <2 <0.2

*To avoid overdesign for condenser. In Kern’s it is indicated as 30%
**low-velocity cause low heat transfer; high velocity leads to tube erosion and more pressure drop

*#*% Preferred to have exemplary geometries of the design
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4.1.4 Condenser design optimization procedure

Table 4.4. Condenser fixed properties and tube geometries

doye (mm)  d;, (mm) Material Pitch (mm) Tube layout Shell Passes
No
25.4 21.3 Carbon steel 1.25 dyy: Triangular-square 1

Length of tube and number of tube passes are variable values where

Length of tube =1, 1.5,2,3 ..o 6m

Number of tube passes =2, 4, 6, 8

Total number of design (44) design

The design which has a minimum surface area is called to be the optimum design

among other designs.

A 2
A ”
A Optimum design
“M A ‘ Taa A el
A ‘ A A A
A

Accepted designs Rejected designs Optimum design

Figure 4.6. Optimization procedure mentioned in this study

4.1.4.1 Condenser optimization procedure for R245fa

The Figure 4.7 below depicted illustrates the results of an extensive analysis of various
condenser designs, considering three key variables: the number of tube passes, total
number of tubes, and tube length. These variables are plotted on the horizontal axis,
while the condenser heat transfer (kW) is plotted on the vertical axis.

Each design is characterized by its respective number of tube passes, total number of
tubes, and tube length, alongside the corresponding heating duty (kW). The tube length
is systematically increased in increments of 50cm until it reaches 600cm for each
number of tube passes. The number of tube passes is then gradually increased by 2,
and the process is repeated until the number of tube passes reaches 8, resulting in a

total of 44 distinct condenser designs being evaluated.
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By examining the plotted graph, it becomes apparent that the optimal design is
dependent on a careful balance between heating surface area and pressure drop. With
this in mind, the suggested design limitations ensure that an optimum condenser design
can be achieved that balances the desire for minimum surface area (minimum cost)
with an acceptable level of pressure drop that would not negatively affect the overall

performance of the ORC.
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Figure 4.7. Rate of heat transfer through condenser (kW) with R245fa

Figure 4.7 depicts the evaluated condenser designs in terms of the total number of
tubes, the number of tube passes, and tube length, with the Condenser heat transfer
(kW) on the vertical axis. It is noteworthy that all the data points lie within the
acceptable range, as indicated by the green shaded region between the minimum and
maximum acceptable cooling duty values. The minimum required condenser cooling
duty (KW), which was previously calculated in the Table 3.2, is represented by the
green dashed line at 4351.79 KW. Similarly, the red dashed line represents the
maximum acceptable cooling duty, which is approximately 10% higher than the
required value, at 4787 KW. The location of all the data points in the green region
suggests that each design meets the cooling duty requirements and falls within the
acceptable range. Therefore, the presented condenser designs are deemed suitable for

the ORC system, with the added advantage of being cost-effective and efficient.
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Figure 4.8. Condenser design error % diagram with R245fa

Figure 4.8 is a highly informative plot that offers a comprehensive evaluation of the
design error for each of the condenser designs as a function of the number of tube
passes, total number of tubes, and tube length. A critical constraint is highlighted by a
bold red dashed line, indicating the maximum allowable design error of 10%. It is
indeed encouraging to note that all 44 condenser designs presented in the plot fall
within the accepted range, with each design represented by a vivid green color and a
design error of less than 10%. This empirical evidence highlights the significant
advancements made in optimizing condenser design, as each design not only meets the
necessary performance criteria but also satisfies the essential design limitations. The
results of this analysis are expected to be of immense value to the ORC industry as
they provide crucial insights into achieving the optimal condenser design that ensures

efficient and cost-effective operation.

23



Tube Side velocity (m/s)
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Figure 4.9. Condenser Tube side fluid velocity diagram with R245fa

Figure 4.9 provides an in-depth analysis of the fluid velocity within the tubes for each
condenser design, in relation to the total number of tube passes, total number of tubes,
and the length. This figure establishes an important threshold for the acceptable
velocity range, with a lower limit of 1.5 m/s marked by a vibrant green dashed line,
and an upper limit of 2.5 m/s denoted by a striking red dashed line.The empirical data
in Figure 14 reveals that only 8 designs out of 44 met the desired range of fluid velocity
within the tubes and passed all the pervious limitations. These designs are represented
by a bold green color, while all other designs that failed to meet this crucial limitation
are shown in a stark red color. The results of this analysis highlight the complexity and
difficulty of optimizing condenser designs, as only a select few designs were capable
of achieving the necessary fluid velocity within the tubes while also satisfying other
essential performance criteria. In summary, Figure 14 serves as a valuable tool for
condenser design optimization, as it enables engineers to visualize and analyze the
fluid velocity within the tubes for each design and ensure that the acceptable range is
maintained. The empirical data presented in this figure will contribute significantly to
the development of more efficient and effective condenser designs that meet the

necessary performance criteria.
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Figure 4.10. Condenser (Length of tube / shell diameter) diagram with R245fa

Figure 4.10 provides a comprehensive evaluation of the design goodness ratio, a
critical metric for assessing the effectiveness and efficiency of each condenser design.
The figure is expertly paired with the previous variables, including the number of tube
passes, total number of tubes, and length of tubes, to provide a holistic assessment of
each design. Notably, the figure establishes a vital threshold for the acceptable
goodness ratio range, with a bold red dashed line representing the upper limit of 10
and a vibrant green dashed line denoting the lower limit of 5. Designs that fall within
this accepted range are depicted in a bold green color, while those outside of the range
are shown in a stark red color.

Intriguingly, the empirical data presented in the figure reveals that only 11 condenser
designs achieved a value within the desired range. However, only four of these designs
were able to surpass not only this critical design limitation but all prior limitations as
well, earning them the coveted green color. These findings underscore the complexity
and challenges of designing optimal condensers, as only a select few designs emerge
as truly superior, with the ability to meet all necessary performance criteria. Overall,
this figure provides critical insights into the design optimization process and highlights
the need for meticulous evaluation and testing to achieve the desired performance

outcomes.
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Figure 4.11. Shell side pressure drop through the condenser with R245fa

Figure 4.11 presents an informative graphical representation of the shell side pressure
drop of each condenser design, meticulously correlated to the number of tube passes,
total number of tubes, and tube length that were previously analyzed. Notably, this
figure establishes a crucial threshold for the maximum allowable shell side pressure
drop, clearly depicted by a striking dashed red line, emphasizing the importance of
adhering to safe and optimal performance criteria. The green symbols within the figure
represent the select few designs that have successfully passed all previous design
limitations while also maintaining a shell side pressure drop of less than 0.2 bar. In
contrast, the red symbols represent the designs that did not meet this critical threshold
or failed to pass one or more of the previous design tests. Among the numerous designs
evaluated, only four have emerged as optimal condenser designs, distinguished by a
radiant green color to signify their exceptional performance and efficiency. These
designs have ingeniously balanced the critical factors of pressure drop, tube passes,
total tubes, and tube length to achieve an optimal result that meets all performance
criteria, delivering an outstanding performance that is both safe and cost-effective. The
empirical data presented in this figure highlights the significance of meticulous design
optimization, underscoring the importance of meeting all critical design thresholds to

achieve optimal performance.
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Figure 4.12. Tube side pressure drop through the condenser with R245fa

With an eloquent display of data, Figure 4.12. offers a comprehensive analysis of the
tube side pressure drop (water side) for each condenser design, meticulously crafted
to align with the number of tube passes, total number of tubes, and tube length
evaluated previously. The maximum allowable tube side pressure drop is perceptively
marked by a bold red dashed line, serving as a crucial threshold for evaluating the
performance of each design.

The green symbols within the figure represent the successful designs that have not
only remained under the 2 bar threshold but have also passed all prior design
limitations. These designs have ingeniously optimized the number of tube passes, total
number of tubes, and tube length to achieve a desirable tube side pressure drop, thereby
demonstrating their exceptional performance and efficiency. On the other hand, the
red symbols highlight the unfortunate candidates that failed to meet one or more
critical performance criteria or exceeded the 2 bar threshold.

Of the plethora of designs evaluated, only four have emerged victorious, marked with
a brilliant green color to signify their outstanding performance and efficiency. These
designs have surpassed all prior design limitations and achieved a tube side pressure
drop within the desirable range, making them the optimal condenser designs that
embody safety, performance, and efficiency in perfect harmony.

Undoubtedly, the heating surface area of a condenser plays a crucial role in

determining the cost and investment necessary for its installation and operation. A
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larger surface area usually entails a higher initial cost to manufacture and install the
condenser, as it requires a larger quantity of materials and more labor for its assembly.
However, in this study, the optimization procedure has been meticulously designed to
create a condenser that not only embodies efficiency and elegance but also ingeniously
minimizes the required heating surface area. The goal is to achieve a design that
efficiently meets the critical performance parameters essential for the successful
operation of the condenser, while minimizing the associated costs of manufacturing,

installation, and operation.
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Figure 4.13. Condenser heating surface area m2 diagram with R245fa

Figure 4.13 provides a detailed comparison of various condenser designs that
underwent the same performance tests. The designs that passed the tests are marked in
green, while those that failed are marked in red. The optimal design has the smallest
heating surface area of 240 m2 and includes six tube passes, a total of 502 tubes, and
a tube length of six meters. This design strikes a balance between effectiveness,

efficiency, and cost, providing exceptional and cost-effective performance.

28



Table 4.5. Condenser design results for R245fa

NO Lt Niupe Nubepas: Error AP, AP Qost Design Test Result
m # # % bar bar kW accepted/not accepted

1 1 4450 2 0.14 0.000 0.01 4367 not accepted
2 1.5 2700 2 0.27 0.001 0.02 4366 not accepted
20 5 626 4 0.01 0.28 0.08 4367 not accepted
21 55 564 4 0.40 0.366 0.09 4385 not accepted
22 6 510 4 0.01 0.470 0.1 4365 accepted

30 45 688 6 0.47 0.699 0.07 4388 not accepted
31 5 610 6 0.22 0.941 0.08 4363 accepted

32 5.5 552 6 0.57 1.213 0.09 4382 accepted

33 6 502 6 0.48 1.542 0.1 4377 accepted”

34 1 3586 8 0.13 0.032 0.01 4362 not accepted
43 55 548 8 0.56 2.810 0.08 4394 not accepted
44 6 498 8 0.55 3.579 0.09 4385 not accepted

*Minimal condenser area, ideal choice-lowest cost

** All the condenser design calculations are carried out assuming P2=22bar

4.1.4.2 Condenser optimization procedure for R600

4800
4700
4600

4500

4400

Condenser heat transfer rate (kW)

4300

J=] ' \ ’
w140 3192 2288 1776 vaaz| 1214 1028 | 918 [ a10 | 724 | e 4920 3084|2220 1730|1400 1190 s030 | 300

504 1288 1002 | 940
B I e

28| 3 |3s] 4

6402 3860|2702 | 088 1652 | 1372|1172 | 1020 004 | nom | 732 |ss2m

) w|ml

con
°

04 | 724 | om0

4200 - oo -
: \

s loale |1 |ns 2 PP I P I T ) P ) (A P P 3o o lan| s fuse

Number of tube passes . "l’i“':‘:\"'"“
L i ===Qreq (kW)
Total number of tubes © Accepted Values
Length of one tube (m) === Qmax (kW)

Figure 4.14. Rate of heat transfer through condenser (kW)diagram for R600

Figure 4.14 depicts the evaluated condenser designs in terms of the total number of
tubes, the number of tube passes, and tube length, with the Condenser heat transfer
(kW) on the vertical axis. It is noteworthy that all the data points lie within the
acceptable range, as indicated by the green shaded region between the minimum and
maximum acceptable cooling duty values. The minimum required condenser cooling
duty (kW), which was previously calculated in the Table 3.2, is represented by the
green dashed line at 4316.64 kW. Similarly, the red dashed line represents the
maximum acceptable cooling duty, which is approximately 10% higher than the
required value, at 4748.3 kW. The location of all the data points in the green region

suggests that each design meets the cooling duty requirements and falls within the
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acceptable range. Therefore, the presented condenser designs are deemed suitable for

the ORC system, with the added advantage of being cost-effective and efficient.
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Figure 4.15. Condenser design error % diagram for R600

In Figure 4.15 the design error for all attempted condenser designs is shown. This
limitation ensures that the final designs are neither overdesigned nor under designed.
The suggested maximum design error is 10%, indicated by a red dashed line in the
figure. It is noteworthy that all the points are located below this upper limit and are

highlighted with a green symbol, indicating that all 44 suggested designs fall within

the accepted range.
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Figure 4.16. Condenser Tube side fluid velocity diagram with R600
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Figure 4.17. Condenser (length of tube / shell diameter) diagram with R600

In Figure 4.16 a detailed analysis of fluid velocity within the tubes for each condenser
design is presented. This analysis considers the total number of tube passes, the total
number of tubes, and their length. The figure sets an important threshold for acceptable
velocity range, with a lower limit of 1.5 m/s marked by a green dashed line and an

upper limit of 2.5 m/s denoted by a red dashed line. This limitation aims to prevent
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potential damage to the condenser and maintain high performance. Fluid velocity
higher than 2.5 m/s can cause erosion in the tubes, while a low fluid velocity of less
than 1.5 m/s can lead to a low heat transfer coefficient and reduced performance,
resulting in larger heating surface areas and consequently, higher investment costs.
The empirical data presented in Figure 18 shows that only 7 designs out of 44 met the
desired range of fluid velocity within the tubes and passed all the pervious limitations,
represented by a green color. All other designs that failed to meet this crucial limitation
are shown in red. This analysis highlights the complexity and difficulty of optimizing
condenser designs, as only a select few designs were capable of achieving the
necessary fluid velocity within the tubes while also satisfying other essential
performance criteria.

In summary, Figure 4.16 is a valuable tool for condenser design optimization, allowing
engineers to visualize and analyze fluid velocity within the tubes for each design to
ensure that the acceptable range is maintained. The empirical data presented in this
figure will significantly contribute to the development of more efficient and effective
condenser designs that meet the necessary performance criteria.

Figure 4.17 provides a crucial metric, known as the design goodness ratio, for
evaluating condenser designs. The figure is analyzed alongside three parameters: the
number of tube passes, the total number of tubes, and tube length. It establishes an
acceptable goodness ratio range with red and green dashed lines marking the upper
and lower limits. Designs within this range are depicted in green, while those outside
the range are shown in red. According to the empirical data presented in the figure,
only 8 condenser designs were able to achieve the desired value within the acceptable
range. However, only 4 of these designs were able to surpass all critical design

limitations, earning them the coveted green color, while the others were shown in red.
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Figure 4.18. Shell side pressure drop through the condenser with R600
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Figure 4.19. Tube side pressure drop through the condenser with R600

Figure 4.18 showcases a graph that depicts the pressure drop on the shell side of each
condenser design with utmost clarity and precision. The graph takes into consideration
the number of tube passes, the total number of tubes, and the tube length of each
condenser design. A red dashed line is drawn in the graph that represents a crucial
maximum limit which is 0.2 bar for the allowable shell side pressure drop. This line
emphasizes the importance of complying with safe and optimal performance criteria
to ensure efficient and secure operation.

The graph portrays green symbols that indicate a small number of designs that have
successfully surpassed all previous design limitations while keeping a shell side
pressure drop of less than 0.2 bar. In contrast, the red symbols denote designs that

failed to meet this critical limitation or couldn't pass one or more of the previous design
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tests. Among all the designs analyzed, only four have emerged as optimal condenser
designs, distinguished by their green color to signify their exceptional performance
and efficiency. These optimal designs have ingeniously maintained a balance among
the critical factors of pressure drop, tube passes, total tubes, and tube length to achieve
an optimal result that meets all performance criteria. This outstanding performance is
both safe and cost-effective, making it a valuable asset to any system.

Figure 4.19 presents detailed information on the tube side pressure drop for each
condenser design. This information is essential for evaluating the performance of each
design, as it includes the number of tubes, tube length, and tube passes. The red dashed
line on the chart shows the maximum tube side pressure drop that cannot be exceeded.
The green symbols on the chart represent successful condenser designs that have met
all performance criteria. These designs have optimized the tube passes, total number
of tubes, and tube length to achieve an ideal tube side pressure drop below 2 bars. In
contrast, the red symbols indicate designs that failed to meet the performance criteria
or exceeded the 2 bar threshold. Out of the 44 designs evaluated, only three managed
to pass all the tests and achieve the desired pressure drop levels, making them
exceptional in terms of their performance and efficiency. Overall, the data presented
in Figure 4.18 and Figure 4.19 provide critical insights that can help in making

informed decisions about condenser design and performance evaluation.

The cost of installing and operating a condenser is largely dependent on the size of its
heating surface area. A larger surface area typically leads to a higher initial cost. In
light of this, this study has been conducted to optimize the design of the condenser,
with the aim of making it efficient while keeping the heating surface area as small as
possible. The overarching objective of this optimization is to develop a condenser that
satisfies performance requirements while simultaneously reducing manufacturing,
installation, and operational costs. The chart below shows the final results of the
optimization procedure for the condenser. Out of all the designs that met the suggested

limitations, the one with the lowest heating surface area was chosen as the best.
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Figure 4.20. Condenser heating surface area m2 diagram with R600

A detailed comparison of different condenser designs that underwent the same
performance tests is presented in Figure 4.20. The designs that passed the tests are
marked in green, while those that failed are marked in red. The optimal design has a
heating surface area of 317 m2, which is the smallest among all the designs. It includes
8 tube passes, a total of 724 tubes, and a tube length of 5.5 meters. This design offers
a balanced solution between effectiveness, efficiency, and cost, providing outstanding

and cost-effective performance.

Table 4.6. Condenser design results for R600

Length Neube Nitubepasses Error AP, AP Qes: Design Test Result
NO

m # # % bar bar kW accepted/not accepted
1 1 6492 2 0.067 0.0022 0.0002 4320.44045 not accepted
32 5.5 734 6 0.117 0.0245 0.7030 4326.26739 accepted
33 6 668 6 0.049 0.0275 0.8925 4321.23161 accepted
34 1 4926 8 0.102 0.0026 0.0173 4330.17523 not accepted
43 55 724 8 0.018 0.0242 1.6428 4324.40219 accepted*
44 6 656 8 0.100 0.0271 2.1033 4324.59786 not accepted

*Minimal condenser area, ideal choice-lowest cost

** All the condenser design calculations are carried out assuming P2=22bar
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4.1.4.3 Condenser optimization procedure for R123
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Figure 4.21. Rate of heat transfer through condenser (kW)diagram with R123
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Figure 4.22. Condenser design error % diagram with R123

Figure 4.21 depicts the evaluated condenser designs in terms of the total number of
tubes, the number of tube passes, and tube length, with the Condenser heat transfer
(kW) on the vertical axis. It is noteworthy that all the data points lie within the
acceptable range, as indicated by the green shaded region between the minimum and
maximum acceptable cooling duty values. The minimum required condenser cooling

duty (kW), which was previously calculated in the Table 3.2, is represented by the
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green dashed line at 4199.68 kW. Similarly, the red dashed line represents the
maximum acceptable cooling duty, which is approximately 10% higher than the
required value, at 4619.6 kW. The location of all the data points in the green region
suggests that each design meets the cooling duty requirements and falls within the
acceptable range. Therefore, the presented condenser designs are deemed suitable for
the ORC system, with the added advantage of being cost-effective and efficient.

In Figure 4.22, the design error for all attempted condenser designs is shown. This
limitation ensures that the final designs are neither overdesigned nor underdesigned.
The suggested maximum design error is 10%, indicated by a red dashed line in the
figure. It is noteworthy that all the points are located below this upper limit and are
highlighted with a green symbol, indicating that all 44 suggested designs fall within

the accepted range.
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Figure 4.23. Condenser Tube side fluid velocity diagram with R123

In Figure 4.23 a detailed analysis of fluid velocity within the tubes for each condenser
design is presented. This analysis considers the total number of tube passes, the total
number of tubes, and their length. The figure sets an important limit for acceptable
velocity range, with a lower limit of 1.5 m/s marked by a green dashed line and an
upper limit of 2.5 m/s denoted by a red dashed line. This limitation aims to prevent

potential damage to the condenser and maintain high performance. Fluid velocity
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higher than 2.5 m/s can cause erosion in the tubes, while a low fluid velocity of less
than 1.5 m/s can lead to a low heat transfer coefficient and reduced performance,
resulting in larger heating surface areas and consequently, higher investment costs.
The empirical data presented in Figure 4.23 shows that only 7 designs out of 44 met
the desired range of fluid velocity within the tubes and passed all the pervious
limitations, represented by a green color. All other designs that failed to meet this
crucial limitation are shown in red. This analysis highlights the complexity and
difficulty of optimizing condenser designs, as only a select few designs were capable
of achieving the necessary fluid velocity within the tubes while also satisfying other
essential performance criteria. In summary, Figure 4.23 is a valuable tool for
condenser design optimization, allowing engineers to visualize and analyze fluid
velocity within the tubes for each design to ensure that the acceptable range is
maintained. The empirical data presented in this figure will significantly contribute to
the development of more efficient and effective condenser designs that meet the

necessary performance criteria.
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Figure 4.24. Condenser (Length of tube/shell diameter) diagram with R123

Figure 4.24 provides a crucial metric, known as the design goodness ratio, for
evaluating condenser designs. The figure is analyzed alongside three parameters: the
number of tube passes, the total number of tubes, and tube length. It establishes an
acceptable goodness ratio range with red and green dashed lines marking the upper

and lower limits. Designs within this range are depicted in green, while those outside
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the range are shown in red. According to the empirical data presented in the figure,
only 11 condenser designs were able to achieve the desired value within the acceptable
range. However, only 4 of these designs were able to surpass all critical design

limitations, earning them the coveted green color, while the others were shown in red.
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Figure 4.25. Shell side pressure drop through the condenser with R123
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Figure 4.26. Tube side pressure drop through the condenser with R123

Figure 4.25 showcases a graph that depicts the pressure drop on the shell side of each
condenser design with utmost clarity and precision. The graph takes into consideration
the number of tube passes, the total number of tubes, and the tube length of each
condenser design. A red dashed line is drawn in the graph that represents a crucial
maximum limit which is 0.2 bar for the allowable shell side pressure drop. This line

emphasizes the importance of complying with safe and optimal performance criteria
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to ensure efficient and secure operation. The graph portrays green symbols that
indicate a small number of designs that have successfully surpassed all previous design
limitations while keeping a shell side pressure drop of less than 0.2 bar. In contrast,
the red symbols denote designs that failed to meet this critical limitation or couldn't
pass one or more of the previous design tests. Among all the designs analyzed, only 4
have emerged as optimal condenser designs, distinguished by their green color to
signify their exceptional performance and efficiency. These optimal designs have
ingeniously maintained a balance among the critical factors of pressure drop, tube
passes, total tubes, and tube length to achieve an optimal result that meets all
performance criteria. This outstanding performance is both safe and cost-effective,
making it a valuable asset to any system.

Figure 4.26 presents detailed information on the tube side pressure drop for each
condenser design. This information is essential for evaluating the performance of each
design, as it includes the number of tubes, tube length, and tube passes. The red dashed
line on the chart shows the maximum tube side pressure drop that cannot be exceeded.
The green symbols on the chart represent successful condenser designs that have met
all performance criteria. These designs have optimized the tube passes, total number
of tubes, and tube length to achieve an ideal tube side pressure drop below 2 bars. In
contrast, the red symbols indicate designs that failed to meet the performance criteria
or exceeded the 2 bar threshold. Out of the 44 designs evaluated, only 4 managed to
pass all the tests and achieve the desired pressure drop levels, making them exceptional
in terms of their performance and efficiency. Overall, the data presented in Figure 28
provides critical insights that can help in making informed decisions about condenser

design and performance evaluation.

The cost of installing and operating a condenser is largely dependent on the size of its
heating surface area. A larger surface area typically leads to a higher initial cost. In
light of this, this study has been conducted to optimize the design of the condenser,
with the aim of making it efficient while keeping the heating surface area as small as
possible. The overarching objective of this optimization is to develop a condenser that
satisfies performance requirements while simultaneously reducing manufacturing,
installation, and operational costs. The chart 29 below shows the final results of the
optimization procedure for the condenser. Out of all the designs that met the suggested

limitations, the one with the lowest heating surface area was chosen as the best.
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Figure 4.27. Condenser heating surface area m2 diagram with R123

A detailed comparison of different condenser designs that underwent the same

performance tests is presented in Figure 29. The designs that passed the tests are

marked in green, while those that failed are marked in red. The optimal design which

marked by yellow color and has a heating surface area of 233 m2, which is the smallest

among all the designs. It includes 6 tube passes, a total of 488 tubes, and a tube length

of 6 meters. This design offers a balanced solution between effectiveness, efficiency,

and cost, providing outstanding and cost-effective performance.

Table 4.7. Condenser design results for R123

Length Niube Nmbe,pnsses Error AP, AP, Qest Design Test Result
NO
m # # % bar bar kW accepted/not accepted
1 1 4162 2 0.137 0.014 0.0004 4207.28633 not accepted
22 6 494 4 0.036 0.165 0.4666 4210.66035 accepted
23 1 3560 6 0.199 0.015 0.0132 4216.9765 not accepted
31 5 592 6 0.006 0.126 0.9312 4201.64064 accepted
32 5.5 536 6 0.242 0.142 1.1992 4216.90664 accepted
33 6 488 6 0.216 0.160 1.5216 4225.83961 accepted*
44 6 482 8 0.042 0.156 3.55897179 4201.91777 not accepted

*Minimal condenser area, ideal choice-lowest cost

** All the condenser design calculations are carried out assuming P2=22bar.
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4.1.4.4 Condenser optimization procedure for R236fa
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Figure 4.28.Rate of heat transfer through condenser (kW)diagram with R236fa

Error %
&

0020 609 6000966600060 0000000002000060e00,009090,00400
i fal e i | i 8] | =

1840154813321

1jusf2{as)3 jas|4

l.ig 23:25% 13 !.ﬁé 4
Number of tube passes T e
Total number of tubes
Length of one tube (m)

Emin%
© Accepted Values

=== Emax%

Figure 4.29. Condenser design error % diagram with R236fa

Figure 4.28 depicts the evaluated condenser designs in terms of the total number of
tubes, the number of tube passes, and tube length, with the Condenser heat transfer
(kW) on the vertical axis. It is noteworthy that all the data points lie within the
acceptable range, as indicated by the green shaded region between the minimum and
maximum acceptable cooling duty values. The minimum required condenser cooling
duty (kW), which was previously calculated in the Table 3.2, is represented by the
green dashed line at 4435.21 kW. The maximum acceptable cooling duty, which is
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approximately 10% higher than the required value, at 4878.7 kW. The location of all
the data points in the green region suggests that each design meets the cooling duty
requirements and falls within the acceptable range. Therefore, the presented condenser
designs are deemed suitable for the ORC system, with the added advantage of being
cost-effective and efficient.

In Figure 4.29, the design error for all attempted condenser designs is shown. This
limitation ensures that the final designs are neither overdesigned nor underdesigned.
The suggested maximum design error is 10%, indicated by a red dashed line in the
figure. It is noteworthy that all the points are located below this upper limit and are
highlighted with a green symbol, indicating that all 44 suggested designs fall within

the accepted range.
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Figure 4.30. Condenser Tube side fluid velocity diagram with R236fa

In Figure 4.30, a detailed analysis of fluid velocity within the tubes for each condenser
design is presented. This analysis considers the total number of tube passes, the total
number of tubes, and their length. The figure sets an important limit for acceptable
velocity range, with a lower limit of 1.5 m/s marked by a green dashed line and an
upper limit of 2.5 m/s denoted by a red dashed line. This limitation aims to prevent
potential damage to the condenser and maintain high performance. Fluid velocity
higher than 2.5 m/s can cause erosion in the tubes, while a low fluid velocity of less

than 1.5 m/s can lead to a low heat transfer coefficient and reduced performance,
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resulting in larger heating surface areas and consequently, higher investment costs.
The empirical data presented in Figure 32 shows that only 3 designs out of 44 met the
desired range of fluid velocity within the tubes and passed all the pervious limitations,
represented by a green color. All other designs that failed to meet this crucial limitation
are shown in red. This analysis highlights the complexity and difficulty of optimizing
condenser designs, as only a select few designs were capable of achieving the
necessary fluid velocity within the tubes while also satisfying other essential
performance criteria. In summary, Figure 4.30 is a valuable tool for condenser design
optimization, allowing engineers to visualize and analyze fluid velocity within the
tubes for each design to ensure that the acceptable range is maintained. The empirical
data presented in this figure will significantly contribute to the development of more

efficient and effective condenser designs that meet the necessary performance criteria.
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Figure 4.31. Condenser (Length of tube/ shell diameter) diagram with R236fa

Figure 4.31 provides a crucial metric, known as the design goodness ratio, for
evaluating condenser designs. The figure is analyzed alongside three parameters: the
number of tube passes, the total number of tubes, and tube length. It establishes an
acceptable goodness ratio range with red and green dashed lines marking the upper
and lower limits. Designs within this range are depicted in green, while those outside
the range are shown in red. According to the empirical data presented in the figure,

only 4 condenser designs were able to achieve the desired value within the acceptable
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range. However, only one of these designs were able to surpass all critical design

limitations, earning it the coveted green color, while the others were shown in red.

0.1
0.08
0.06

0.04

Shell side pressure drop(Bar)

0.02

Number of tube passes ®  Rejected values of shell side pressure drop (Bar)
Total number of tubes === Maximum allawable shell pressure drop (Bar)

© Accepted values of shell side pressure drop (Bar)

Length of one tube (m)

Figure 4.32. Shell side pressure drop through the condenser for R236fa
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Figure 4.33. Tube side pressure drop through the condenser for R236fa

Figure 4.32 showcases a graph that depicts the pressure drop on the shell side of each
condenser design with utmost clarity and precision. The graph takes into consideration
the number of tube passes, the total number of tubes, and the tube length of each
condenser design. A red dashed line is drawn in the graph that represents a crucial
maximum limit which is 0.2 bar for the allowable shell side pressure drop. This line
emphasizes the importance of complying with safe and optimal performance criteria

to ensure efficient and secure operation. The graph portrays green symbols that
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indicate a small number of designs that have successfully surpassed all previous design
limitations while keeping a shell side pressure drop of less than 0.2 bar. In contrast,
the red symbols denote designs that failed to meet this critical limitation or couldn't
pass one or more of the previous design tests. Among all the designs analyzed, only
one have emerged as optimal condenser designs, distinguished by their green color to
signify their exceptional performance and efficiency. These optimal designs have
ingeniously maintained a balance among the critical factors of pressure drop, tube
passes, total tubes, and tube length to achieve an optimal result that meets all
performance criteria. This outstanding performance is both safe and cost-effective,
making it a valuable asset to any system.

Figure 4.33, presents detailed information on the tube side pressure drop for each
condenser design. This information is essential for evaluating the performance of each
design, as it includes the number of tubes, tube length, and tube passes. The red dashed
line on the chart shows the maximum tube side pressure drop that cannot be exceeded.
The green symbols on the chart represent successful condenser designs that have met
all performance criteria. These designs have optimized the tube passes, total number
of tubes, and tube length to achieve an ideal tube side pressure drop below 2 bars. In
contrast, the red symbols indicate designs that failed to meet the performance criteria
or exceeded the 2 bar threshold. Out of the 44 designs evaluated, only one managed to
pass all the tests and achieve the desired pressure drop levels, making them exceptional
in terms of their performance and efficiency. Overall, the data presented in Figure 4.33
provides critical insights that can help in making informed decisions about condenser

design and performance evaluation.

The cost of installing and operating a condenser is largely dependent on the size of its
heating surface area. A larger surface area typically leads to a higher initial cost. In
light of this, this study has been conducted to optimize the design of the condenser,
with the aim of making it efficient while keeping the heating surface area as small as
possible. The overarching objective of this optimization is to develop a condenser that
satisfies performance requirements while simultaneously reducing manufacturing,
installation, and operational costs. The chart 4.34 below shows the final results of the
optimization procedure for the condenser. Out of all the designs that met the suggested

limitations, the one with the lowest heating surface area was chosen as the best.
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Figure 4.34. Condenser heating surface area m2 diagram for R236fa

A detailed comparison of different condenser designs that underwent the same

performance tests is presented in Figure 4.34. The designs that passed the tests are

marked in green, while those that failed are marked in red. The optimal design has a

heating surface area of 402 m2, which is the smallest among all the designs. It includes

8 tube passes, a total of 840 tubes, and a tube length of 6 meters. This design offers a

balanced solution between effectiveness, efficiency, and cost, providing outstanding

and cost-effective performance.

Table 4.8. Condenser design results for R236fa

Nsube

N

AP,

AP,

QE‘S‘

Length tubepasses Frror Design Test Result
No m # # % bar bar kW accepted/not accepted
1 1 8134 2 0.023549 0.00300529 0.00013888 4441.27065 not accepted
2 15 4864 2 0.19856661 0.00533663 0.00044352 4448.83523 not accepted
42 5 1024 8 0.10200874 0.02886609 0.84634976 4440.15742 not accepted
43 5.5 922 8 0.05503533 0.03269895 1.10122754 4440.02432 not accepted
44 6 840 8 0.07946653 0.03661361 1.39533852 4449.28745 accepted*

*Minimal condenser area, ideal choice-lowest cost

** All the condenser design calculations are carried out assuming P2=22bar
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4.1.4.5 Condenser optimization procedure for R142b
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Figure 4.35. Rate of heat transfer through condenser (kW)diagram for R142b
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Figure 4.36. Condenser design error % diagram for R142b

Figure 4.35 depicts the evaluated condenser designs in terms of the total number of
tubes, the number of tube passes, and tube length, with the Condenser heat transfer
(kW) on the vertical axis. It is noteworthy that all the data points lie within the
acceptable range, as indicated by the green shaded region between the minimum and
maximum acceptable cooling duty values. The minimum required condenser cooling
duty (kW), which was previously calculated in the Table 3.2, is represented by the

green dashed line at 4416.4 kW. Similarly, the red dashed line represents the maximum
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acceptable cooling duty, which is approximately 10% higher than the required value,
at 4858.04 kW. The location of all the data points in the green region suggests that
each design meets the cooling duty requirements and falls within the acceptable range.
Therefore, the presented condenser designs are deemed suitable for the ORC system,
with the added advantage of being cost-effective and efficient.

In Figure 4.36, the design error for all attempted condenser designs is shown. This
limitation ensures that the final designs are neither overdesigned nor underdesigned.
The suggested maximum design error is 10%, indicated by a red dashed line in the
figure. It is noteworthy that all the points are located below this upper limit and are
highlighted with a green symbol, indicating that all 44 suggested designs fall within

the accepted range.

e
@ as
E
Rt
&z 3
17}
£
T T
o)
=
@
o
= ¢
= -
. *
@
o £
1 *
* *
P * *
. * % ¥ =3
0. # * & *
o ® ¢ ® o @ . * *
T . ® - .
PR . SOk 00 . i
0 a P . s
19814 5766 3998130341 24201 201611714/ 1490 1316 1176106218196 4980 35281 2702] 2190i 1828 1568 1372/1216 11092 988 175464654 3328 2572/2090) 1752 1508{ 1322 1176 1058' 958 (7182|4470 321612498 2032 1708 14741129411152/1038] 942
Vrfisialas! sjasialas!sissiej1josizaias]slasialas! sissie]|tjusizaias| s |asialas!sissiel1los]z as!sias]alas]s)ssls
# Rejected values of tube side velocity (m/s)
Number of tube passes ——=Vitmax (m/s)
Total number of tubes @ Accepted values of tube side velocity (m/s)
Length of one tube (m) -=-Vmin (ms)

Figure 4.37. Condenser Tube side fluid velocity diagram for R142b

In Figure 4.37, a detailed analysis of fluid velocity within the tubes for each condenser
design is presented. This analysis considers the total number of tube passes, the total
number of tubes, and their length. The figure sets an important limit for acceptable
velocity range, with a lower limit of 1.5 m/s marked by a green dashed line and an
upper limit of 2.5 m/s denoted by a red dashed line. This limitation aims to prevent
potential damage to the condenser and maintain high performance. Fluid velocity
higher than 2.5 m/s can cause erosion in the tubes, while a low fluid velocity of less

than 1.5 m/s can lead to a low heat transfer coefficient and reduced performance,
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resulting in larger heating surface areas and consequently, higher investment costs.
The empirical data presented in Figure 25 shows that only 2 designs out of 44 met the
desired range of fluid velocity within the tubes, represented by a green color. All other
designs that failed to meet this crucial limitation are shown in red. This analysis
highlights the complexity and difficulty of optimizing condenser designs, as only a
select few designs were capable of achieving the necessary fluid velocity within the
tubes while also satisfying other essential performance criteria. In summary, Figure
4.37 is a valuable tool for condenser design optimization, allowing engineers to
visualize and analyze fluid velocity within the tubes for each design to ensure that the
acceptable range is maintained. The empirical data presented in this figure will
significantly contribute to the development of more efficient and effective condenser

designs that meet the necessary performance criteria.
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Figure 4.38. Condenser (Length of tube/ shell diameter) diagram for R142b

Figure 4.38. provides a crucial metric, known as the design goodness ratio, for
evaluating condenser designs. The figure is analyzed alongside three parameters: the
number of tube passes, the total number of tubes, and tube length. It establishes an
acceptable goodness ratio range with red and green dashed lines marking the upper
and lower limits. Designs within this range are depicted in green, while those outside
the range are shown in red. According to the empirical data presented in the figure,

only 4 condenser designs were able to achieve the desired value within the acceptable
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range. However, only one of these designs were able to surpass all critical design

limitations, earning it the coveted green color, while the others were shown in red.
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Figure 4.39. Shell side pressure drop through the condenser for R142b
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Figure 4.40. Tube side pressure drop through the condenser for R142b

Figure 4.39. showcases a graph that depicts the pressure drop on the shell side of each
condenser design with utmost clarity and precision. The graph takes into consideration
the number of tube passes, the total number of tubes, and the tube length of each
condenser design. A red dashed line is drawn in the graph that represents a crucial
maximum limit which is 0.2 bar for the allowable shell side pressure drop. This line
emphasizes the importance of complying with safe and optimal performance criteria

to ensure efficient and secure operation. The graph portrays green symbols that
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indicate a small number of designs that have successfully surpassed all previous design
limitations while keeping a shell side pressure drop of less than 0.2 bar. In contrast,
the red symbols denote designs that failed to meet this critical limitation or couldn't
pass one or more of the previous design tests. Among all the designs analyzed, only
one has emerged as an optimal condenser design, distinguished by its green color to
signify their exceptional performance and efficiency. This optimal design has
maintained a balance among the critical factors of pressure drop, tube passes, total
tubes, and tube length to achieve an optimal result that meets all performance criteria.
This outstanding performance is both safe and cost-effective, making it a valuable
asset to any system.

Figure 4.40., presents detailed information on the tube side pressure drop for each
condenser design. This information is essential for evaluating the performance of each
design, as it includes the number of tubes, tube length, and tube passes. The red dashed
line on the chart shows the maximum tube side pressure drop that cannot be exceeded.
The green symbols on the chart represent successful condenser designs that have met
all performance criteria. These designs have optimized the tube passes, total number
of tubes, and tube length to achieve an ideal tube side pressure drop below 2 bars. In
contrast, the red symbols indicate designs that failed to meet the performance criteria
or exceeded the 2 bar threshold. Out of the 44 designs evaluated, only one managed to
pass all the tests and achieve the desired pressure drop levels, making it exceptional in

terms of its performance and efficiency.

The cost of installing and operating a condenser is largely dependent on the size of its
heating surface area. A larger surface area typically leads to a higher initial cost. In
light of this, this study has been conducted to optimize the design of the condenser,
with the aim of making it efficient while keeping the heating surface area as small as
possible. The overarching objective of this optimization is to develop a condenser that
satisfies performance requirements while simultaneously reducing manufacturing,
installation, and operational costs. The chart 43 below shows the final results of the
optimization procedure for the condenser. Out of all the designs only one design met

the suggested limitations, and was chosen as the best.
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Figure 4.41. Condenser heating surface area m2 diagram for R142b

A detailed comparison of different condenser designs that underwent the same

performance tests is presented in Figure 4.41. The design that passed the tests is

marked in green, while those that failed are marked in red. The optimal design has a

heating surface area of 451 m2, which is the smallest among all the designs. It includes

8 tube passes, a total of 942 tubes, and a tube length of 6 meters. This design offers a

balanced solution between effectiveness, efficiency, and cost, providing outstanding

and cost-effective performance.

Table 4.9. Condenser design results for R142b

NO Length Niube Niubepasses Frror AP, AP, .Qess Design Test Result
m # # % bar bar kW accepted/not accepted
1 1 9814 2 0.218142 0.001725 0.00010 4430.206 not accepted
2 1.5 5766 2 0.109894 0.003084 0.000324 4426.796 not accepted
43 5.5 1038 8 0.158637 0.01941 0.876751 4429.486 not accepted
44 6 942 8 0.094179 0.02176 1.118917 4422.16 accepted*

*Minimal condenser area, ideal choice-lowest cost

** All the condenser design calculations are carried out assuming P2=22bar
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4.1.4.6 Condenser optimization procedure for R600a
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Figure 4.42. Rate of heat transfer through condenser (kW)diagram for R600a
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Figure 4.43. Condenser design error % diagram for R600a

Based on the number of tubes, tube passes, tube length on horizontal axis, and
condenser heat transfer (kW) on the vertical axis, Figure 4.42. shows the evaluated
condenser designs. All data points fall within the acceptable range, which is indicated
by the green shaded area between the minimum and maximum acceptable cooling duty
values. The minimum required condenser cooling duty, previously calculated in Table
3.2, is represented by the green dashed line at 4421.3 kW. The maximum acceptable

cooling duty, which is around 10% higher than the required value, is represented by
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the red dashed line at 4863.43 kW. All data points within the green region show that
each design meets the cooling duty requirements and falls within the acceptable range.
Therefore, the presented condenser designs are suitable for the ORC system, and they

are both cost-effective and efficient.

Figure 4.43. displays the design error for all attempted condenser designs. The
suggested maximum design error of 10% is indicated by the red dashed line. All 44
suggested designs fall within the accepted range, which is highlighted with a green
symbol, indicating that each design is suitable for the ORC system and avoids

overdesigning or underdesigning.
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Figure 4.44. Condenser Tube side fluid velocity diagram for R600a

Figure 4.44. provides a detailed analysis of fluid velocity within the tubes for each
condenser design. The green dashed line marks the lower limit of 1.5 m/s, and the
upper limit of 2.5 m/s is denoted by the red dashed line. Fluid velocity outside of this
range can cause damage to the condenser and reduce performance. Only three out of
44 designs met the desired fluid velocity range, while the rest failed to meet the criteria.
Figure 4.44. is a valuable tool for condenser design optimization, allowing engineers

to ensure that the acceptable range of fluid velocity is maintained.
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Figure 4.45. Condenser (Length of tube/ shell diameter) diagram for R600a

Figure 4.45. provides a crucial metric, known as the design goodness ratio, for
evaluating condenser designs. The figure is analyzed alongside three parameters: the
number of tube passes, the total number of tubes, and tube length. It establishes an
acceptable goodness ratio range with red and green dashed lines marking the upper
and lower limits. Designs within this range are depicted in green, while those outside
the range are shown in red. According to the empirical data presented in the figure,
only 4 condenser designs were able to achieve the desired value within the acceptable
range. However, only one of these designs were able to surpass all critical design

limitations, earning it the coveted green color, while the others were shown in red.
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Figure 4.46. Shell side pressure drop through the condenser for R600a
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Figure 4.47. Tube side pressure drop through the condenser for R600a

Figure 4.46. showcases a graph that depicts the pressure drop on the shell side of each
condenser design with utmost clarity and precision. The graph takes into consideration
the number of tube passes, the total number of tubes, and the tube length of each
condenser design. A red dashed line is drawn in the graph that represents a crucial
maximum limit which is 0.2 bar for the allowable shell side pressure drop. This line
emphasizes the importance of complying with safe and optimal performance criteria
to ensure efficient and secure operation. The graph portrays green symbols that
indicate a small number of designs that have successfully surpassed all previous design
limitations while keeping a shell side pressure drop of less than 0.2 bar. In contrast,
the red symbols denote designs that failed to meet this critical limitation or couldn't
pass one or more of the previous design tests. Among all the designs analyzed, only
one has emerged as an optimal condenser design, distinguished by its green color to
signify their exceptional performance and efficiency. This optimal design has
maintained a balance among the critical factors of pressure drop, tube passes, total
tubes, and tube length to achieve an optimal result that meets all performance criteria.
This outstanding performance is both safe and cost-effective, making it a valuable
asset to any system.

Figure 4.47., presents detailed information on the tube side pressure drop for each

condenser design. This information is essential for evaluating the performance of each
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design, as it includes the number of tubes, tube length, and tube passes. The red dashed
line on the chart shows the maximum tube side pressure drop that cannot be exceeded.
The green symbols on the chart represent successful condenser designs that have met
all performance criteria. These designs have optimized the tube passes, total number
of tubes, and tube length to achieve an ideal tube side pressure drop below 2 bars. In
contrast, the red symbols indicate designs that failed to meet the performance criteria
or exceeded the 2 bar threshold. Out of the 44 designs evaluated, only one managed to
pass all the tests and achieve the desired pressure drop levels, making it exceptional in

terms of its performance and efficiency.

The cost of installing and operating a condenser is largely dependent on the size of its
heating surface area. A larger surface area typically leads to a higher initial cost. In
light of this, this study has been conducted to optimize the design of the condenser,
with the aim of making it efficient while keeping the heating surface area as small as
possible. The overarching objective of this optimization is to develop a condenser that
satisfies performance requirements while simultaneously reducing manufacturing,
installation, and operational costs. The chart 50 below shows the final results of the
optimization procedure for the condenser. Out of all the designs only one design met

the suggested limitations, and was chosen as the best.
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Figure 4.48. Condenser heating surface area m2 diagram for R600a
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A detailed comparison of different condenser designs that underwent the same
performance tests is presented in Figure 4.48. The design that passed the tests is
marked in green, while those that failed are marked in red. The optimal design has a
heating surface area of 380 m2, which is the smallest among all the designs. It includes
8 tube passes, a total of 794 tubes, and a tube length of 6 meters. This design offers a
balanced solution between effectiveness, efficiency, and cost, providing outstanding

and cost-effective performance.

Table 4.10. Condenser design results for R600a

Length Niube Niubepasses Frror AP, AP, Qggs Design Test Result

No m # # % bar bar kW accepted/not accepted
1 1 7734 2 0.179771968  0.001475338  0.000151301  4431.783812 not accepted

2 15 4622 2 0.196410819  0.002620131  0.000483544  4436.407243 not accepted

19 4.5 1140 4 0.099979178  0.012398583  0.089132383  4430.386095 not accepted

41 45 1088 8 0.038982785  0.01232025 0.698412556  4429.760222 not accepted

42 5 968 8 0.079838215  0.014143403  0.934200875  4430.198903 not accepted

43 55 872 8 0.095681161  0.016018631  1.214468224  4428.615836 not accepted

44 6 794 8 0.14895389 0.01793873 1.54047308 4436.72491 accepted™*

*Minimal condenser area, ideal choice-lowest cost

** All the condenser design calculations are carried out assuming P2=22bar

4.1.4.7 Condenser optimization procedure results discussion
R600:

The graphical representations showcases the analysis of various condenser designs
based on three key parameters, namely the number of tube passes, the total number of
tubes, and the length of tubes that are poltted on horizontal axis. The corresponding
condenser heat transfer (kW), design error%, tube side velocity, (length of tubes/shell
diameter) ratio, shell side pressure drop, tube side pressure drop, and heating surface
area that are plotted on the vertical axis. The study evaluated a total of 44 different
condenser designs. On x axis the length of tubes was gradually incremented by 50cm
for each number of tube passes until it reached 600cm, after which the number of tube
passes was increased by 2, and the process was repeated until it reached 8. The green
dashed line indicates the minimum accepted value, while the red dashed line represents
the maximum accepted value. The green and red symbols represent the attempted
designs that passed or failed the design limitations, respectively. The study revealed
that only three condenser designs successfully passed all the design limitations,

indicating them as good condenser design recommendations. These optimal designs
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correspond to the number of tube passes 6, 6, and 8, the number of tubes 734, 668, and
724, and the length of tubes 5.5, 6, and 5.5 m, respectively, with corresponding heating
surface areas of 322, 319, and 317 m2, respectively. The design with the minimum
surface area 317 m2 was deemed as the optimal design among the 44 evaluated
designs. These findings can provide valuable insights for further research in the field

of condenser design.

R123:

The graphical representations showcases the analysis of various condenser designs
based on three key parameters, namely the number of tube passes, the total number of
tubes, and the length of tubes that are poltted on horizontal axis. The corresponding
condenser heat transfer (kW), design error%, tube side velocity, (length of tubes/shell
diameter) ratio, shell side pressure drop, tube side pressure drop, and heating surface
area are plotted on the vertical axis. The study evaluated a total of 44 distinct condenser
designs. On x -axis the length of tubes was gradually incremented by 50cm for each
number of tube passes until it reached 600cm, after which the number of tube passes
was increased by 2, and the process was repeated until it reached 8. The green dashed
line indicates the minimum accepted value, while the red dashed line represents the
maximum accepted value. The green and red symbols represent the attempted designs
that passed or failed the design limitations, respectively. The study revealed that only
four condenser designs successfully passed all the design limitations, indicating them
as good condenser design recommendations. These optimal designs correspond to the
number of tube passes 4, 6, 6 and 6 the number of tubes 494, 592, 536, and 488 and
the length of tubes 6, 5, 5.5 and 6 m, respectively, with corresponding heating surface
areas of 236, 236, 235 and 233 m2, respectively. The design with the minimum surface
area was 233 m2 deemed as the optimal design among the 44 evaluated designs. These
findings can provide valuable insights for further research in the field of condenser

design.

R236:

The graphical representations showcases the analysis of various condenser designs
based on three key parameters, namely the number of tube passes, the total number of
tubes, and the length of tubes that are poltted. The corresponding condenser heat

transfer (kW), design error%, tube side velocity, (Ilength of tubes/shell diameter) ratio,
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shell side pressure drop, tube side pressure drop, and heating surface area are plotted
on the vertical axis. The study evaluated a total of 44 distinct condenser designs. The
length of tubes was gradually incremented by 50cm for each number of tube passes
until it reached 600cm, after which the number of tube passes was increased by 2, and
the process was repeated until it reached 8. The green dashed line indicates the
minimum accepted value, while the red dashed line represents the maximum accepted
value. The green and red symbols represent the attempted designs that passed or failed
the design limitations, respectively. The study revealed that only a single condenser
designs successfully passed all the design limitations, indicating it as an optimal design
among other 44 designs. These optimal design correspond to the number of tube passes
8,total number of tubes 840 and the length of tubes 6 m, respectively, with

corresponding heating surface areas of 402 m2, respectively.

R142b:

The graphical representations showcases the analysis of various condenser designs
based on three key parameters, namely the number of tube passes, the total number of
tubes, and the length of tubes that are poltted on horizontal axis. The corresponding
condenser heat transfer (kW), design error%, tube side velocity, (length of tubes/shell
diameter) ratio, shell side pressure drop, tube side pressure drop, and heating surface
area are plotted on the vertical axis. The study evaluated a total of 44 distinct condenser
designs, each characterized by three variables, namely the number of tube passes, the
total number of tubes, and the length of tubes, along with the associated heating duty
(kW), design error%, tube side velocity, (length of tubes/shell diameter) ratio, shell
side pressure drop, tube side pressure drop, and heating surface area. The length of
tubes was gradually incremented by 50cm for each number of tube passes until it
reached 600cm, after which the number of tube passes was increased by 2, and the
process was repeated until it reached 8. The green dashed line indicates the minimum
accepted value, while the red dashed line represents the maximum accepted value. The
green and red symbols represent the attempted designs that passed or failed the design
limitations, respectively. The study revealed that only a single condenser designs
successfully passed all the design limitations, indicating it as an optimal design among
other 44 designs. These optimal design correspond to the number of tube passes 8,
total number of tubes 942 and the length of tubes 6 m, respectively, with corresponding

heating surface areas of 451 m2, respectively.
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R600a:

The graphical representations showcases the analysis of various condenser designs
based on three key parameters, namely the number of tube passes, the total number of
tubes, and the length of tubes that are poltted on the horizontal axis. The corresponding
condenser heat transfer (kW), design error%, tube side velocity, (length of tubes/shell
diameter) ratio, shell side pressure drop, tube side pressure drop, and heating surface
area are plotted on the vertical axis. The study evaluated a total of 44 distinct condenser
designs, each characterized by three variables, namely the number of tube passes, the
total number of tubes, and the length of tubes, along with the associated heating duty
(kW), design error%, tube side velocity, (length of tubes/shell diameter) ratio, shell
side pressure drop, tube side pressure drop, and heating surface area. The length of
tubes was gradually incremented by 50cm for each number of tube passes until it
reached 600cm, after which the number of tube passes was increased by 2, and the
process was repeated until it reached 8. The green dashed line indicates the minimum
accepted value, while the red dashed line represents the maximum accepted value. The
green and red symbols represent the attempted designs that passed or failed the design
limitations, respectively. The study revealed that only a single condenser designs
successfully passed all the design limitations, indicating it as an optimal design among
other 44 designs. These optimal design correspond to the number of tube passes 8,
total number of tubes 794 and the length of tubes 6 m, respectively, with

corresponding heating surface areas of 380 m2, respectively.
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CHAPTER 5
PREHEATER, EVAPORATOR, AND SUPERHEATER

Finned tube heat exchangers are a type of heat transfer equipment that have gained
immense popularity in the industrial and commercial sectors owing to their
unparalleled heat transfer efficiency. These heat exchangers are comprised of a series
of tubes that are enveloped by fins, which are essentially thin metallic strips that are
meticulously attached to the tubes to increase their surface area. By augmenting the
surface area, these fins facilitate superior heat dissipation, thus enabling the heat

exchanger to transfer heat more effectively and expeditiously.

In our study, we have extensively utilized finned tube heat exchangers for each of the
preheater, superheater, and evaporator components. This strategic selection can be
attributed to the low heat transfer coefficient of industrial air that is introduced on the
shell side. Consequently, finned tube heat exchangers have proved to be a robust and
reliable solution, which can effectively and efficiently transfer heat from one fluid to
another, thus meeting the complex requirements of our project. One of the most
significant advantages of finned tube heat exchangers is their remarkably high heat
transfer coefficient, which greatly surpasses that of other types of heat exchangers.
This unique feature enables them to transfer heat much more efficiently, making them
a preferred choice in various applications where swift and proficient heat transfer is of
paramount importance. Furthermore, these heat exchangers are relatively easy to
maintain and repair, thanks to their simplistic design with few moving parts, coupled
with the use of durable and robust materials. Additionally, finned tube heat exchangers
can be customized to be compact and lightweight, making them suitable for a diverse
range of industrial and commercial applications. In summary, finned tube heat
exchangers are an immensely reliable and efficient solution for transferring heat from
one fluid to another. Their widespread usage in diverse industries and applications is
a testament to their superior performance and reliability. In our study, their selection
for preheater, superheater, and evaporator components highlights their indispensability

and efficiency in tackling the low heat transfer coefficient of industrial air.
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5.1 Design methodology (preheater, Evaporator and superheater)
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Figure 5.1. Finned tube evaporator design methodology
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Figure 5.2. Finned tube superheater and preheater design methodology
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In our study, we have developed a practical and effective design methodology for
finned tube evaporators, which is presented in Figure 5.1. This methodology
incorporates several important design considerations and limitations to ensure the
optimal performance of the evaporator. To achieve a well-designed evaporator, our
methodology includes detailed steps, which will be thoroughly discussed in the
following topic. Furthermore, Figure 5.2 demonstrates a design methodology for
single-phase finned tube heat exchangers, specifically for preheater and superheater
components. While the methodology for the heat exchangers is similar to that for the
evaporator, the main difference lies in calculation the heat trasnfer coefficient inside
the tubes in which the refrigerants flow inside. Our methodology for the heat
exchangers takes into account various factors such as the desired heat transfer rate and
pressure drop, as well as the materials used in the structure and other practical
considerations. These steps ensure that the heat exchangers are designed to operate at

optimal efficiency and reliability.

5.2 Design steps (preheater, Evaporator and superheater) [19-26]

1) The first step is to define the thermal and physical properties of working fluids
based on given temperature and pressure data, and then we can easily estimate the
required heat transfer Qreq and mass flow rate of refrigerant which is located in tube
side.

2) The second step is to assign the tube and fin properties and geometries including
the tube and fin material, outer diameter and inner diameter of tube (dout, din),
Length of tube Lt, outer diameter of fin Df, length of fin Lf, thickness of fin tf and
spacing between to following fins which called as fin pitch S, then we decide the
layout of tubes either it is inline (St,SL) or staggered layout manner (St,SL and Sr) .
3) The third step is assigning the number of raws Nr and number of tubes per one
raw nt then getting the total number of tube N=Nr x nt.

4) In forth step we calculate in tube heat transfer coefficient hi there are many

methods we can use for calculation such as Dittus-Boelter equation:

h; = 0,023 RY® Pro# (=) (40)

This formula is used only for single flow (liquid or vapor only) and for two phase
heat transfer coefficient htp there are also many approaches which could be applied

like (Kandlikar 1990) approach to see in details go to A General Correlation for
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Saturated Two-Phase Flow Boiling Heat Transfer Inside Horizontal and Vertical
Tubes.

To calculate air side heat transfer coefficient there is a VDI-Wirmeatlas method
given for forced convection on finned tubes in cross flow (VDI-Wirmeatlas, 2010)

which is given as :

17a0\7015 ¢ -
hp = 0,22 Rgf Prs (ﬁ) (dout) ................... (eq27) inline layout
17407015 ¢
hp = 0,38 Rgf Prs (ﬁ) (dout) .................. (eq28)staggered layout
Ao = Af + Aw
Ao = X (0.5 (Df2 — dout2) + Df tf + Do) (41)
f
Ab = N Lt m dout kair (42)
_ (Pa Vmax DO
ReD = (%250 (43)
Vmax = —2a (44)
p Amin
B thLf
Amin = nt Lt( St — dout — m) (45)
f
ho = EF hD (46)
EF — ngAp+Aw (47)
Ao
Af = ’ZT (0.5 (Df2 — dout2) + Df tf) (48)
f
__ NLtm
Aw = S+t (dout tf) (49)
__ tanhmy
nf = (50)
— Lr _ Lbr
¥ = 05dout (-2 —1) (1 +0.35Ln (dout)> (51)
m= |22 (52)
kg
Where:

Pr = Prandtl number

kair = themal conductivity of air KW/m °C
dout= tube outer diameter m

N= total number of tube

Lt=length of stright tube m

S= fin pith m
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tf= thikness of fin

Df= outer diameter of fin m
LF=length of fin m

St= transverse pitch m

pa= density of dry air kg/m’
wa= air dynamic viscosity kg/ms
Ao= Total heating surface area m’
Af =fin area m’

Aw= unfinned tubes surface area m?

Ab= Total surface area for tubes without fins m*

ReD= Renault number

Vmax= maximum air velocity m/s

Amin= minimum cross flow aream?2

ho= total heat transfer coefficint for shell side KW/m? °C

EF= fin effectiveness

ng = fin efficiency

Kf = thermal conductivity of fin W/m°C

5) After we calculate heat transfer correlations for both tube and shell side we

determine fouling factors Rdi,Rdo from Table 8

6) now we can esrimate overall heat transfer coefficient Uo by using the formula:

1 1 Ao (din—dout Ao (1 Ao
5= [+ Rao + 51 () + 5 () + 5 Rl

(53)

7) The next step is to determine DTLM which can be written as:
(Ta,in—TR,out)—(Ta,out—TR,in)
DTLM = L (Ta,in—TR,out) (54)

Ta,out—TR,in

Where: Ta, in and Ta, out are inlet and outlet air temperature respectively

TR,in and TR, out are inlet and outlet refrigerant temperature respectively
8) Qevap = A,U0 DTLM (55)
9)E = T2 100% (56)
The error should be 0 < Error <10%
10) Pressure drops for both shell and tube sides

i) Tube side:
AP tube = APf + AP u
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pRef. v?

AP tube = [f (;T’;) Nr + K (Nr — 1)] :

(57)
Where:

APf = pressure drop due to friction Kpa

APu= pressure drop due to U bending

f = darcy friction factor

Lt= length straight tube m

din= inner tube diameter m

Nr= number of tube rows

K= 1.5 for 180° elbow

pRef .= density of refrigerant kg/m’

v= velocity of fluid inside the tube m/s

This equation used for single phase flow (liquid or vapor only)

For calculation two phase pressure drop inside horizontal and U_bend tube we can

use Miiller-Stenhagen & Heck and Paliwoda (1992) respectively.
ap G>
(E)f,L o Zl 2prd =51

(30) 0 = %o7a = B2

64 64
= Rey'S9 " Rey for Re;, Rey < 1187
0.3164 0.3164
G = Rel0-25 Cg = Rel? for Re;, Re, > 1187
Re, = and Re, =
Hi Hy

fL <d—P) dL = {—§(1 - x)g[Bl + 2(B2 - B1l)x] + lBZx4 - i(BZ —B1)(1 —
o \dL/g 4 4 14

Where: G = mass velocity kg/sm’

Re;, Rey= Renault number for saturated liquid and vapor state

x= vapour qualiy

B1= single phase pressure drop for liquid state kPa

B1= single phase pressure drop for vapor state kPa

For two phase pressure drop for U_bend:

GZ
Ap =fﬂﬁ
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B =1[9+C(L—0)x](1 - x)°333 4 x2276

Apy  pL \Uy

Table 1. Palowoda friction factor coefficient based on the curvature ratio, D/d

Paliwoda (1992)friction factor coefficients based on the curvature ratio, D/d.

D/d 20 2.5 3.0 3.5 4.0 5.0 6.0 8.0
f 0280 0.210 0.190 0.175 0.160 0.140 0.130 0.120

ii) Shell side:
APs = APacc + APf
APs = (ka + kf) 0.5 p Vmax2

Ka = 1+ o2
2LftF
Pt

10°< Re < 10°

St_DO)O.536( Do )0.36
Sl-Do St—Do

Kf = 4.71Re — 0286 () 051 (

For high fin tube in staggered arrays Re (5x10% —5x10%)

0.5 (Df2-D0?)+Df tf+Do 5>0'5°4 (St)0'376 (Sl )0-546

Do (tg+s) Do Do

Kf = 4.567 Re %242 (
Where:

APs= total shell side pressure drops Kpa
APacc= pressure drop due to acceleration Kpa
APf= pressure drop due to friction Kpa

Ka= acceleration factor

K f= friction factor

5.3 Design limitation for (preheater, evaporator and superheater)

Just like in the case of the condenser, when designing the heat exchangers for the ORC,
there exists a trade-off between the heating surface area and the pressure drop. This
means that a design with minimum heating surface area (and hence minimum cost)
will lead to a maximum pressure drop, which could negatively impact the overall
performance of the ORC. To address this challenge, our study has proposed some
limitations that will help us achieve an optimum design with the minimum required
heating surface area and an allowable amount of pressure drop. These limitations have

been carefully selected to ensure that the performance of the ORC is not compromised,
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while also keeping the cost of the heat exchanger design to a minimum. The proposed
methodology and design limitations will be discussed in detail in the upcoming

sections of this thesis.

Table 5.1. Preheater, evaporator, and superheater design limitation

Error (E%) " AP (bar) AP; (bar)
<10% <0.2 <0.2

*To avoid overdesign or under design

5.4 Design optimization for (preheater, evaporator and superheater)

In our design method for the heat exchanger unit, we have a set of parameters that are
fixed while others are variable. By adjusting the variable parameters, we can generate
multiple designs for each heat exchanger unit. Among these designs, the one with the
minimum heating surface area is considered to be the optimal design. This approach
allows us to explore different design possibilities and choose the most efficient one for
our application. By using this method, we can achieve an optimal balance between
heat transfer efficiency and cost-effectiveness, which is essential for the successful
implementation of the heat exchanger unit in the overall system.

The logic of the optimization procedure in the preheater, evaporator, and superheater

is similar to that in the condenser as it is shown in Figure 4.6.

5.4.1 Design optimization procedure for evaporator

Table 5.2. Evaporator’s fixed properties and parameters

Tube fixed geometries

Do (mm) 57.15

Din (mm) 53.8

Ltube (mm) 2000
Material Carbon steel
Fin fixed geometries

Df (mm) 89.6

Lf (mm) 15.8

tf (mm) 0.4

S (mm) 4

Material Alaminum
Dbend 3x Do
Tube layout Staggered (°60 )

Nr=(2-11)raws & nt=(2-60 ) tubes per rows
Nt = Nr X nt; (2x2,2x4,2X6 ...... ... e e et e e e ee ... 11X60)
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(300 design) attempted in all calculations for evaporator and each design is tested by
previous mentioned limitations.

5.4.1.1 Evaporator optimization procedure for R245fa
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Figure 5.3. Evaporator heat transfer rate (kW) diagram for R245fa

In order to obtain an optimum design for the evaporator unit, a methodology was
developed and implemented as illustrated in Figure 5.3. The design process involved
fixing certain parameters while varying others to achieve multiple designs for each
heat exchanger unit. The variable parameters were the number of tube rows, the
number of tubes in one row that are poltted in horizontal axis, and the heating duty of
the evaporator that are poltted on vertical axis. In horizontal axis, starting with two
tubes in one row, the number of tubes in one row was gradually increased until 60, at
which point the number of rows was increased by one, and the process was repeated

until a total of 11 rows were achieved.

In this way, a total of 300 evaporator designs were evaluated based on their heating
duty, with the aim of achieving a minimum heating surface area and an acceptable
level of pressure drop for the overall performance of the ORC system. The required
heating duty was calculated in Table 3.2 to be 2168.26 KW, and a maximum accepted
value of 10% more than the required value, or 2385 KW, was established.

The resulting designs were plotted in Figure 5.3, with the red and green points

indicating the attempted evaporator designs, and the green dashed line representing
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the minimum required heating duty. Additionally, the red dashed line represented the
maximum accepted value for the heating duty. Out of the 300 designs attempted, only
10 of them fell within the accepted range and were highlighted in green, while the

others were outside the accepted range and were shown in red.
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Figure 5.4. Evaporator design error% diagram with R245fa

Figure 5.4 showcases the percentage design error of each evaporator design in relation
to the total number of tube rows and the total number of tubes in one row. The
maximum allowable design error is indicated by a red dashed line at 10%. The green
triangles indicate evaporator designs that have a design error value of less than 10%,
while the red triangles indicate designs that exceed the maximum allowable limit or
have negative values. The results show that only 10 designs in green color passed this
limitation successfully, indicating their ability to satisfy the desired design criteria. On
the other hand, the remaining designs in red color had values greater than 10% or less
than zero, indicating their unsuitability for use in the proposed system. This limitation

insured that the accepted green designs were out of overdesigning or underdesigning.
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Figure 5.5. Shell side pressure drop through the evaporator with R245fa

In Figure 5.5, the shell side pressure drop is presented for each evaporator design, with
the total number of tube rows and the total number of tubes in one row as design
variables. The maximum allowable shell side pressure drop of 0.2 bar is indicated by
a red dashed line. Designs that passed all previous tests and have a shell side pressure
drop value less than 0.2 bar are represented by green triangles. Conversely, designs
that did not pass one of the previous tests or have a value of more than 0.2 bar are
represented by red triangles. It is clear from this figure that only the ten designs out of
300 that passed all the previous tests that are depicted in green color, while the rejected
designs are shown in red triangles, even if they have a value of shell side pressure drop
less than 0.2 bar, as they did not pass the previous tests. This result shows that the
proposed methodology, which takes into account multiple constraints and limitations,

was able to identify only a small set of feasible evaporator designs.
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Figure 5.6. Tube side pressure drop through the evaporator with R245fa

Figure 5.6 depicts the tube side pressure drop for each evaporator design obtained
through our methodology, considering the total number of tube rows and the total
number of tubes in one row. The maximum allowable tube side pressure drop is
denoted by a red dashed line at 0.2 bar. The successful designs that passed all the
previous limitations and also have a tube side pressure drop value less than 0.2 bar are
depicted as green triangles. On the other hand, the rejected designs that failed to pass
one of the previous limitations or have a tube side pressure drop value more than 0.2
bar are indicated as red triangles. It is apparent from this figure that out of the 300
designs obtained through our methodology, only 8 designs were able to pass all the
limitations successfully and are represented as green triangles, indicating their
acceptability for further consideration.

Efficient design of an evaporator is crucial from both an economic and practical
standpoint, as it involves optimizing the heating surface area to achieve maximum
efficiency while minimizing investment and operational costs. Increasing the heating
surface area can enhance the evaporator's efficiency, leading to lower energy
consumption. However, a larger heating surface area also leads into increased material,
manufacturing, and installation costs. Hence, determining the optimal heating surface
area that balances the investment and operational costs is vital. By achieving an
optimized heating surface area, a well-designed evaporator can lead to substantial cost

savings over the long term. During the optimization process, the focus was on
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achieving the minimum heating surface area while ensuring that the pressure drop

remains within an acceptable limit of less than 0.2 bar.
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Figure 5.7. Evaporator heating surface area m2 diagram with R245fa

Figure 5.7 provides a representation of the heating surface area for each of the 300
evaporator designs based on the total number of tube rows and the total number of
tubes in one row. It is worth noting that only 8 designs satisfy all the previous
limitations and can be considered as good evaporator designs, and these designs are
represented as green and yellow triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 205 m2, corresponding to 8§ tubes in one row and 7 number
of tube rows. This design ensures the lowest possible cost and investment while also
maintaining the required performance, making it the ideal choice for the evaporator.
As such, the optimization process for the heating surface area of the evaporator has
yielded a favorable result that can lead to significant cost savings and improved
efficiency. Therefore, it can be concluded that the optimization of the heating surface

area is a critical aspect of the evaporator design process that must be carefully

considered.
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Table 5.3. Finned tube evaporator design results with R245fa

NO Neubejraw Nraw Neotal Error 4P, AP, A Qost Design Test Result
# # # % bar bar m? kW accepted/not accepted

1 2 2 4 -88 0.297 0.346 15 261 not accepted

2 4 2 8 -80 0.081 0.096 29 424 not accepted

48 36 3 108 2 0.002 0.002 396 2205 accepted

49 38 3 114 5 0.002 0.002 418 2268 accepted

50 40 3 120 7 0.002 0.001 440 2330 accepted

51 42 3 126 -1 0.002 0.001 462 2154 not accepted

52 44 3 132 9 0.002 0.001 484 2371 accepted

71 22 4 88 -5 0.008 0.004 323 2060 not accepted

72 24 4 96 6 0.007 0.004 352 2306 accepted

96 12 5 60 -6 0.033 0.013 220 2046 not accepted

97 14 5 70 3 0.024 0.01 257 2226 accepted

98 16 5 80 10 0.019 0.008 294 2392 not accepted

124 8 6 48 -10 0.086 0.027 176 1958 not accepted

125 10 6 60 2 0.056 0.018 220 2220 accepted

153 6 7 42 -11 0.176 0.045 154 1936 not accepted

154 8 7 56 5 0.102 0.027 205 2285 accepted*

181 2 8 16 -52 1.646 0.346 59 1042 not accepted

211 2 9 18 -46 1.871 0.346 66 1172 not accepted

241 2 10 20 -40 2.096 0.346 73 1303 not accepted

299 58 11 638 378 0.004 0.001 2341 10367 not accepted

300 60 11 660 387 0.004 0.001 2422 10551 not accepted

*Minimal evaporator area, ideal choice-lowest cost

** All the evaporator design calculations are carried out assuming P2=22bar with R245fa.
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5.4.1.2 Evaporator optimization procedure for R600
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Figure 5.8. Evaporator heat transfer rate (kW) diagram for R600
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Figure 5.9. Evaporator design error% diagram R600

Figure 5.8 indicates 300 designs for evaporator and each design corrosponds to certain
prameters including the number of tube rows, the number of tubes in one row that are
poltted on horizontal axis, while the heating duty of the evaporator is poltted on
vertical axis. In horizontal axis, Starting with two tubes in one row, this number was
gradually increased until 60, at which point the number of rows was increased by one,
and the process was repeated until a total of 11 rows were achieved. In this way, a total
of 300 evaporator designs were evaluated based on their heating duty. The minimum

accepted heating duty was calculated in Table 3.2 to be 2287.98 kW, and the maximum
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accepted value of 10% more than the required value which is equal to 2516.78 kW.
The resulting designs were plotted in Figure 5.8, with the red and green points
indicating the attempted evaporator designs, and the green dashed line representing the
minimum required heating duty. Additionally, the red dashed line represented the
maximum accepted value for the heating duty. Out of the 300 designs attempted, only
9 of them fell within the accepted range and were highlighted in green, while the others

were outside the accepted range and were shown in red.

Figure 5.9 showcases the percentage design error of each evaporator design in relation
to the total number of tube rows and the total number of tubes in one row. The
maximum allowable design error is indicated by a red dashed line at 10%. The green
triangles indicate evaporator designs that have a design error value of less than 10%,
while the red triangles indicate designs that exceed the maximum allowable limit or
have negative values. The results show that only 9 designs in green color passed this
limitation successfully, indicating their ability to satisfy the desired design criteria. On
the other hand, the remaining designs in red color had values greater than 10% or less
than zero, indicating their unsuitability for use in the proposed system. This limitation

insured that the accepted green designs were out of overdesigning or underdesigning.
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Figure 5.10. Shell side pressure drop through the evaporator with R600

In Figure 5.10, the shell side pressure drop is presented for each evaporator design,
corresponding to the total number of tube rows and the total number of tubes in one

row for each evaporator design. The maximum allowable shell side pressure drop of
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0.2 bar is indicated by a red dashed line. Designs that passed all previous tests and
have a shell side pressure drop value less than 0.2 bar are represented by green
triangles. Conversely, designs that did not pass one of the previous tests or have a value
of more than 0.2 bar are represented by red triangles. It is clear from this figure that
only the 9 designs out of 300 that passed all the previous tests that are depicted in green
color, while the rejected designs are shown in red triangles, even if they have a value
of shell side pressure drop less than 0.2 bar, as they did not pass the previous

limitations.
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Figure 5.11. Tube side pressure drop through the evaporator with R600

Figure 5.11 depicts the tube side pressure drop for each evaporator design obtained
through our methodology, considering the total number of tube rows and the total
number of tubes in one row. The maximum allowable tube side pressure drop is
denoted by a red dashed line at 0.2 bar. The successful designs that passed all the
previous limitations and also have a tube side pressure drop value less than 0.2 bar are
depicted as green triangles. On the other hand, the rejected designs that failed to pass
one of the previous limitations or have a tube side pressure drop value more than 0.2
bar are indicated as red triangles. It is apparent from this figure that out of the 300
designs obtained through our methodology, only 8 designs were able to pass all the
limitations successfully and are represented as green triangles, indicating their

acceptability for further consideration.
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The results of the evaporator optimization procedure are indicated in the following
chart in case of heating surface area as it is the last step in the optimization process, in
which all the perfect designs that successfully passed all the limitations suggested in
this study are shown as green triangles while the optimal desing which has successfully

passed all the tests and has the smallest area among other accepted designs is in yellow

color.
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Figure 5.12. Evaporator heating surface area m2 diagram R600

Figure 5.12 provides a representation of the heating surface area for each of the 300
evaporator designs based on the total number of tube rows and the total number of
tubes in one row. It is worth noting that only 8 designs satisfy all the previous
limitations and can be considered as good evaporator designs, and these designs are
represented as green and yellow triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 205 m2, corresponding to 8 tubes in one row and 7 number
of tube rows. This design ensures the lowest possible cost and investment while also
maintaining the required performance, making it the ideal choice for the evaporator.
As such, the optimization process for the heating surface area of the evaporator has
yielded a favorable result that can lead to significant cost savings and improved
efficiency. Therefore, it can be concluded that the optimization of the heating surface

area is a critical aspect of the evaporator design process that must be carefully

considered.

80



Table 5.4. Finned tube evaporator design results with R600

NO Neubejraw Nyaw Niotal Error AP, AP, A Qeg, Design Test Result
# # # % bar bar 2 kw accepted/not accepted

1 2 2 4 -88.27224263  0.179894879  0.344290301  14.67592152  268.329394 not accepted
47 34 3 102 -3.392373452  0.001583231  0.001896892  374.2359988  2210.368535 not accepted
48 36 3 108 -0.463522728  0.001425238  0.001709646  396.2498811  2277.380216 not accepted
49 38 3 114 238531902  0.00129042  0.001549619 4182637634  2342.561304 accepted design
50 40 3 120 5.160563963  0.001174405 0.001411713  440.2776456  2406.058507 accepted design
51 42 3 126 -2.852574773  0.00107381 0.001291976  462.2915279  2222.719051 not accepted
52 44 3 132 6.993367927  0.000985986  0.001187309  484.3054102  2447.992797 accepted design
53 46 3 138 13.0973459 0.000908833  0.001095252  506.3192925  2587.650931 not accepted
71 22 4 88 -7.045695176  0.004953057  0.004191031  322.8702735  2126.781062 not accepted
72 24 4 96 4.087320556  0.004213592  0.003576283  352.2221165  2381.502853 accepted design
96 12 5 60 -7.619503738  0.019792173  0.012684914  220.1388228  2113.652405 not accepted
97 14 5 70 0496671857  0.014826164  0.009567266  256.8286266  2299.34933 accepted design
98 16 5 80 8.024934803  0.011547738  0.007495059  293.5184304  2471.594898 accepted design
9 18 5 90 15.07702406  0.009265799  0.006044245  330.2082342  2632.945681 not accepted
123 6 6 36 -25.14704676  0.089508148  0.045259608  132.0832937  1712.624753 not accepted
124 8 6 48 -11.61780461  0.052000453  0.02667546 176.1110583  2022.171859 not accepted
125 10 6 60 0217838077  0.034156783  0.017714873  220.1388228  2292.969653 accepted design
126 12 6 72 10.85659551  0.024244464  0.012684914  264.1665874  2536.382886 not accepted
153 6 7 42 -12.67155456  0.106091129  0.045259608  154.097176 1998.062212 not accepted
154 8 7 56 3.11256128 0.06160021 0.02667546 205.462901 2359.2005 accepted design*®
300 60 11 660 376.0396867  0.002289177  0.000676388  2421.527051  10891.71924 not accepted

*Minimal evaporator area, ideal choice-lowest cost

** All the evaporator design calculations are carried out assuming P2=22bar R600.

5.4.1.3 Evaporator optimization procedure for R123
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Figure 5.13. Evaporator heat transfer rate (kW) with R123

Figure 5.13 indicates 300 designs for evaporator and each design corrosponds to

certain prameters including the number of tube rows, the number of tubes in one row

that are poltted on horizontal axis, while the heating duty of the evaporator is poltted

on vertical axis. In horizontal axis, Starting with two tubes in one row, this number

was gradually increased until 60, at which point the number of rows was increased by
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one, and the process was repeated until a total of 11 rows were achieved. In this way,
a total of 300 evaporator designs were evaluated based on their heating duty. The
minimum accepted heating duty was calculated in Table 3.2 to be 2075.73 kW, and
the maximum accepted value of 10% more than the required value which is equal to
2283.3 kW. The resulting designs were plotted in Figure 5.13, with the red and green
points indicating the attempted evaporator designs, and the green dashed line
representing the minimum required heating duty. Additionally, the red dashed line
represented the maximum accepted value for the heating duty. Out of the 300 designs
attempted, only 15 of them fell within the accepted range and were highlighted in

green, while the others were outside the accepted range and were shown in red.
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Figure 5.14. Evaporator design error% diagram with R123

Figure 5.14 showcases the percentage design error of each evaporator design in
relation to the total number of tube rows and the total number of tubes in one row. The
maximum allowable design error is indicated by a red dashed line at 10%. The green
triangles indicate evaporator designs that have a design error value of less than 10%,
while the red triangles indicate designs that exceed the maximum allowable limit or
have negative values. The results show that only 15 designs in green color passed this
limitation successfully, indicating their ability to satisfy the desired design criteria. On
the other hand, the remaining designs in red color had values greater than 10% or less
than zero, indicating their unsuitability for use in the proposed system. This limitation

insured that the accepted green designs were out of overdesigning or underdesigning.
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Figure 5.15. Shell side pressure drop through the evaporator with R123
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Figure 5.16. Tube side pressure drop through the evaporator with R123

In Figure 5.15, the shell side pressure drop is presented for each evaporator design,
corresponding to the total number of tube rows and the total number of tubes in one
row for each evaporator design. The maximum allowable shell side pressure drop of
0.2 bar is indicated by a red dashed line. Designs that passed all previous tests and
have a shell side pressure drop value less than 0.2 bar are represented by green
triangles. Conversely, designs that did not pass one of the previous tests or have a value
of more than 0.2 bar are represented by red triangles. It is clear from this figure that
only the 15 designs out of 300 that passed all the previous tests that are depicted in

green color, while the rejected designs are shown in red triangles, even if they have a
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value of shell side pressure drop less than 0.2 bar, as they did not pass the previous
limitations.
Figure 5.16 depicts the tube side pressure drop for each evaporator design obtained
through our methodology, considering the total number of tube rows and the total
number of tubes in one row. The maximum allowable tube side pressure drop is
denoted by a red dashed line at 0.2 bar. The successful designs that passed all the
previous limitations and also have a tube side pressure drop value less than 0.2 bar are
depicted as green triangles. On the other hand, the rejected designs that failed to pass
one of the previous limitations or have a tube side pressure drop value more than 0.2
bar are indicated as red triangles. It is apparent from this figure that out of the 300
designs obtained through our methodology, only 14 designs were able to pass all the

limitations successfully and are represented as green triangles, indicating their

acceptability for further consideration.

The results of the evaporator optimization procedure are indicated in the following
chart in case of heating surface area as it is the last step in the optimization process, in
which all the perfect designs that successfully passed all the limitations suggested in
this study are shown as green triangles while the optimal desing which has successfully

passed all the tests and has the smallest area among other accepted designs is in yellow

color.
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Figure 5.17. Evaporator heating surface area m2 diagram R123
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Figure 5.17 provides a representation of the heating surface area for each of the 300
evaporator designs based on the total number of tube rows and the total number of
tubes in one row. It is worth noting that only 14 designs satisfy all the previous
limitations and can be considered as good evaporator designs, and these designs are
represented as green and yellow triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 238 m2, corresponding to 8 tubes in one row and 8 number
of tube rows. This design ensures the lowest possible cost and investment while also
maintaining the required performance, making it the ideal choice for the evaporator.
As such, the optimization process for the heating surface area of the evaporator has
yielded a favorable result that can lead to significant cost savings and improved
efficiency. Therefore, it can be concluded that the optimization of the heating surface

area is a critical aspect of the evaporator design process that must be carefully

considered.
Table 5.5. Finned tube evaporator design results with R123
No Neubesraw  Neaw Niotal Error AP, AP A Q... Design Test Result
# # # % bar bar m? kw accepted/not accepted

1 2 2 4 -89.15 0.298 0.344 14.85 225.21 not accepted
2 4 2 8 -82.52 0.081 0.095 29.70 362.75 not accepted
53 46 3 138 2.00 0.001 0.001 512.35 2117.23 accepted des?gn
54 48 3 144 4.31 0.001 0.001 534.63 2165.09 accepted des!gn
55 50 3 150 6.57 0.001 0.001 556.90 2212.03 accepted design
56 52 3 156 8.78 0.001 0.001 579.18 2258.08 accepted design
57 54 3 162 10.96 0.001 0.001 601.45 2303.30 not accepted
72 24 4 96 -6.12 0.007 0.004 356.42 1948.76 not accepted
73 26 4 104 0.75 0.006 0.003 386.12 2091.35 accepted design
74 28 4 112 4.76 0.005 0.003 415.82 2174.62 accepted design
75 30 4 120 8.64 0.005 0.002 445.52 2255.05 accepted design
76 32 4 128 12.39 0.004 0.002 475.22 233291 not accepted
99 18 5 90 3.66 0.015 0.006 334.14 2151.80 accepted design
100 20 5 100 9.63 0.013 0.005 371.27 2275.66 accepted design
101 22 5 110 5.20 0.011 0.004 408.39 2183.63 accepted design
102 24 5 120 17.35 0.009 0.004 445.52 2435.96 not accepted
125 10 6 60 -9.42 0.057 0.018 222.76 1880.25 not accepted
126 12 6 72 0.06 0.040 0.013 267.31 2077.00 accepted design
127 14 6 84 8.75 0.030 0.010 311.86 2257.37 accepted design
128 16 6 % 16.82 0.023 0.007 356.42 2424.94 not accepted
154 8 7 56 -6.61 0.103 0.027 207.91 1938.54 not accepted
155 10 7 70 5.68 0.067 0.018 259.89 2193.63 accepted design
156 12 7 84 16.74 0.048 0.013 311.86 2423.17 not accepted
183 6 8 48 -9.32 0.205 0.045 178.21 1882.34 not accepted
184 8 8 64 6.73 0.119 0.027 237.61 2215.48 accepted design*
298 56 11 616 314.72 0.004 0.001 2287.01 8608.37 not accepted
299 58 11 638 322.43 0.004 0.001 2368.69 8768.59 not accepted
300 60 11 660 330.03 0.004 0.001 2450.37 8926.23 not accepted

*Minimal evaporator area, ideal choice-lowest cost

** All the evaporator design calculations are carried out assuming P2=22bar R123.
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5.4.1.4 Evaporator optimization procedure for R236fa
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Figure 5.18. Evaporator heat transfer rate (kW) with R236fa
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Figure 5.19. Evaporator design error% diagram R236fa

Figure 5.18 indicates 300 designs for evaporator and each design corrosponds to
certain prameters including the number of tube rows, the number of tubes in one row
that are poltted on horizontal axis, while the heating duty of the evaporator is poltted
on vertical axis. In horizontal axis, Starting with two tubes in one row, this number
was gradually increased until 60, at which point the number of rows was increased by
one, and the process was repeated until a total of 11 rows were achieved. In this way,
a total of 300 evaporator designs were evaluated based on their heating duty. The

minimum accepted heating duty was calculated in Table 3.2 to be 2036 kW, and the
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maximum accepted value of 10% more than the required value which is equal to
2239.6 kW. The resulting designs were plotted in Figure 5.18, with the red and green
points indicating the attempted evaporator designs, and the green dashed line
representing the minimum required heating duty. Additionally, the red dashed line
represented the maximum accepted value for the heating duty. Out of the 300 designs
attempted, only 11 of them fell within the accepted range and were highlighted in

green, while the others were outside the accepted range and were shown in red.

Figure 5.19 showcases the percentage design error of each evaporator design in
relation to the total number of tube rows and the total number of tubes in one row. The
maximum allowable design error is indicated by a red dashed line at 10%. The green
triangles indicate evaporator designs that have a design error value of less than 10%,
while the red triangles indicate designs that exceed the maximum allowable limit or
have negative values. The results show that only 11 designs in green color passed this
limitation successfully, indicating their ability to satisfy the desired design criteria. On
the other hand, the remaining designs in red color had values greater than 10% or less
than zero, indicating their unsuitability for use in the proposed system. This limitation

insured that the accepted green designs were out of overdesigning or underdesigning.
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Figure 5.20. Shell side pressure drop through the evaporator with R236fa

In Figure 5.20, the shell side pressure drop is presented for each evaporator design,
corresponding to the total number of tube rows and the total number of tubes in one

row for each evaporator design. The maximum allowable shell side pressure drop of
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0.2 bar is indicated by a red dashed line. Designs that passed all previous tests and
have a shell side pressure drop value less than 0.2 bar are represented by green
triangles. Conversely, designs that did not pass one of the previous tests or have a value
of more than 0.2 bar are represented by red triangles. It is clear from this figure that
only the 11 designs out of 300 that passed all the previous tests that are depicted in
green color, while the rejected designs are shown in red triangles, even if they have a
value of shell side pressure drop less than 0.2 bar, as they did not pass the previous

limitations.
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Figure 5.21. Tube side pressure drop through the evaporator with R236fa

Figure 5.21 above depicts the tube side pressure drop for each evaporator design
obtained through our methodology, considering the total number of tube rows and the
total number of tubes in one row. The maximum allowable tube side pressure drop is
denoted by a red dashed line at 0.2 bar. The successful designs that passed all the
previous limitations and also have a tube side pressure drop value less than 0.2 bar are
depicted as green triangles. On the other hand, the rejected designs that failed to pass
one of the previous limitations or have a tube side pressure drop value more than 0.2
bar are indicated as red triangles. It is apparent from this figure that out of the 300
designs obtained through our methodology, only 9 designs were able to pass all the
limitations successfully and are represented as green triangles, indicating their

acceptability for further consideration.

The results of the evaporator optimization procedure are indicated in the following

chart in case of heating surface area as it is the last step in the optimization process, in

88



which all the perfect designs that successfully passed all the limitations suggested in
this study are shown as green triangles while the optimal desing which has successfully

passed all the tests and has the smallest area among other accepted designs is in yellow

color.
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Figure 5.22. Evaporator heating surface area m2 diagram R236fa

Figure 5.22 provides a representation of the heating surface area for each of the 300
evaporator designs based on the total number of tube rows and the total number of
tubes in one row. It is worth noting that only 9 designs satisfy all the previous
limitations and can be considered as good evaporator designs, and these designs are
represented as green and yellow triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 186 m2, corresponding to 10 tubes in one row and 5 number
of tube rows. This design ensures the lowest possible cost and investment while also
maintaining the required performance, making it the ideal choice for the evaporator.
As such, the optimization process for the heating surface area of the evaporator has
yielded a favorable result that can lead to significant cost savings and improved
efficiency. Therefore, it can be concluded that the optimization of the heating surface

area is a critical aspect of the evaporator design process that must be carefully

considered.
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Table 5.6. Finned tube evaporator design results with R236fa

Neubejraw  Nreaw Niotal Error AP, AP, A Oesk Design Test Result
NO

# # # % bar bar m? kw accepted/not accepted
1 2 2 4 -85.359662 0.34225091 0.3401664  14.8507083 298.025572 not accepted
2 4 2 8 -76.0143743 0.0930251 0.09435423 29.7014166 488.262624 not accepted
25 50 2 100 0.23550098 0.00086695 0.0009291  371.267708 2040.44077 accepted design
26 52 2 104 2.30317002 0.00080703 0.00086528 386.118416 2082.53121 accepted design
27 54 2 108 4.33140699 0.00075331 0.00080802 400.969124 2123.81895 accepted design
28 56 2 112 6.32239121 0.00070495 0.00075644 415.819833 2164.34836 accepted design
29 58 2 116 8.2781052 0.00066126 0.0007098  430.670541 2204.15979 accepted design
30 60 2 120 10.2003587 0.00062163 0.00066749 445.521249 2243.29008 not accepted
43 26 3 78 6.63997131 0.00485228 0.00305107 289.588812 2170.81317 accepted design
66 12 4 48 -6.4842891 0.02910823 0.01252448 178.2085 1903.64958 not accepted
67 14 4 56 1.82925321 0.02178348 0.00944576 207.909916 2072.88394 accepted design
68 16 4 64 9.54379543 0.0169519  0.00739953 237.611333 2229.92477 accepted design
69 18 4 72 16.7719991 0.01359139 0.00596697 267.31275  2377.06547 not accepted
95 10 5 50 5.55092338 0.05313422 0.01749195 185.633854 2148.644 accepted design*
299 58 11 638 495.529579 0.0045893 0.0007098  2368.68798 12122.8788 not accepted
300 60 11 660 506.101973 0.00430761 0.00066749 2450.36687 12338.0954 not accepted

*Minimal evaporator area, ideal choice-lowest cost

** All the evaporator design calculations are carried out assuming P2=22bar.

5.4.1.5 Evaporator optimization procedure for R142b
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Figure 5.23. Evaporator heat transfer rate (kW) R142b

Figure 5.23 indicates 300 designs for evaporator and each design corrosponds to
certain prameters including the number of tube rows, the number of tubes in one row
that are poltted on horizontal axis, while the heating duty of the evaporator is poltted
on vertical axis. In horizontal axis, Starting with two tubes in one row, this number
was gradually increased until 60, at which point the number of rows was increased by

one, and the process was repeated until a total
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of 11 rows were achieved. In this way, a total of 300 evaporator designs were evaluated
based on their heating duty. The minimum accepted heating duty was calculated in
Table 3.2 to be 2738.71 kW, and the maximum accepted value of 10% more than the
required value which is equal to 3012.57 kW. The resulting designs were plotted in
Figure 5.23, with the red and green points indicating the attempted evaporator designs,
and the green dashed line representing the minimum required heating duty.
Additionally, the red dashed line represented the maximum accepted value for the
heating duty. Out of the 300 designs attempted, only 15 of them fell within the accepted
range and were highlighted in green, while the others were outside the accepted range

and were shown in red.
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Figure 5.24. Evaporator design error% diagram R142b

Figure 5.24 represents the percentage design error of each evaporator design in relation
to the total number of tube rows and the total number of tubes in one row. The
maximum allowable design error is indicated by a red dashed line at 10%. The green
triangles indicate evaporator designs that have a design error value of less than 10%,
while the red triangles indicate designs that exceed the maximum allowable limit or
have negative values. The results show that only 15 designs in green color passed this
limitation successfully, indicating their ability to satisfy the desired design criteria. On
the other hand, the remaining designs in red color had values greater than 10% or less
than zero, indicating their unsuitability for use in the proposed system. This limitation

insured that the accepted green designs were out of overdesigning or underdesigning.
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Figure 5.25. Shell side pressure drop through the evaporator R142b
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Figure 5.26. Tube side pressure drop through the evaporator with R142b

In Figure 5.25, the shell side pressure drop is presented for each evaporator design,
corresponding to the total number of tube rows and the total number of tubes in one
row for each evaporator design. The maximum allowable shell side pressure drop of
0.2 bar is indicated by a red dashed line. Designs that passed all previous tests and
have a shell side pressure drop value less than 0.2 bar are represented by green
triangles. Conversely, designs that did not pass one of the previous tests or have a value
of more than 0.2 bar are represented by red triangles. It is clear from this figure that
only the 15 designs out of 300 that passed all the previous tests that are depicted in

green color, while the rejected designs are shown in red triangles, even if they have a
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value of shell side pressure drop less than 0.2 bar, as they did not pass the previous

limitations.

Figure 5.26 depicts the tube side pressure drop for each evaporator design obtained
through our methodology, considering the total number of tube rows and the total
number of tubes in one row. The maximum allowable tube side pressure drop is
denoted by a red dashed line at 0.2 bar. The successful designs that passed all the
previous limitations and also have a tube side pressure drop value less than 0.2 bar are
depicted as green triangles. On the other hand, the rejected designs that failed to pass
one of the previous limitations or have a tube side pressure drop value more than 0.2
bar are indicated as red triangles. It is apparent from this figure that out of the 300
designs obtained through our methodology, only 14 designs were able to pass all the

limitations successfully and are represented as green triangles, indicating their

acceptability for further consideration.

The results of the evaporator optimization procedure are indicated in the following
chart in case of heating surface area as it is the last step in the optimization process, in
which all the perfect designs that successfully passed all the limitations suggested in
this study are shown as green triangles while the optimal desing which has successfully

passed all the tests and has the smallest area among other accepted designs is in yellow
color.
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Figure 5.27. Evaporator heating surface area m2 diagram R142b
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Figure 5.27 provides a representation of the heating surface area for each of the 300
evaporator designs based on the total number of tube rows and the total number of
tubes in one row. It is worth noting that only 14 designs satisfy all the previous
limitations and can be considered as good evaporator designs, and these designs are
represented as green and yellow triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 312 m2, corresponding to 12 tubes in one row and 7 number
of tube rows. This design ensures the lowest possible cost and investment while also
maintaining the required performance, making it the ideal choice for the evaporator.
As such, the optimization process for the heating surface area of the evaporator has
yielded a favorable result that can lead to significant cost savings and improved
efficiency. Therefore, it can be concluded that the optimization of the heating surface
area is a critical aspect of the evaporator design process that must be carefully
considered.

Table 5.7. Finned tube evaporator design results with R142b

No Newvejraw  Neaw Nioral Error AP, AP, A Qes: Design Test Result
# # # % bar bar m? kw accepted/not accepted

1 2 2 4 -89.97 0.366 0.333 14.85 274.57 not accepted
2 4 2 8 -83.75 0.100 0.092 29.70 444.91 not accepted
56 52 3 156 0.36 0.001 0.001 579.18 2748.55 accepted design
57 54 3 162 2.33 0.001 0.001 601.45 2802.42 accepted design
58 56 3 168 4.26 0.001 0.001 623.73 2855.32 accepted design
59 58 3 174 6.16 0.001 0.001 646.01 2907.31 accepted design
§0 §O 3 }80 $.02 (_J.001 (_J.OOl @68.28 2958.43 acce pteg design
73 26 4 104 -6.42 0.007 0.003 386.12 2562.90 not accepted
74 28 4 112 -2.75 0.006 0.003 415.82 2663.33 not accepted
75 30 4 120 0.78 0.006 0.002 445.52 2760.18 accepted design
76 32 4 128 4.20 0.005 0.002 475.22 2853.83 accepted design
77 34 4 136 7.52 0.004 0.002 504.92 2944.59 accepted design
78 36 4 144 10.73 0.004 0.002 534.63 3032.71 not accepted
79 38 4 152 13.86 0.004 0.001 564.33 3118.42 not accepted
80 40 4 160 16.91 0.003 0.001 594.03 3201.93 not accepted
81 42 4 168 8.26 0.003 0.001 623.73 2965.04 accepted design
82 44 4 176 18.99 0.003 0.001 653.43 3258.72 not accepted
83 46 4 184 25.63 0.003 0.001 683.13 3440.77 not accepted
84 48 4 192 28.42 0.002 0.001 712.83 3516.93 not acce pted
97 14 5 70 -15.53 0.030 0.009 259.89 2313.47 not accepted
98 16 5 80 -9.30 0.023 0.007 297.01 2483.92 not accepted
99 18 5 90 -3.48 0.019 0.006 334.14 2643.45 not accepted
100 20 5 100 2.02 0.015 0.005 371.27 2793.93 accepted design
101 22 5 110 -2.50 0.013 0.004 408.39 2670.32 not accepted
102 24 5 120 8.95 0.011 0.003 445.52 2983.89 accepted design
103 26 5 130 16.98 0.009 0.003 482.65 3203.62 not accepted
104 28 5 140 21.56 0.008 0.003 519.77 3329.16 not accepted
126 12 6 72 -6.69 0.049 0.012 267.31 2555.41 not accepted
127 14 6 84 1.37 0.037 0.009 311.86 2776.17 accepted design
128 16 6 9% 8.84 0.029 0.007 356.42 2980.70 accepted design
129 18 6 108 15.83 0.023 0.006 400.97 3172.14 not accepted
130 20 6 120 22.42 0.019 0.005 445.52 3352.72 not accepted
131 22 6 132 17.00 0.016 0.004 490.07 3204.39 not accepted
154 8 7 56 -12.90 0.126 0.026 207.91 2385.49 not accepted
155 10 7 70 -1.43 0.083 0.017 259.89 2699.56 not accepted
156 12 7 84 8.86 0.059 0.012 311.86 2981.31 accepted design*
157 14 7 98 18.26 0.044 0.009 363.84 3238.86 not accepted
158 16 7 112 26.98 0.034 0.007 415.82 3477.49 not accepted
299 58 11 638 289.24 0.005 0.001 2368.69 10660.12 not accepted
300 60 11 660 296.08 0.005 0.001 2450.37 10847.57 not accepted

*Minimal evaporator area, ideal choice-lowest cost
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5.4.1.6 Evaporator optimization procedure for R600a
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Figure 5.28. Evaporator heat transfer rate (kW) R600a
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Figure 5.29. Evaporator design error% diagram R600a

Figure 5.28 indicates 300 designs for evaporator and each design corrosponds to
certain prameters including the number of tube rows, the number of tubes in one row
that are poltted on horizontal axis, while the heating duty of the evaporator is poltted
on vertical axis. In horizontal axis, Starting with two tubes in one row, this number
was gradually increased until 60, at which point the number of rows was increased by
one, and the process was repeated until a total of 11 rows were achieved. In this way,

a total of 300 evaporator designs were evaluated based on their heating duty. The
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minimum accepted heating duty was calculated in Table 3.2 to be 2406.22 kW, and
the maximum accepted value of 10% more than the required value which is equal to
2646.8 kW. The resulting designs were plotted in Figure 5.28, with the red and green
points indicating the attempted evaporator designs, and the green dashed line
representing the minimum required heating duty. Additionally, the red dashed line
represented the maximum accepted value for the heating duty. Out of the 300 designs
attempted, only 11 of them fell within the accepted range and were highlighted in

green, while the others were outside the accepted range and were shown in red.

Figure 5.29 showcases the percentage design error of each evaporator design in
relation to the total number of tube rows and the total number of tubes in one row. The
maximum allowable design error is indicated by a red dashed line at 10%. The green
triangles indicate evaporator designs that have a design error value of less than 10%,
while the red triangles indicate designs that exceed the maximum allowable limit or
have negative values. The results show that only 11 designs in green color passed this
limitation successfully, indicating their ability to satisfy the desired design criteria. On
the other hand, the remaining designs in red color had values greater than 10% or less
than zero, indicating their unsuitability for use in the proposed system. This limitation
insured that the accepted green designs were out of overdesigning or underdesigning.
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Figure 5.30. Shell side pressure drop through the evaporator R600a

In Figure 5.30, the shell side pressure drop is presented for each evaporator design,

corresponding to the total number of tube rows and the total number of tubes in one
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row for each evaporator design. The maximum allowable shell side pressure drop of
0.2 bar is indicated by a red dashed line. Designs that passed all previous tests and
have a shell side pressure drop value less than 0.2 bar are represented by green
triangles. Conversely, designs that did not pass one of the previous tests or have a value
of more than 0.2 bar are represented by red triangles. It is clear from this figure that
only the 11 designs out of 300 that passed all the previous tests that are depicted in
green color, while the rejected designs are shown in red triangles, even if they have a
value of shell side pressure drop less than 0.2 bar, as they did not pass the previous

limitations.
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Figure 5.31. Tube side pressure drop through the evaporator with R600a

Figure 5.31 indicates the tube side pressure drop for each evaporator design obtained
through our methodology, considering the total number of tube rows and the total
number of tubes in one row. The maximum allowable tube side pressure drop is
denoted by a red dashed line at 0.2 bar. The successful designs that passed all the
previous limitations and also have a tube side pressure drop value less than 0.2 bar are
depicted as green triangles. On the other hand, the rejected designs that failed to pass
one of the previous limitations or have a tube side pressure drop value more than 0.2
bar are indicated as red triangles. It is apparent from this figure that out of the 300
designs obtained through our methodology, only 10 designs were able to pass all the
limitations successfully and are represented as green triangles, indicating their

acceptability for further consideration.
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The results of the evaporator optimization procedure are indicated in the following
chart in case of heating surface area as it is the last step in the optimization process, in
which all the perfect designs that successfully passed all the limitations suggested in
this study are shown as green triangles while the optimal desing which has successfully

passed all the tests and has the smallest area among other accepted designs is in yellow

color.
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Figure 5.32. Evaporator heating surface area m2 diagram R600a

Figure 5.32 provides a representation of the heating surface area for each of the 300
evaporator designs based on the total number of tube rows and the total number of
tubes in one row. It is worth noting that only 10 designs satisfy all the previous
limitations and can be considered as good evaporator designs, and these designs are
represented as green and yellow triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 178 m2, corresponding to 6 tubes in one row and 8 number
of tube rows. This design ensures the lowest possible cost and investment while also
maintaining the required performance, making it the ideal choice for the evaporator.
As such, the optimization process for the heating surface area of the evaporator has
yielded a favorable result that can lead to significant cost savings and improved
efficiency. Therefore, it can be concluded that the optimization of the heating surface

area is a critical aspect of the evaporator design process that must be carefully

considered.
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Table 5.8. Finned tube evaporator design results with R600a

No Newpejraw  Nraw Ntotal Error AP, AP, A Qs Design Test Result
# # # % bar bar m? kw accepted/not accepted

1 2 2 4 -88.16 0.205 0.337 14.85 285.00 not accented
2 4 2 8 -80.70 0.056 0.093 29.70 464.42 not accepted
47 34 3 102 -2.68 0.002 0.002 378.69 2341.63 not accented
48 36 3 108 0.25 0.002 0.002 400.97 2412.35 accepted design
49 38 3 114 3.11 0.001 0.002 423.25 2481.12 accepted design
50 40 3 120 5.90 0.001 0.001 445.52 2548.11 accepted design
51 42 3 126 -2.25 0.001 0.001 467.80 2352.05 not accepted
52 44 3 132 7.70 0.001 0.001 490.07 2591.44 accepted design
53 46 3 138 13.86 0.001 0.001 512.35 2739.64 not accepted
71 22 88 -6.36 0.006 0.004 326.72 2253.16 not accented
72 24 4 96 4.89 0.005 0.003 356.42 2523.97 accepted design
73 26 4 104 12.78 0.004 0.003 386.12 2713.63 not accepted
96 12 5 60 -6.78 0.023 0.012 222.76 2243.06 not accepted
97 14 5 70 1.39 0.017 0.009 259.89 2439.61 accepted design
98 16 5 80 8.96 0.013 0.007 297.01 2621.85 accepted design
99 18 5 90 16.05 0.011 0.006 334.14  2792.49 not accepted
124 8 6 48 -10.77 0.059 0.026 178.21 2147.02 not accepted
125 10 6 60 1.15 0.039 0.017 222.76 2433.92 accepted design
126 12 6 72 11.86 0.028 0.012 267.31 2691.68 not accepted
153 6 7 42 -11.81 0.121 0.044 155.93 2122.01 not accented
154 8 7 56 4.10 0.070 0.026 207.91 2504.85 accepted design
155 10 7 70 18.01 0.046 0.017 259.89 2839.57 not accepted
182 4 8 32 -22.80 0.303 0.093 118.81 1857.69 not accepted
183 6 8 48 0.79 0.140 0.044 178.21 2425.15 accepted design®
184 8 8 64 18.97 0.081 0.026 237.61  2862.69 not accepted
299 58 11 638 370.66 0.003 0.001 2368.69 11325.00 not accepted
300 60 11 660 378.97 0.003 0.001 2450.37 11525.05 not accepted

*Minimal evaporator area, ideal choice-lowest cost

** All the evaporator design calculations are carried out assuming P2=22bar R600a.

5.4.2 Design optimization procedure for preheater

Table 5.9. Preheater’s fixed properties and parameters

Tube fixed geometries

Do (mm) 57.15

Din (mm) 53.8

Ltube (mm) 2000
Material Carbon steel
Fin fixed geometries

Df (mm) 89.6

Lf (mm) 15.8

tf (mm) 04

S (mm) 4

Material Alaminum
Dbend 3 x Do
Tube layout Staggered (°60 )

Nr=(2-21) raws & nt=(2-60 ) tubes per rows

Nt = Nr X nt; (2x2,2x4,2x6 ... ...

(600 design) attempted in all calculations for preheater and each design is tested by

previous mentioned limitations.

e 21X60)
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In contrast to the evaporator design process, the optimization procedure for preheater
design involved analyzing 600 designs. In the figures, the number of tube rows starts
at 7, as the acceptable designs start to appear after this value. The results are presented

in the figure, where the heating duty is plotted against the number of tubes in one row

and number of rows for each preheater design.
5.4.2.1 Preheater optimization procedure for R245fa
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Figure 5.33. Heat transfer rate through the preheater for R245fa
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Figure 5.33 shows a representation of the correlation between the preheater heating
duty (kW) and the total number of tube rows and tubes in one row. The green triangles
illustrated in the figure refer to the designs that meet the acceptable values of heating
duty that are within the range of two design limitations. These limitations include the
upper limit that is represented by a red dashed line, which indicates the maximum
permissible preheater heat transfer which is equal to 2844 kW, and the lower limit,
which is represented by a dashed green line, which corresponds to the minimum
required heating rate at 2585.3 kW. On the other hand, the rejected designs that have
a heating duty value (kW) outside of the defined range are represented by red triangles.
Figure 5.34, illustates the percentage design error of 300 out of 600 reached preheater
designs, corresponding to the total number of tube rows and tubes in one row for each
preheater design. The maximum allowable design error, is set at 10%, which is
indicated by a red dashed line. The green triangles correspond to preheater designs that
have a design error value of less than 10%, which are placed inside the accepted range.
Conversely, the red triangles represent designs with values that exceed the maximum
allowable limit or less than zero, indicating unsatisfactory designs. Notably, out of the
600 preheater designs ,only 24 were able to meet this limitation successfully and are
represented by green triangles, while the remaining designs were represented by red
triangles due to a design error value greater than 10% or less than zero. Overall, this
figure insured that all the accepted desings were out of overdesigning or

underdesigning.
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Figure 5.35 portrays the shell side pressure drop corresponding to the total number of
tube rows and the total number of tubes in one row for each preheater design. The red
dashed line illustrates the maximum allowable shell side pressure drop of 0.2 bar. The
green triangles refer to the designs that have successfully passed all previous tests and
have a shell side pressure drop value less than 0.2 bar. On the other hand, the red
triangles represent the rejected designs that either have a value exceeding 0.2 bar or
failed to pass one of the previous tests. It is noteworthy that only 24 preheater designs
out of 600 designs have meeted all the design requirements and successfully have
passed all the limitations. Conversely, the remaining designs, although having a shell
side pressure drop value less than 0.2 bar they are still rejected as they failed to pass

the pervious limitations (heat transfer and design error).
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Figure 5.36. Tube side pressure drop through the preheater diagram R245fa

Figure 5.36 presents the tube side pressure drop for each preheater design, with respect
to the total number of tube rows and the total number of tubes in one row. the red
dashed line indicates the maximum allowable tube side pressure drop of 0.2 bar. The
green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a tube side pressure drop value of less than
0.2 bar. Conversely, the red triangles signify the rejected designs that failed to pass
one of the pervious tests or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 24 designs, out of the 600 total designs were
able to satisfy all the design requirements and constraints, that are reprsented as green

triangles. Although, the red triangle designs, have a tube side pressure drop value less
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than 0.2 bar, they were rejected due to their inability to fulfill the previous

requirements (heating duty and design error).

The optimization of the heating surface area of the heat exchangers that are involved
in the system has an impact on both the cost and performance of the cycle. The
significance of this step lies in its ability to strike a balance between decreasing the
surface area while keeping the pressure drop in low level as the pressure drop has a
nigative impact on the overall performace of ORC. Therefore, achieving an optimum
heating surface area is critical to any design process, as it can lead to substantial cost
savings over time. The optimization process, therefore, aimed to determine the
minimum heating surface area required to satisfy the pressure drop limitation of 0.2bar,
thus maximizing efficiency of ORC while minimizing equipment costs. The result of
the preheater optimization procedure is indicated in the following as a heating surface
area of each preheater design as it is the last step in the optimization process, in which
all the perfect designs that have successfully passed all the limitations that were
suggested in this study are shown as green triangles while the optimal desing which

has the smallest heating surface area is represented in a yellow color.
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Figure 5.37. Preheater heating surface area diagram R245fa

In Figure 5.37, the heating surface area for each preheater design is plotted against the
total number of tube rows and the total number of tubes in one row. The green triangles
indicate the optimal designs that passed all previous limitations, while the red triangles

represent the designs that failed to meet one or more of the previous requirements. It
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is noteworthy that out of the 600 designs, only 24 satisfied all constraints and are
depicted in green, while the remaining designs are rejected.

The optimized preheater design, denoted by the yellow triangle, has the smallest
heating surface area of 446 m2, corresponding to 8 tubes in one row and 15 tube rows.
This design is the most cost-effective option with a minimum investment, while still
meeting the required performance. Therefore, it is the preferred choice for the
preheater, resulting in significant cost save.

Table 5.10. Finned tube preheater design result for R245fa

No Neuberaw  Neaw Nioeal Error AP, AP, A Quce Design Test Result
# # # % bar bar m? kw accepted/not accepted
1 2 7 14 -77.6761863 1.06421176 0.2773901 51.9774791 577.146875 Not accepted
2 4 7 28 -66.7301804 0.2767124  0.07683552 103.954958 860.138535 Not accepted
26 52 7 364 -0.39373578 0.00199368 0.00070147 1351.41446 2575.16233 Not accepted
27 54 7 378 0.89411173 0.00185535 0.00065501 1403.39194 2608.45759 Acceptable design
28 56 7 392 2.14450062 0.00173117 0.00061317 1455.36941 2640.78441 Acceptable design
29 58 7 406 3.35979525 0.00161927 0.00057533 1507.34689 2672.20393 Acceptable design
30 60 7 420 4.54213642 0.00151807 0.00054101 1559.32437 2702.77149 Acceptable design
31 2 8 16 -74.48707  1.23621491 0.2773901  59.4028333 659.596428 Not accepted
47 34 8 272 -1.97391673 0.00519593 0.00151882 1009.84817 2534.30925 Not accepted
48 36 8 288 0.07335387 0.00465787 0.00136874 1069.251 2587.23819 Acceptable design
49 38 8 304 2.03231219 0.00420047 0.0012405 1128.65383 2637.88396 Acceptable design
50 40 8 320 3.91105795 0.00380827 0.00112999 1188.05667 2686.45596 Acceptable design
51 42 8 336 5.71659601 0.00346937 0.00103406 1247.4595  2733.13529 Acceptable design
52 44 8 352 7.45502751 0.00317447 0.0009502 1306.86233 2778.07968 Acceptable design
53 46 8 368 9.13170067 0.00291621 0.00087646 1366.26516 2821.42741 Acceptable design
54 48 8 384 10.7513313 0.00268873 0.00081124 1425.668 2863.3004 Not accepted
73 26 9 234 -0.17025575 0.00987362 0.00247619 868.766436 2580.94005 Not accepted
74 28 9 252 2.65770281 0.00856596 0.00216325 935.594624 2654.05244 Acceptable design
75 30 9 270 5.3305875 0.00750524 0.00190767 1002.42281 2723.15565 Acceptable design
76 32 9 288 7.86619347 0.00663263 0.00169608 1069.251 2788.70973 Acceptable design
77 34 9 306 10.2793437 0.00590589 0.00151882 1136.07919 2851.09791 Not accepted
99 18 10 180 -3.94732452 0.02241839 0.00484566 668.281874 2483.28992 Not accepted
100 20 10 200 0.19119117 0.01830772 0.00399707 742.535416 2590.28469 Acceptable design
101 22 10 220 4.0189036  0.01524443 0.00335858 816.788957 2689.24414 Acceptable design
102 24 10 240 7.58341887 0.01289909 0.00286544 891.042499 2781.39904 Acceptable design
103 26 10 260 10.9219381 0.0110626  0.00247619 965.29604  2867.71117 Not accepted
126 12 11 132 -10.8692441 0.05423147 0.01017812 490.073374 2304.33464 Not accepted
127 14 11 154 -4.77086009 0.04028793 0.00767408 571.75227  2461.99871 Not accepted
128 16 11 176 0.69507074 0.03115097 0.00601024 653.431166 2603.3117 Acceptable design
129 18 11 198 5.65794303 0.02483283 0.00484566 735.110061 2731.61891 Acceptable design
130 20 11 220 10.2103103 0.0202783  0.00399707 816.788957 2849.31316 Not accepted
156 12 12 144 -2.76644808 0.05951466 0.01017812 534.625499 2513.81961 Not accepted
157 14 12 168 3.88633445 0.04420986 0.00767408 623.729749 2685.81677 Acceptable design
158 16 12 192 9.84916808 0.03418147 0.00601024 712.833999 2839.9764 Acceptable design
159 18 12 216 15.2632106 0.02724728 0.00484566 801.938249 2979.9479 Not accepted
185 10 13 130 -2.8421321 0.09214151 0.01421965 482.64802 2511.86292 Not accepted
186 12 13 156 5.33634791 0.06479785 0.01017812 579.177624 2723.30457 Acceptable design
187 14 13 182 12.543529  0.04813179 0.00767408 675.707228 2909.63483 Not accepted
214 8 14 112 -5.5972515 0.1534325  0.02142276 415.819833 2440.63366 Not accepted
215 10 14 140 4.63155005 0.0996595 0.01421965 519.774791 2705.08314 Acceptable design
216 12 14 168 13.4391439 0.07008104 0.01017812 623.729749 2932.78954 Not accepted
217 14 14 196 21.2007235 0.05205371 0.00767408 727.684707 3133.4529 Not accepted
243 6 15 90 -12.0183213 0.28809632 0.03637093 334.140937 2274.62707 Not accepted
244 8 15 120 1.14580196 0.16501611 0.02142276 445.521249 2614.96464 Acceptable design
245 10 15 150 12.1052322 0.1071775 0.01421965 556.901562 2898.30336 Not accepted
273 6 16 96 -6.15287606 0.30833838 0.03637093 356.417 2426.26887 Not accepted
274 8 16 128 7.88885542 0.17659973 0.02142276 475.222666 2789.29562 Acceptable design
275 10 16 160 19.5789143 0.11469549 0.01421965 594.028333 3091.52359 Not accepted
596 52 26 1352 269.966124 0.00796645 0.00070147 5019.53941 9564.88865 Not accepted
597 54 26 1404 274.749558 0.00741185 0.00065501 5212.59862 9688.55675 Not accepted
598 56 26 1456 279.393859 0.00691411 0.00061317 5405.65783 9808.62782 Not accepted
599 58 26 1508 283.907811 0.00646567 0.00057533 5598.71703 9925.32889 Not accepted
600 60 26 1560 288.299364 0.00606018 0.00054101 5791.77624 10038.8655 Not accepted

*Minimal Preheater area, ideal choice-lowest cost

** All the preheater design calculations are carried out assuming P2=22bar
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5.4.2.2 Preheater optimization procedure for R600
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Figure 5.38. Heat transfer rate through the preheater for R600

Figure 5.38 represents the preheater heating duty (kW) accordeing to the total number
of tube rows and tubes in one row of each preheater design. The green triangles
illustrated in the figure refer to the designs that meet the acceptable values of heating
duty that are within the range of two design limitations. These limitations include the
upper limit that is represented by a red dashed line, which indicates the maximum
permissible preheater heat transfer which is equal to 2728.88 kW, and the lower limit,
which is represented by a dashed green line, which corresponds to the minimum
required heating rate at 2480.76 kW. On the other hand, the rejected designs that have

a heating duty value (kW) outside of the defined range are represented by red triangles.
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Figure 5.39.Preheater design error % diagram R600
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Figure 5.39, illustates the percentage design error, corresponding to the total number
of tube rows and tubes in one row for each preheater design. The maximum allowable
design error, is set at 10%, which is indicated by a red dashed line. The green triangles
correspond to preheater designs that have a design error value of less than 10%, which
are placed inside the accepted range. Conversely, the red triangles represent designs
with values that exceed the maximum allowable limit or less than zero, indicating
unsatisfactory designs. Notably, out of the 600 preheater designs ,only 22 were able to
meet this limitation successfully and are represented by green triangles, while the
remaining designs were represented by red triangles due to a design error value greater
than 10% or less than zero. Overall, this figure insured that all the accepted desings

were out of overdesigning or underdesigning.
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Figure 5.40. Shell side pressure drop through the preheater diagram R600

Figure 5.40 presents the shell side pressure drop corresponding to the total number of
tube rows and the total number of tubes in one row for each preheater design. The red
dashed line illustrates the maximum allowable shell side pressure drop of 0.2 bar. The
green triangles refer to the designs that have successfully passed all previous tests and
have a shell side pressure drop value less than 0.2 bar. On the other hand, the red
triangles represent the rejected designs that either have a value exceeding 0.2 bar or
failed to pass one of the previous tests. It is noteworthy that only 22 preheater designs
out of 600 designs have meeted all the design requirements and successfully have

passed all the limitations. Conversely, the remaining designs, although having a shell
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side pressure drop value less than 0.2 bar they are still rejected as they failed to pass

the pervious limitations (heat transfer and design error).
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Figure 5.41.Tube side pressure drop through the preheater diagram R600

Figure 5.41 presents the tube side pressure drop for each preheater design, with respect
to the total number of tube rows and the total number of tubes in one row. the red
dashed line indicates the maximum allowable tube side pressure drop of 0.2 bar. The
green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a tube side pressure drop value of less than
0.2 bar. Conversely, the red triangles signify the rejected designs that failed to pass
one of the pervious tests or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 22 designs, out of the 600 total designs were
able to satisfy all the design requirements and constraints, that are represented as green
triangles. Although, the red triangle designs, have a tube side pressure drop value less
than 0.2 bar, they were rejected due to their inability to fulfill the previous

requirements (heating duty and design error).

The result of the preheater optimization procedure is indicated in the following as a
heating surface area of each preheater design as it is the last step in the optimization
process, in which all the perfect designs that have successfully passed all the
limitations that were suggested in this study are shown as green triangles while the
optimal desing which has the smallest heating surface area is represented in a yellow

color.
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Figure 5.42. Preheater heating surface area diagram R600

In Figure 5.42, the heating surface area for each preheater design is plotted against the
total number of tube rows and the total number of tubes in one row. The green triangles
indicate the optimal designs that passed all previous limitations, while the red triangles
represent the designs that failed to meet one or more of the previous requirements. It
is noteworthy that out of the 600 designs, only 22 satisfied all constraints and are
depicted in green, while the remaining designs are rejected.
The optimized preheater design, denoted by the yellow triangle, and has the smallest
heating surface area of 356 m2, corresponding to 6 tubes in one row and 16 tube rows.
This design is the most cost-effective option with a minimum investment, while still

meeting the required performance. Therefore, it is the preferred choice for the
preheater, resulting in significant cost savings.

The following table shows in detail all the preheater final designs parameters including

the geometrical and performace ones as it could be used in future studies regarding

this field of energy generation.
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Table 5.11. Finned tube preheater design result for R600

Niuvefraw Nraw Niotal Error AP, AP, A Qo Design Test Result
NO # # # % bar bar m? kw accepted/not accepted
1 2 7 14 -75.2703 0.620948 0.27588 51.97748 613.4835 Not accepted
_2 4 7 '28 :62.9622 9.161415 9.076415 5[03.955 ?18.8177 Notac'cepted
18 36 7 252 -1.01884 0.002344 0.001361 935.5946 2455.483 Not accepted
19 38 7 266 0.951577 0.002114 0.001234 987.5721 2504.364 Acceptable design
20 40 7 280 2.841873 0.001916 0.001124 1039.55 2551.258 Acceptable design
21 42 7 294 4.659012 0.001746 0.001028 1091.527 2596.337 Acceptable design
22 44 7 308 6.409065 0.001598 0.000945 1143.505 2639.751 Acceptable design
23 46 7 322 8.097354 0.001468 0.000872 1195.482 2681.634 Acceptable design
24 48 7 336 9.728576 0.001353 0.000807 1247.459 2722.1 Acceptable design
_25 _50 7 _350 }1.3069 9.001252 9.000749 51299.437 _2761.255 Notac_cepted
42 24 8 192 -2.95797 0.005902 0.00285 712.834 2407.378 Not accepted
43 26 8 208 0.104871 0.005062 0.002462 772.2368 2483.359 Acceptable design
44 28 8 224 2.989029 0.004392 0.002151 831.6397 2554.908 Acceptable design
45 30 8 240 5.716264 0.003848 0.001897 891.0425 2622.565 Acceptable design
46 32 8 256 8.304492 0.003401 0.001687 950.4453 2686.772 Acceptable design
47 34 8 272 10.76865 0.003028 0.00151 1009.848 2747.902 Not accepted
69 18 9 162 -2.71374 0.011662 0.004819 601.4537 2413.437 Not accepted
70 20 9 180 1.549492 0.009524 0.003975 668.2819 2519.197 Acceptable design
71 22 9 198 5.49539 0.007931 0.00334 735.1101 2617.085 Acceptable design
72 24 9 216 9.172282 0.006711 0.00285 801.9382 2708.3 Acceptable design
_73 _26 9 '234 '12.61798 9.005755 9.002462 §68.7664 _2793.779 Not ac'cepted
97 14 10 140 -2.74122 0.021204 0.007632 519.7748 2412.755 Not accepted
98 16 10 160 2.936059 0.016395 0.005977 594.0283 2553.594 Acceptable design
99 18 10 180 8.095846 0.01307 0.004819 668.2819 2681.596 Acceptable design
100 20 10 200 12.83277 0.010673 0.003975 742.5354 2799.108 Not accepted
125 10 11 110 -7.86097 0.044966 0.014141 408.3945 2285.746 Not accepted
126 12 11 132 0.025167 0.031624 0.010122 490.0734 2481.382 Acceptable design
127 14 11 154 6.98466 0.023491 0.007632 571.7523 2654.03 Acceptable design
51.28 5].6 El.l 51.76 51.3.22966 9.018163 9.005977 _653.4312 _2808.954 Not ac_cepted
154 8 12 96 -9.45784 0.075975 0.021305 356.417 2246.132 Not accepted
155 10 12 120 0.51531 0.049351 0.014141 445.5212 2493.541 Acceptable design
156 12 12 144 9.118364 0.034705 0.010122 534.6255 2706.962 Acceptable design
157 14 12 168 16.71054 0.025779 0.007632 623.7297 2895.306 Not accepted
184 8 13 104 -1.91266 0.082732 0.021305 386.1184 2433.309 Not accepted
185 10 13 130 8.891586 0.053736 0.014141 482.648 2701.337 Acceptable design
_186 _12 _13 _156 _18.21156 9.037786 9.010122 :’;79.1776 _2932.543 Not ac_cepted
213 6 14 84 -8.30977 0.156243 0.036171 311.8649 2274.613 Not accepted
214 8 14 112 5.632522 0.089489 0.021305 415.8198 2620.487 Acceptable design
_215 EI.O 5].4 51.40 '17.26786 9.058121 9.014141 ?19.7748 _2909.132 Not ac'cepted
272 4 16 64 -15.3422 0.395217 0.076415 237.6113 2100.155 Not accepted
273 6 16 96 4.788836 0.17986 0.036171 356.417 2599.557 Acceptable design*
274 8 16 128 20.72288 0.103003 0.021305 475.2227 2994.842 Not accepted
599 58 26 1508 335.1652 0.003768 0.000572 5598.717 10795.4 Not accepted
600 60 26 1560 340.2258 0.003532 0.000538 5791.776 10920.94 Not accepted

*Minimal Preheater area, ideal choice-lowest cost

** All the preheater design calculations are carried out assuming P2=22bar.
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5.4.2.3 Preheater optimization procedure for R123
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Figure 5.43. Heat transfer rate through the preheater R123
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Figure 5.44. Preheater design error % diagram R123
Figure 5.43 represents the preheater heating duty (kW) accordeing to the total number
of tube rows and tubes in one row of each preheater design. The green triangles
illustrated in the figure refer to the designs that meet the acceptable values of heating
duty that are within the range of two design limitations. These limitations include the

upper limit that is represented by a red dashed line, which indicates the maximum
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permissible preheater heat transfer which is equal to 3014.869 kW, and the lower limit,
which is represented by a dashed green line, which corresponds to the minimum
required heating rate at 2740.79 kW. On the other hand, the rejected designs that have
a heating duty value (kW) outside of the defined range are represented by red triangles.
Figure 5.44, illustates the percentage design error, corresponding to the total number
of tube rows and tubes in one row for each preheater design. The maximum allowable
design error, is set at 10%, which is indicated by a red dashed line. The green triangles
correspond to preheater designs that have a design error value of less than 10%, which
are placed inside the accepted range. Conversely, the red triangles represent designs
with values that exceed the maximum allowable limit or less than zero, indicating
unsatisfactory designs. Notably, out of the 600 preheater designs ,only 27 were able to
meet this limitation successfully and are represented by green triangles, while the
remaining designs were represented by red triangles due to a design error value greater
than 10% or less than zero. Overall, this figure insured that all the accepted desings

were out of overdesigning or underdesigning.
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Figure 5.45. Shell side pressure drop through the preheater diagram R123
Figure 5.45 presents the shell side pressure drop corresponding to the total number of
tube rows and the total number of tubes in one row for each preheater design. The red
dashed line illustrates the maximum allowable shell side pressure drop of 0.2 bar. The
green triangles refer to the designs that have successfully passed all previous tests and
have a shell side pressure drop value less than 0.2 bar. On the other hand, the red

triangles represent the rejected designs that either have a value exceeding 0.2 bar or
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failed to pass one of the previous tests. It is noteworthy that only 27 preheater designs
out of 600 designs have meeted all the design requirements and successfully have
passed all the limitations. Conversely, the remaining designs, although having a shell
side pressure drop value less than 0.2 bar they are still rejected as they failed to pass

the pervious limitations (heat transfer and design error).
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Figure 5.46. Tube side pressure drop through the preheater diagram R123

Figure 5.46 presents the tube side pressure drop for each preheater design, with respect
to the total number of tube rows and the total number of tubes in one row. the red
dashed line indicates the maximum allowable tube side pressure drop of 0.2 bar. The
green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a tube side pressure drop value of less than
0.2 bar. Conversely, the red triangles signify the rejected designs that failed to pass
one of the pervious tests or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 27 designs, out of the 600 total designs were
able to satisfy all the design requirements and constraints, that are represented as green

triangles. Although, the red triangle designs, have a tube side pressure drop value less
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than 0.2 bar, they were rejected due to their inability to fulfill the previous

requirements (heating duty and design error.
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Figure 5.47. Preheater heating surface area diagram R123
In Figure 5.47, the heating surface area for each preheater design is plotted against the
total number of tube rows and the total number of tubes in one row. The green triangles
indicate the optimal designs that passed all previous limitations, while the red triangles
represent the designs that failed to meet one or more of the previous requirements. It
is noteworthy that out of the 600 designs, only 27 satisfied all constraints and are
depicted in green, while the remaining designs are rejected.
The optimized preheater design, denoted by the yellow triangle, has the smallest
heating surface area of 631 m2, corresponding to 10 tubes in one row and 17 tube
rows. This design is the most cost-effective option with a minimum investment, while
still meeting the required performance. Therefore, it is the preferred choice for the
preheater, resulting in significant cost savings in the long run. The results of this
optimization process demonstrate the importance of considering both operational costs

and efficiency in preheater design, leading to a cost-effective and optimal design.

Table 5.12. records in detail all the preheater final designs parameters including the

geometrical and performace ones as it could be used in future studies regarding this

field of energy generation.

113



Table 5.12. Finned tube preheater design result for R123

NO Niuvefraw  Nraw Nioeal Error AP, AP, A Qest Design Test Result
# # # % bar bar m? kw accepted/not accepted
1 2 8 16 -78.9350054 1.3248474 0.2796332  59.4028333 577.34606 Not accepted
2 4 8 32 -69.0041274 0.34395676 0.07746055 118.805667 849.530004 Not accepted
57 54 9 486 1.23634728 0.00260239 0.00066045 1804.36106 2774.66989 Acceptable design
58 56 9 504 2.44108225 0.00242787 0.00061825 1871.18925 2807.68908 Acceptable design
59 58 9 522 3.61156241 0.00227063 0.00058011 1938.01743 2839.76941 Acceptable design
60 60 9 540 4.74989541 0.00212843 0.0005455 2004.84562 2870.96867 Acceptable design
61 2 10 20 -73.6687568 1.69375243 0.2796332  74.2535416 721.682575 Not accepted
62 4 10 40 -61.2551593 0.43936924 0.07746055 148.507083 1061.9125 Not accepted
79 38 10 380 0.02277474 0.0057067 0.00125076 1410.81729 2741.40849 Acceptable design
80 40 10 400 1.78959757 0.00517299 0.00113935 1485.07083 2789.83329 Acceptable design
81 42 10 420 3.48653673 0.00471187 0.00104262 1559.32437 2836.34273 Acceptable design
82 44 10 440 5.11947519 0.00431068 0.00095807 1633.57791 2881.09805 Acceptable design
83 46 10 460 6.69356405 0.0039594 0.00088372 1707.83146 2924.24043 Acceptable design
84 48 10 480 8.21334048 0.00365002 0.00081796 1782.085  2965.89422 Acceptable design
85 50 10 500 9.68282261 0.00337609 0.0007595 1856.33854 3006.16956 Acceptable design
86 52 10 520 11.1055867 0.00313236 0.00070729 1930.59208 3045.16445 Not accepted
87 54 10 540 12.4848303 0.00291452 0.00066045 2004.84562 3082.96655 Not accepted
105 30 11 330 1.31425054 0.00994144 0.00192343 1225.18344 2776.80505 Acceptable design
106 32 11 352 3.65277961 0.00878392 0.0017101 1306.86233 2840.89909 Acceptable design
107 34 1 374 5.87649598 0.00782006 0.00153138 1388.54123 2901.84636 Acceptable design
108 36 11 396 7.99723612 0.00700872 0.00138007 1470.22012 2959.97127 Acceptable design
109 38 11 418 10.0250522 0.00631914 0.00125076 1551.89902 3015.54933 Not accepted
110 40 1 440 11.9685573 0.00572798 0.00113935 1633.57791 3068.81662 Not accepted
130 20 12 240 -4.7782659 0.02377205 0.00403 891.042499 2609.82232 Not accepted
131 22 12 264 -1.2920777 0.01978955 0.00338626 980.146749 2705.37122 Not accepted
132 24 12 288 1.9497126  0.01674112 0.00288907 1069.251  2794.2217 Acceptable design
133 26 12 312 4.98210011 0.01435459 0.00249662 1158.35525 2877.3329 Acceptable design
134 28 12 336 7.83290734 0.01245039 0.00218111 1247.4595  2955.46737 Acceptable design
135 30 12 360 10.524637  0.01090612 0.00192343 1336.56375 3029.24187 Not accepted
159 18 13 234 -0.93324739 0.03169912 0.00488555 868.766436 2715.20598 Not accepted
160 20 13 260 3.15687861 0.0258787  0.00403 965.29604  2827.30751 Acceptable design
161 22 13 286 6.9335825 0.02154252 0.00338626 1061.82564 2930.81882 Acceptable design
162 24 13 312 10.445522  0.01822347 0.00288907 1158.35525 3027.0735 Not accepted
163 26 13 338 13.7306085 0.01562515 0.00249662 1254.88485 3117.11064 Not accepted
188 16 14 224 1.87609232 0.04301624 0.00605967 831.639666 2792.20392 Acceptable design
189 18 14 252 6.68727204 0.0342807  0.00488555 935.594624 2924.06798 Acceptable design
190 20 14 280 11.0920231 0.02798534 0.00403 1039.54958 3044.79271 Not accepted
191 22 14 308 15.1592427 0.02329548 0.00338626 1143.50454 3156.26642 Not accepted
192 24 14 336 18.9413314 0.01970582 0.00288907 1247.4595  3259.92531 Not accepted
215 10 15 150 -10.1517987 0.11465054 0.01433618 556.901562 2462.54538 Not accepted
216 12 15 180 -2.90332953 0.08059705 0.01026165 668.281874 2661.21028 Not accepted
217 14 15 210 3.46270957 0.05984815 0.00773713 779.662186 2835.68968 Acceptable design
218 16 15 240 9.15295606 0.0462571 0.00605967 891.042499 2991.64706 Acceptable design
219 18 15 270 14.3077915 0.03686228 0.00488555 1002.42281 3132.92998 Not accepted
220 20 15 300 19.0271676 0.03009199 0.00403 1113.80312 3262.2779 Not accepted
245 10 16 160 -4.16191861 0.12269597 0.01433618 594.028333 2626.71507 Not accepted
26 12 16 192 3.56978184 0.0862494 0.01026165 712.833999 2838.6243 Acceptable design
247 14 16 224 10.3602235 0.06404316 0.00773713 831.639666 3024.73566 Not accepted
248 16 16 256 16.4298198 0.04949796 0.00605967 950.445332 3191.0902 Not accepted
273 6 17 102 -19.3311222 0.35176558 0.03666779 378.693062 2210.95992 Not accepted
274 8 17 136 -7.75403264 0.20138004 0.02159802 504.924083 2528.26297 Not accepted
275 10 17 170 1.82796148 0.1307414 0.01433618 631.155103 2790.88476 Acceptable design*
276 12 17 204 10.0428932 0.09190174 0.01026165 757.386124 3016.03832 Not accepted
303 6 18 108 -14.5858941 0.37344312 0.03666779 400.969124 2341.01639 Not accepted
304 8 18 144 -2.32779926 0.21378024 0.02159802 534.625499 2676.98432 Not accepted
305 10 18 180 7.81784157 0.13878683 0.01433618 668.281874 2955.05445 Acceptable design
306 12 18 216 16.5160046 0.09755409 0.01026165 801.938249 3193.45234 Not accepted
599 58 27 1566 210.834687 0.00717043 0.00058011 5814.0523  8519.30824 Not accepted
600 60 27 1620 214.249686 0.00672033 0.0005455  6014.53687 8612.906 Not accepted

*Minimal Preheater area, ideal choice-lowest cost

** All the preheater design calculations are carried out assuming P2=22bar.
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5.4.2.4 Preheater optimization procedure for R236fa
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Figure 5.48. Heat transfer rate through the preheater R236fa

Figure 5.48 represents the preheater heating duty (kW) accordeing to the total number
of tube rows and tubes in one row of each preheater design. The green triangles
illustrated in the figure refer to the designs that meet the acceptable values of heating
duty that are within the range of two design limitations. These limitations include the
upper limit that is represented by a red dashed line, which indicates the maximum
permissible preheater heat transfer which is equal to 2885.3 kW, and the lower limit,
which is represented by a dashed green line, which corresponds to the minimum
required heating rate at 2623 kW. On the other hand, the rejected designs that have a

heating duty value (kW) outside of the defined range are represented by red triangles.
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Figure 5.49. Preheater design error % diagram R236fa

Figure 5.49, illustates the percentage design error, corresponding to the total number
of tube rows and tubes in one row for each preheater design. The maximum allowable
design error, is set at 10%, which is indicated by a red dashed line. The green triangles
correspond to preheater designs that have a design error value of less than 10%, which
are placed inside the accepted range. Conversely, the red triangles represent designs
with values that exceed the maximum allowable limit or less than zero, indicating
unsatisfactory designs. Notably, out of the 600 preheater designs ,only 20 were able to
meet this limitation successfully and are represented by green triangles, while the
remaining designs were represented by red triangles due to a design error value greater
than 10% or less than zero. Overall, this figure insured that all the accepted desings

were out of overdesigning or underdesigning.
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Figure 5.50. Shell side pressure drop through the preheater diagram R236fa

Figure 5.50 presents the shell side pressure drop corresponding to the total number of
tube rows and the total number of tubes in one row for each preheater design. The red
dashed line illustrates the maximum allowable shell side pressure drop of 0.2 bar. The
green triangles refer to the designs that have successfully passed all previous tests and
have a shell side pressure drop value less than 0.2 bar. On the other hand, the red
triangles represent the rejected designs that either have a value exceeding 0.2 bar or
failed to pass one of the previous tests. It is noteworthy that only 20 preheater designs
out of 600 designs have meeted all the design requirements and successfully have
passed all the limitations. Conversely, the remaining designs, although having a shell
side pressure drop value less than 0.2 bar they are still rejected as they failed to pass

the pervious limitations (heat transfer and design error).
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Figure 5.51. Tube side pressure drop through the preheater diagram R236fa

Figure 5.51 presents the tube side pressure drop for each preheater design, with respect
to the total number of tube rows and the total number of tubes in one row. the red
dashed line indicates the maximum allowable tube side pressure drop of 0.2 bar. The
green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a tube side pressure drop value of less than
0.2 bar. Conversely, the red triangles signify the rejected designs that failed to pass
one of the pervious tests or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 16 designs, out of the 600 total designs were
able to satisfy all the design requirements and constraints, that are represented as green
triangles. Although, the red triangle designs, have a tube side pressure drop value less
than 0.2 bar, they were rejected due to their inability to fulfill the previous

requirements (heating duty and design error.
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Figure 5.52. Preheater heating surface area diagram R236fa
In Figure 5.52, the heating surface area for each preheater design is plotted against the
total number of tube rows and the total number of tubes in one row. The green triangles
indicate the optimal designs that passed all previous limitations, while the red triangles
represent the designs that failed to meet one or more of the previous requirements. It
i1s noteworthy that out of the 600 designs, only 16 satisfied all constraints and are
depicted in green, while the remaining designs are rejected. The optimized preheater
design, denoted by the yellow triangle, has the smallest heating surface area of 446
m?2, corresponding to 10 tubes in one row and 12 tube rows. This design is the most

cost-effective option with a minimum investment, while still meeting the required

performance. Therefore, it is the preferred choice for the preheater, resulting in

significant cost savings in the long run. The results of this optimization process
demonstrate the importance of considering both operational costs and efficiency in

preheater design, leading to a cost-effective and optimal design.

Table 5.13 records in detail all the preheater final designs parameters including the

geometrical and performace ones as it could be used in future studies regarding this

field of energy generation.
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Table 5.13. Finned tube preheater design result for R236fa

NO Niubefraw Nraw Niotal Error AP, AP, A Qese Design Test Result
# # # % bar bar m? kw accepted/not accepted

1 2 7 14 -74.6286118 1.69625713 0.27792728 51.9774791 665.384054 Not accepted

2 4 7 28 -61.8703467 0.43957711 0.0769852 103.954958 999.979312 Not accepted
16 32 7 224 -1.45398527 0.00790708 0.00169944 831.639666 2584.44459 Not accepted
17 34 7 238 0.81382565 0.00703885 0.00152183 883.617145 2643.91966 Acceptable design
18 36 7 252 2.97953588 0.00630806 0.00137146 935.594624 2700.71707 Acceptable design
19 38 7 266 5.05292701 0.00568699 0.00124296 987.572103 2755.09334 Acceptable design
20 40 7 280 7.04240085 0.0051546 0.00113223 1039.54958 2807.26881 Acceptable design
21 42 7 294 8.95523046 0.00469468 0.00103611 1091.52706 2857.43423 Acceptable design
22 44 7 308 10.7977561 0.00429456 0.00095209 1143.50454 2905.75587 Not accepted
23 46 7 322 12.5755402 0.00394424 0.0008782 1195.48202 2952.37962 Not accepted
41 22 8 176 -2.64566359 0.01883416 0.00336521 653.431166 2553.19191 Not accepted
42 24 8 192 0.78667819 0.01593017 0.0028711  712.833999 2643.2077 Acceptable design
43 26 8 208 4.00441031 0.01365706 0.00248108 772.236832 2727.59519 Acceptable design
44 28 8 224 7.03543759 0.01184363 0.00216752 831.639666 2807.08619 Acceptable design
45 30 8 240 9.90241834 0.01037318 0.00191144 891.042499 2882.27496 Acceptable design
46 32 8 256 12.6240168 0.00916392 0.00169944 950.445332 2953.65096 Not accepted
47 34 8 272 15.2158007 0.00815713 0.00152183 1009.84817 3021.62247 Not accepted
67 14 9 126 -9.31580785 0.05122977 0.00768917 467.797312 2378.26228 Not accepted
68 16 9 144 -3.961262 0.03958658 0.00602208 534.625499 2518.68934 Not accepted
69 18 9 162 0.90841053 0.03153991 0.00485522 601.453687 2646.40022 Acceptable design
70 20 9 180 5.38149584 0.02574225 0.00400495 668.281874 2763.71031 Acceptable design
71 22 9 198 9.52362846 0.02142402 0.00336521 735.110061 2872.3409 Acceptable design
72 24 9 216 13.385013 0.0181194 0.0028711 801.938249 2973.60866 Not accepted
73 26 9 234 17.0049616 0.01553287 0.00248108 868.766436 3068.54458 Not accepted
95 10 10 100 -13.3645171 0.11012138 0.01424756 371.267708 2272.08178 Not accepted
96 12 10 120 -5.86473943 0.07738072 0.01019813 445.521249 2468.76919 Not accepted
97 14 10 140 0.7602135  0.05743909 0.00768917 519.774791 2642.51364 Acceptable design
98 16 10 160 6.70970889 0.04438101 0.00602208 594.028333 2798.54371 Acceptable design
99 18 10 180 12.1204561 0.03535717 0.00485522 668.281874 2940.44469 Not accepted
100 20 10 200 17.0905509 0.02885589 0.00400495 742.535416 3070.78923 Not accepted
101 22 10 220 21.6929205 0.02401388 0.00336521 816.788957 3191.48989 Not accepted
125 10 11 110 -4.70096876 0.12204572 0.01424756 408.394479 2499.28996 Not accepted
126 12 11 132 3.54878663 0.08575227 0.01019813 490.073374 2715.64611 Acceptable design
127 14 11 154 10.8362348 0.06364841 0.00768917 571.75227 2906.76501 Not accepted
128 16 11 176 17.3806798 0.04917544 0.00602208 653.431166 3078.39808 Not accepted
154 8 12 96 -6.45756027 0.20647728 0.02146473 356.417 2453.22201 Not accepted
155 10 12 120 3.96257954 0.13397005 0.01424756 445.521249 2726.49814 Acceptable design*
156 12 12 144 12.9623127 0.09412382 0.01019813 534.625499 2962.52302 Not accepted
157 14 12 168 20.9122562 0.06985773 0.00768917 623.729749 3171.01637 Not accepted
599 58 26 1508 353.599485 0.01014033 0.00057648 5598.71703 11895.9933 Not accepted
600 60 26 1560 358.933081 0.00950231 0.00054208 5791.77624 12035.871 Not accepted

*Minimal Preheater area, ideal choice-lowest cost

** All the preheater design calculations are carried out assuming P2=22bar.
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5.4.2.5 Preheater optimization procedure for R142b

Preheater heat transfer rate (KW)
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Figure 5.53. Heat transfer rate through the preheater R142b
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Figure 5.54. Preheater design error % diagram R142b

Figure 5.53 represents the preheater heating duty (kW) accordeing to the total number
of tube rows and tubes in one row of each preheater design. The green triangles
illustrated in the figure refer to the designs that meet the acceptable values of heating

duty that are within the range of two design limitations. These limitations include the
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upper limit that is represented by a red dashed line, which indicates the maximum
permissible preheater heat transfer which is equal t0.2240.48 kW, and the lower limit,
which is represented by a dashed green line, which corresponds to the minimum
required heating rate at 2036.8 kW. On the other hand, the rejected designs that have
a heating duty value (kW) outside of the defined range are represented by red triangles.
Figure 5.54, illustates the percentage design error, corresponding to the total number
of tube rows and tubes in one row for each preheater design. The maximum allowable
design error, is set at 10%, which is indicated by a red dashed line. The green triangles
correspond to preheater designs that have a design error value of less than 10%, which
are placed inside the accepted range. Conversely, the red triangles represent designs
with values that exceed the maximum allowable limit or less than zero, indicating
unsatisfactory designs. Notably, out of the 600 preheater designs ,only 12 were able to
meet this limitation successfully and are represented by green triangles, while the
remaining designs were represented by red triangles due to a design error value greater
than 10% or less than zero. Overall, this figure insured that all the accepted desings

were out of overdesigning or underdesigning.
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Figure 5.55. Shell side pressure drop through the preheater diagram R142b

Figure 5.55 presents the shell side pressure drop corresponding to the total number of
tube rows and the total number of tubes in one row for each preheater design. The red
dashed line illustrates the maximum allowable shell side pressure drop of 0.2 bar. The

green triangles refer to the designs that have successfully passed all previous tests and
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have a shell side pressure drop value less than 0.2 bar. On the other hand, the red
triangles represent the rejected designs that either have a value exceeding 0.2 bar or
failed to pass one of the previous tests. It is noteworthy that only 9 preheater designs
out of 600 designs have meeted all the design requirements and successfully have
passed all the limitations. Conversely, the remaining designs, although some of them
have a shell side pressure drop value less than 0.2 bar they are still rejected as they

failed to pass the pervious limitations (heat transfer and design error).
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Figure 5.56. Tube side pressure drop through the preheater diagram R142b

Figure 5.56 presents the tube side pressure drop for each preheater design, with respect
to the total number of tube rows and the total number of tubes in one row. the red
dashed line indicates the maximum allowable tube side pressure drop of 0.2 bar. The
green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a tube side pressure drop value of less than
0.2 bar. Conversely, the red triangles signify the rejected designs that failed to pass
one of the pervious tests or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 9 designs, out of the 600 total designs were
able to satisfy all the design requirements and constraints, that are represented as green
triangles. Although, the red triangle designs, have a tube side pressure drop value less
than 0.2 bar, they were rejected due to their inability to fulfill the previous

requirements (heating duty and design error.
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Figure 5.57. Preheater heating surface area diagram R142b

In Figure 5.57, the heating surface area for each preheater design is plotted against the
total number of tube rows and the total number of tubes in one row. The green triangles
indicate the optimal designs that passed all previous limitations, while the red triangles
represent the designs that failed to meet one or more of the previous requirements. It
1s noteworthy that out of the 600 designs, only 9 satisfied all constraints and are
depicted in green, while the remaining designs are rejected. The optimized preheater
design, denoted by the yellow triangle, has the smallest heating surface area of 356
m?2, corresponding to 8 tubes in one row and 12 tube rows. This design is the most
cost-effective option with a minimum investment, while still meeting the required
performance. Therefore, it is the preferred choice for the preheater, resulting in

significant cost savings in the long run. The results of this optimization process

demonstrate the importance of considering both operational costs and efficiency in

preheater design, leading to a cost-effective and optimal design.

Table 5.14 records in detail all the preheater final designs parameters including the

geometrical and performace ones as it could be used in future studies regarding this

field of energy generation.
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Table 5.14. Finned tube preheater design result for R142b

Niubefraw Nraw Niotal Error AP, AP, A [ Design Test Result
NO

# # # % bar bar m? kw accepted/not accepted
1 2 7 14 -70.4745751 1.27098673 0.26946707 51.9774791 601.358228 Not accepted
2 4 7 28 -55.8019867 0.32962073 0.074628  103.954958 900.201745 Not accepted
12 24 7 168 1.23387807 0.0103276 0.00278197 623.729749 2061.87805 Acceptable design
13 26 7 182 4.42659331 0.00885573 0.00240402 675.707228 2126.90559 Acceptable design
14 28 7 19 7.43309177 0.00768128 0.00210017 727.684707 2188.14036 Acceptable design
15 30 7 210 10.2760552 0.00672879 0.00185202 779.662186 2246.04433 Not accepted
16 32 7 224 12.9741556 0.00594537 0.00164658 831.639666 2300.99781 Not accepted
37 14 8 112 -7.21829236 0.03380814 0.00745142 415.819833 1889.72872 Not accepted
38 16 8 128 -1.80780673 0.02613187 0.00583569 475.222666 1999.92663 Not accepted
39 18 8 144 3.10952043 0.02082541 0.00470481 534.625499 2100.08015 Acceptable design
40 20 8 160 7.62388959 0.01700121 0.0038808  594.028333 2192.02643 Acceptable design
41 22 8 176 11.8022771 0.01415225 0.00326081 653.431166 2277.12961 Not accepted
42 24 8 192 15.6958606 0.01197161 0.00278197 712.833999 2356.43206 Not accepted
66 12 9 108 -2.40380134 0.05180767 0.00988315 400.969124 1987.78773 Not accepted
67 14 9 126 4.3794211  0.03846781 0.00745142 467.797312 2125.94481 Acceptable design
68 16 9 144 10.4662174 0.02973037 0.00583569 534.625499 2249.91746 Not accepted
95 10 10 100 -0.10037895 0.08264748 0.01380812 371.267708 2034.70261 Not accepted
96 12 10 120 8.44022073 0.05808875 0.00988315 445.521249 2208.65303 Acceptable design
97 14 10 140 15.9771346 0.04312748 0.00745142 519.774791 2362.1609 Not accepted
124 8 1 88 -1.00170049 0.14111247 0.02080384 326.715583 2016.34497 Not accepted
125 10 1 110 9.88958315 0.0915922  0.01380812 408.394479 2238.17287 Acceptable design
153 6 12 72 -6.24019772 0.27069724 0.03532253 267.31275  1909.65003 Not accepted
154 8 12 96 7.99814492 0.15490674 0.02080384 356.417 2199.64906 Acceptable design*
155 10 12 120 19.8795453 0.10053692 0.01380812 445.521249 2441.64314 Not accepted
599 58 26 1508 418.720813 0.00762607 0.00055848 5598.71703 10565.031 Not accepted
600 60 26 1560 424.750969 0.0071466  0.00052516 5791.77624 10687.85 Not accepted

*Minimal Preheater area, ideal choice-lowest cost

** All the preheater design calculations are carried out assuming P2=22bar.

5.4.2.6 Preheater optimization procedure for R600a
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Figure 5.58. Heat transfer rate through the preheater R600a



Figure 5.58 represents the preheater heating duty (kW) accordeing to the total number
of tube rows and tubes in one row of each preheater design. The green triangles
illustrated in the figure refer to the designs that meet the acceptable values of heating
duty that are within the range of two design limitations. These limitations include the
upper limit that is represented by a red dashed line, which indicates the maximum
permissible preheater heat transfer which is equal to 2551 kW, and the lower limit,
which is represented by a dashed green line, which corresponds to the minimum
required heating rate at 2319.1 kW. On the other hand, the rejected designs that have

a heating duty value (kW) outside of the defined range are represented by red triangles.
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Figure 5.59. Preheater design error % diagram R600a

Figure 5.59, illustates the percentage design error, corresponding to the total number
of tube rows and tubes in one row for each preheater design. The maximum allowable
design error, is set at 10%, which is indicated by a red dashed line. The green triangles
correspond to preheater designs that have a design error value of less than 10%, which
are placed inside the accepted range. Conversely, the red triangles represent designs
with values that exceed the maximum allowable limit or less than zero, indicating
unsatisfactory designs. Notably, out of the 600 preheater designs ,only 17 were able to
meet this limitation successfully and are represented by green triangles, while the

remaining designs were represented by red triangles due to a design error value greater
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than 10% or less than zero. Overall, this figure insured that all the accepted desings

were out of overdesigning or underdesigning.
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Figure 5.60. Shell side pressure drop through the preheater diagram R600a

Figure 5.60 presents the shell side pressure drop corresponding to the total number of
tube rows and the total number of tubes in one row for each preheater design. The red
dashed line illustrates the maximum allowable shell side pressure drop of 0.2 bar. The
green triangles refer to the designs that have successfully passed all previous tests and
have a shell side pressure drop value less than 0.2 bar. On the other hand, the red
triangles represent the rejected designs that either have a value exceeding 0.2 bar or
failed to pass one of the previous tests. It is noteworthy that only 15 preheater designs
out of 600 designs have meeted all the design requirements and successfully have
passed all the limitations. Conversely, the remaining designs, although having a shell
side pressure drop value less than 0.2 bar they are still rejected as they failed to pass

the pervious limitations (heat transfer and design error).

127



0.9
0.18
0.47
0.16 4

0.15

0.14

0.13 A A

0.42 "

0.11 A

040 4 A

0.09 i
0.08

A

0.07 3
A A

0.06 A A
" A &
0.05 "
0.04
a

A

0.03 A
A
A

Preheater tube side pressure drop(Bar)

b'.’

& i
A " -
A

A
i % A -
A A
A
4 % 'y o Iy

B P

S A LA .

2 14 26 38 50 2 14 26 38 50 2 14 26 38 50 2 14 26 38 50 2 14 26 38 50 2 14 26 38 50 2 14 26 38 60 2 14 26 38 60 2 14 26 38 50 2 14 26 38 50

Number of rows

Number of tubes /row 4 Rejected Values ----Pmax (Bar) A Accepted Values

Figure 5.61.Tube side pressure drop through the preheater diagram R600a

Figure 5.61 presents the tube side pressure drop for each preheater design, with respect
to the total number of tube rows and the total number of tubes in one row. the red
dashed line indicates the maximum allowable tube side pressure drop of 0.2 bar. The
green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a tube side pressure drop value of less than
0.2 bar. Conversely, the red triangles signify the rejected designs that failed to pass
one of the pervious tests or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 15 designs, out of the 600 total designs were
able to satisfy all the design requirements and constraints, that are represented as green
triangles. Although, the red triangle designs, have a tube side pressure drop value less
than 0.2 bar, they were rejected due to their inability to fulfill the previous

requirements (heating duty and design error.
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Figure 5.62. Preheater heating surface area diagram R600a

In Figure 5.62, the heating surface area for each preheater design is plotted against the
total number of tube rows and the total number of tubes in one row. The green triangles
indicate the optimal designs that passed all previous limitations, while the red triangles
represent the designs that failed to meet one or more of the previous requirements. It
is noteworthy that out of the 600 designs, only 15 satisfied all constraints and are
depicted in green, while the remaining designs are rejected. The optimized preheater
design, denoted by the yellow triangle, has the smallest heating surface area of 356
m?2, corresponding to 8 tubes in one row and 12 tube rows. This design is the most
cost-effective option with a minimum investment, while still meeting the required
performance. Therefore, it is the preferred choice for the preheater, resulting in
significant cost savings in the long run. The results of this optimization process

demonstrate the importance of considering both operational costs and efficiency in

preheater design, leading to a cost-effective and optimal design.

Table 5.15 records in detail all the preheater final designs parameters including the

geometrical and performace ones as it could be used in future studies regarding this

field of energy generation.
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Table 5.15. Finned tube preheater design result for R600a

o Niuvefraw Nraw N:otal Error AP, AP, A Qest Design Test Result
N

# # # % bar bar m? kw accepted/not accepted
1 2 7 14 -72.7688648 0.83664014 0.27354592 51.9774791 631.51546 Not accepted
2 4 7 28 -59.1285087 0.21722614 0.07576441 103.954958 947.84806 Not accepted
14 28 7 196 0.05524091 0.00508147 0.00213264 727.684707 2320.37449 Acceptable design
15 30 7 210 2.7252186  0.00445203 0.00188067 779.662186 2382.29377 Acceptable design
16 32 7 224 5.25962044 0.00393424 0.00167206 831.639666 2441.06892 Acceptable design
17 34 7 238 7.67297883 0.00350302 0.0014973  883.617145 2497.03695 Acceptable design
18 36 7 252 9.97754687 0.00313999 0.00134935 935.594624 2550.48204 Acceptable design
19 38 7 266 12.1837569 0.0028314 0.00122291 987.572103 2601.64611 Not accepted
39 18 8 144 -4.11121276 0.01376155 0.00477732 534.625499 2223.75054 Not accepted
40 20 8 160 0.12286946 0.01123695 0.00394065 594.028333 2321.94286 Acceptable design
41 22 8 176 4.0431457 0.0093558 0.00331114 653.431166 2412.85773 Acceptable design
42 24 8 192 7.69727992 0.00791567 0.00282494 712.833999 2497.60052 Acceptable design
43 26 8 208 11.1225842 0.0067881  0.00244117 772.236832 2577.03652 Not accepted
67 14 9 126 -3.01563447 0.02540355 0.00756603 467.797312 2249.15803 Not accepted
68 16 9 144 2.68838597 0.01963875 0.00592554 534.625499 2381.43959 Acceptable design
69 18 9 162 7.87488564 0.01565307 0.00477732 601.453687 2501.71936 Acceptable design
70 20 9 180 12.6382281 0.01278034 0.00394065 668.281874 2612.18572 Not accepted
95 10 10 100 -7.29213813 0.054538 0.01401996 371.267708 2149.98191 Not accepted
96 12 10 120 0.70139459 0.0383455  0.01003499 445.521249 2335.3594 Acceptable design
97 14 10 140 7.76040614 0.02847791 0.00756603 519.774791 2499.06447 Acceptable design
98 16 10 160 14.0982066 0.02201357 0.00592554 594.028333 2646.04399 Not accepted
99 18 10 180 19.860984  0.01754459 0.00477732 668.281874 2779.68818 Not accepted
124 8 11 88 -8.20595871 0.0930722  0.02112245 326.715583 2128.78956 Not accepted
125 10 11 110 1.97864805 0.06043587 0.01401996 408.394479 2364.9801 Acceptable design
126 12 11 132 10.7715341 0.04248844 0.01003499 490.073374 2568.89534 Not accepted
153 6 12 72 -13.15961  0.17843742 0.03586223 267.31275 2013.90976 Not accepted
154 8 12 96 0.13895414 0.1021641 0.02112245 356.417 2322.31588 Acceptable design*
155 10 12 120 11.2494342 0.06633375 0.01401996 445.521249 2579.97829 Not accepted
183 6 13 78 -5.92291081 0.19433517 0.03586223 289.588812 2181.73557 Not accepted
184 8 13 104 8.48386698 0.11125601 0.02112245 386.118416 2515.84221 Acceptable design
185 10 13 130 20.5202204 0.07223163 0.01401996 482.64802  2794.97649 Not accepted
599 58 26 1508 384.132568 0.00504791 0.00056715 5598.71703 11227.4865 Not accepted
600 60 26 1560 389.805595 0.00473089 0.00053332 5791.77624 11359.0493 Not accepted

*Minimal Preheater area, ideal choice-lowest cost

** All the preheater design calculations are carried out assuming P2=22bar.
5.4.3 Design optimization procedure for Superheater

Table 5.16. Superheater’s fixed properties and parameters

Tube fixed geometries

Do (mm) 57.15

Din (mm) 53.8

Ltube (mm) 800
Material Carbon steel
Fin fixed geometries

Df (mm) 89.6

Lf (mm) 15.8

tf (mm) 0.4

S (mm) 15

Material Alaminum
Dbend 3 x Do
Tube layout Staggered (°60 )

Nr=(2—-11)raws & nt=(2-31) tubes per rows
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Nt = NrXnt; (2x3,2x4,2x5 ... ... o v e e e e e e .. 11X31)

(300 design) attempted in all calculations for superheater and each design is tested by
previous mentioned limitations. This careful approach was taken to ensure that the
final design would meet the required performance specifications while also
minimizing costs and maximizing efficiency. By evaluating numerous design options,
we were able to identify the most effective configuration for the superheater, resulting
in an optimal and reliable solution for the project.

5.4.3.1 Superheater optimization procedure for R245fa
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Figure 5.63. Heat transfer rate through the superheater R245fa

Figure 5.63, illustrates the total heat transfer rate of 300 different designs of
superheaters as a function of the total number of tube rows and tubes in one row of
each design. The green triangles represent the superheater designs that meet required
value of the heat transfer that are located between the upper limit and the lower limit.
The upper limit, shown as a red dashed line, signifies the maximum permissible
superheater heat transfer (kW) at 371, while the lower limit is denoted by a dashed
green line, representing the minimum required heating rate (kW) at 338. On the other
hand, the red triangles signify the designs that do not meet the established criteria and,
consequently, have been rejected. It shown by the figure that only 7 designs have
successfully satisfied this range out of 300 superheater designs attempted. This
outcome is expected since the heating duty required for superheaters is considerably

lower than that of evaporators and preheaters. These results indicate that only a few
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superheater designs meet the established criteria, that consequently go through other
design limitations to select the optimal design among them. horizontal axis represents
the number of tubes per row and the total number of tubes rows of each superheater
design and each design of them results in a value of heat transfer kW which is indicated

in vertical axis.
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Figure 5.64. Superheater design error% diagram R245fa

Figure 5.64 provides a representation of superheater design error for 300 superheater
designs with respect to the total number of tube rows and the total number of tubes in
one row of each superheater design. The maximum allowable percentage of the design
error for each superheater design is represented as an upper limit of 10% marked by a
red dashed line. The successful designs that meet this criterion and have a design error
value of less than 10% are denoted by green triangles, while the designs that exceed
the upper limit or have negative values are represented by red triangles, indicating their
failure to meet the design requirements. It is noteworthy that out of all the attempted
superheater designs, only 7 were able to pass this limitation. The findings of this
analysis provided superheater designs with an accurate volume that were prevented
from being underdesigned or overdesigned and this enable them to go further through

other design limitations in order to select the optimal design of them.
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Figure 5.65. Shell side pressure drop through the superheater R245fa
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Figure 5.66. Tube side pressure drop through the superheater

Figures 5.65 and 5.66 provide a representation of the superheater's shell side pressure
drop, tube side pressure drop,as a function of the total number of tube rows and tubes
in one row of each superheater design. The red dashed line, which marks the maximum
allowable value of 0.2 bar, serves as a stringent criterion for evaluating each design's
suitability. The figure illustrates that out of the 300 attempted designs, only 5

superheater designs were approved to be the ultimate choice, demonstrating
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outstanding performance that satisfies all previous design limitations and conform
with the pressure drop requirement. These accepted designs were represented by green
triangles in the figure, while the red triangles depicted the rejected designs that failed
to meet the previous limitations, despite some of them had a pressure drop less than
0.2 bar. This emphasizes the critical role of the optimization process in ensuring the
creation of an efficient and high-performing superheaters that meet all the essential

design requirements.

Efficiency and cost are critical considerations when designing a superheater. The
heating surface area of a superheater is a crucial factor that affects its performance and
cost. A larger heating surface area can enhance its efficiency by reducing the pressure
drop through it as there is a trade off between the surface area and the pressure drop,
but it also increases the investment cost. Therefore, finding the optimal heating surface
area that meets the pressure drop limitation of 0.2 bar is essential to achieve maximum
efficiency while minimizing costs by reducing it. This optimization process provided
a balancing between investment cost (minimum heating surface area) and operational
expenses (mimimal pressur drop less that 0.2 bar), ensuring that the superheater is
designed to the highest standards. A well-designed superheater with an optimized
heating surface area can lead to significant cost savings in the long run and investment
costs. The following figure shows the corresponding surface area of 300 designs in
which the perfect designs that have successfully passed all the suggested design
limitation by this paper are repersented in a green color while the other that failed to
pass on of the previous mentioned design limitation are pollted in the figure as red
triangles. The optimal design what satisfy all the design criteria and has the smallest

heating surface area between the accepted design is shown as a yellow triangle.
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Figure 5.67. Superheater heating surface area diagram R245fa

Figure 5.67, repersents the heating surface areas that correspond to the variables
indicated in the x- axis of each superheater design. The superheater designs that have
successfully satisfyed all the desing limitations are shown in the figure as green
triangles.while the other that were rejected as they falled out the acceptaple range are
in ared color. A design between these accepted ones was selected as an optimal design
as it had the smallest surface area, in other words, it has a lower material cost than the
other's. This optimal desing was shown in the chart as a yellow triangle with a minimal
heating surface area of 13 m2, a number of tubes in one row of 8, and a number of
tubes rows of 3. The findings from this process indicate that the methodology which
was suggested in this study has reached its goels by obtaining a superheater which has

a minimal heating surface area while keeping the pressure drop in a low level of less

than 0.2 bar.

A table is inserted below which shows in detail all the findings of this process with

concering in the accepted superheater designs
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Table 5.17. Finned Tube Superheater Design Result R245fa

N tube raw  Nraw Neotal Error AP, AP, A Qost Design Test Result

NoO # # # % bar bar m? kW accepted/not accepted
1 2 2 4 -70 1.42 1.464 2 102.2 Not accepted

17 18 2 36 3 0.019 0.023 19 346.3 Accepted

18 19 2 38 5 0.017 0.021 20 3552 Accepted

19 20 2 40 8 0.0152 0.019 21 363.9 Accepted

36 7 3 21 -5 0.232 0.138 11 321.3 Not accepted

37 8 3 24 2 0.178 0.107 13 345.2 Accepted*

38 9 3 27 9 0.141 0.086 14 367.4 Accepted

39 10 3 30 15 0.115 0.07 16 388.2 Not accepted

293 24 11 264 545 0.099 0.014 141 2176.7 Not accepted

294 25 11 275 557 0.091 0.013 147 22174 Not accepted

295 26 11 286 569 0.084 0.012 153 2256.9 Not accepted

296 27 11 297 580 0.078 0.011 159 2295.4 Not accepted

297 28 11 308 591 0.073 0.01 165 23329 Not accepted

298 29 11 319 602 0.068 0.01 171 2369.5 Not accepted

299 30 11 330 613 0.064 0.009 177 2405.2 Not accepted

300 31 11 341 623 0.06 0.009 183 2440.1 Not accepted

*Minimal superheater area, ideal choice-lowest cost

** All the superheater design calculations are carried out assuming P2=22bar.

5.4.3.2 Superheater optimization procedure for R600
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Figure 5.68. Heat transfer rate through the superheater R600

Figure 5.68, shows the total heat transfer rate of 300 different designs of superheaters
as a function of the total number of tube rows and tubes in one row of each design.
The green triangles represent the superheater designs that meet required value of the

heat transfer that are located between the upper limit and the lower limit. The upper
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limit, shown as a red dashed line, signifies the maximum permissible superheater heat
transfer (kW) at 354.56 , while the lower limit is denoted by a dashed green line,
representing the minimum required heating rate (kW) at 322.33 On the other hand, the
red triangles signify the designs that do not meet the established criteria and,
consequently, have been rejected. It shown by the figure that only 6 designs have
successfully satisfied this range out of 300 superheater designs attempted. This
outcome is expected since the heating duty required for superheaters is considerably
lower than that of evaporators and preheaters. These results indicate that only a few
superheater designs meet the established criteria, that consequently go through other
design limitations to select the optimal design among them. horizontal axis represents
the number of tubes per row and the total number of tubes rows of each superheater
design and each design of them results in a value of heat transfer kW which is indicated

in vertical axis.
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Figure 5.69. Superheater design error% diagram R600

Figure 5.69 provides a representation of superheater design error for 300 superheater
designs with respect to the total number of tube rows and the total number of tubes in
one row of each superheater design. The maximum allowable percentage of the design
error for each superheater design is represented as an upper limit of 10% marked by a
red dashed line. The successful designs that meet this criterion and have a design error
value of less than 10% are denoted by green triangles, while the designs that exceed

the upper limit or have negative values are represented by red triangles, indicating their
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failure to meet the design requirements. It is noteworthy that out of all the attempted
superheater designs, only 6 were able to pass this limitation. The findings of this
analysis provided superheater designs with an accurate volume that were prevented
from being underdesigned or overdesigned and this enable them to go further through

other design limitations in order to select the optimal design of them.
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Figure 5.70. Shell side pressure drop through the superheater R600

Figure 5.70 presents the shell side pressure drop for each superheater design as a
function of the total number of tube rows and the total number of tubes in one row of
each design. A red dashed line indicates the maximum allowable shell side pressure
drop of 0.2 bar, which is a crucial factor in ensuring optimal preheater performance.
The green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a shell side pressure drop value of less than
0.2 bar. Conversely, the red triangles are the rejected designs that failed to pass one of
the previous limitations or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 6 designs, out of the 300 total designs

considered, were able to satisfy all the design requirements and constraints.
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Figure 5.71. Tube side pressure drop through the superheater R600

Figures 5.71 provide a representation of the superheater's tube side pressure drop, as a
function of the total number of tube rows and tubes in one row of each superheater
design. The red dashed line, which marks the maximum allowable value of 0.2 bar,
serves as a stringent criterion for evaluating each design's suitability. The figure
illustrates that out of the 300 attempted designs, only 6 superheater designs were
approved to be the ultimate choice, demonstrating outstanding performance that
satisfies all previous design limitations and conform with the pressure drop
requirement. These accepted designs were represented by green triangles in the figure,
while the red triangles depicted the rejected designs that failed to meet the previous
limitations, despite some of them had a pressure drop less than 0.2 bar. This
emphasizes the critical role of the optimization process in ensuring the creation of an

efficient and high-performing superheaters that meet all the essential design

requirements.
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Figure 5.72. Superheater heating surface area diagram R600

Figure 5.72, repersents the heating surface areas that correspond to the variables of
each superheater design that are indicated in the x- axis. The superheater designs that
have successfully satisfyed all the desing limitations are shown in the figure as green
triangles.while the other that were rejected as they falled out the acceptaple range are
in ared color. A design between these accepted ones was selected as an optimal design
as it had the smallest surface area, in other words, it has a lower material cost than the
other's. This optimal desing was shown in the chart as a yellow triangle with a minimal
heating surface area of 11 m2, a number of tubes in one row of 7, and a number of
tubes rows of 3. The findings from this process indicate that the methodology which
was suggested in this study has reached its goels by obtaining a superheater which has

a minimal heating surface area while keeping the pressure drop in a low level of less

than 0.2 bar.
A table is inserted below which shows in detail all the findings of this process with

concering in the accepted superheater designs
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Table 5.18. Finned Tube Superheater Design Result R600

NO Nkilbe.l"i'ﬂu' Ni'ﬂw Nmm! Error A'Ps A'Ps A Qess Design Test Result
# # # % bar bar m’ kW accepted/not accepted
1 2 2 4 -67.4393 0.8372 1.4654 2.1415 104.9517 Not accepted
2 4 2 8 -50.3463  0.2131 0.3949 4.2829 160.0470 Not accepted
14 15 2 30 0.5794 0.0158 0.0330 16.0609 324.1941 Acceptable design
15 16 2 32 3.7604 0.0139 0.0293 17.1316 334.4473 Acceptable design
16 17 2 34 6.8111 0.0124 0.0262 18.2024 344.2806 Acceptable design
17 18 2 36 9.7433 0.0111 0.0235 19.2731 353.7319 Acceptable design
18 19 2 38 12.5672 0.0100 0.0213 20.3438 362.8341 Not accepted
19 20 2 40 15.2917 0.0090 0.0193 21.4145 371.6159 Not accepted
20 21 2 42 17.9246 0.0082 0.0176 22.4853 380.1023 Not acce pted
34 5 3 15 -15.3153 0.2664 0.2593 8.0304 272.9611 Not accepted
35 6 3 18 -6.2090 0.1858 0.1840 9.6365 302.3133 Not accepted
36 7 3 21 2.0498 0.1370 0.1377 11.2426 328.9338 Acceptable design*
37 8 3 24 9.6298 0.1053 0.1072 12.8487 353.3660 Acceptable design
38 9 3 27 16.6510 0.0834 0.0859 14.4548 375.9973 Not accepted
39 10 3 30 23.2027 0.0678 0.0705 16.0609 397.1149 Not accepted
299 30 11 330 661.2945 0.0375 0.0091 176.6699 2453.8544 Not accepted
300 31 11 341 672.2715 0.0352 0.0086 182.5589 2489.2362 Not accepted

*Minimal superheater area, ideal choice-lowest cost

** All the superheater design calculations are carried out assuming P2=22bar.

5.4.3.3 Superheater optimization procedure for R123
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Figure 5.73. Heat transfer rate through the superheater R123

Figure 5.73, illustrates the total heat transfer rate of 300 different designs of
superheaters as a function of the total number of tube rows and tubes in one row of
each design. The green triangles represent the superheater designs that meet required
value of the heat transfer that are located between the upper limit and the lower limit.
The upper limit, shown as a red dashed line, signifies the maximum permissible
superheater heat transfer (kW) at 302, while the lower limit is denoted by a dashed

green line, representing the minimum required heating rate (kW) at 274.56. On the
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other hand, the red triangles signify the designs that do not meet the established criteria
and, consequently, have been rejected. It shown by the figure that only 4 designs have
successfully satisfied this range out of 300 superheater designs attempted. This
outcome is expected since the heating duty required for superheaters is considerably
lower than that of evaporators and preheaters. These results indicate that only a few
superheater designs meet the established criteria, that consequently go through other
design limitations to select the optimal design among them. horizontal axis represents
the number of tubes per row and the total number of tubes rows of each superheater
design and each design of them results in a value of heat transfer kW which is indicated

in vertical axis.
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Figure 5.74. Superheater design error% diagram R123

Figure 5.74 provides a representation of superheater design error for 300 superheater
designs with respect to the total number of tube rows and the total number of tubes in
one row of each superheater design. The maximum allowable percentage of the design
error for each superheater design is represented as an upper limit of 10% marked by a
red dashed line. The successful designs that meet this criterion and have a design error
value of less than 10% are denoted by green triangles, while the designs that exceed
the upper limit or have negative values are represented by red triangles, indicating their
failure to meet the design requirements. It is noteworthy that out of all the attempted
superheater designs, only 4 were able to pass this limitation. The findings of this

analysis provided superheater designs with an accurate volume that were prevented
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from being underdesigned or overdesigned and this enable them to go further through

other design limitations in order to select the optimal design of them.
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Figure 5.75. Shell side pressure drop through the superheater R123
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Figure 5.76. Tube side pressure drop through the superheater R123

Figure 5.75 presents the shell side pressure drop for each superheater design as a
function of the total number of tube rows and the total number of tubes in one row of
each design. A red dashed line indicates the maximum allowable shell side pressure
drop of 0.2 bar, which is a crucial factor in ensuring optimal preheater performance.
The green triangles represent the designs that have successfully passed all the previous

tests, as well as this limitation, exhibiting a shell side pressure drop value of less than
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0.2 bar. Conversely, the red triangles are the rejected designs that failed to pass one of
the previous limitations or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 4 designs, out of the 300 total designs
considered, were able to satisfy all the design requirements and constraints.

Figures 5.76 provide a representation of the superheater's tube side pressure drop, as a
function of the total number of tube rows and tubes in one row of each superheater
design. The red dashed line, which marks the maximum allowable value of 0.2 bar,
serves as a stringent criterion for evaluating each design's suitability. The figure
illustrates that out of the 300 attempted designs, only 4 superheater designs were
approved to be the ultimate choice, demonstrating outstanding performance that
satisfies all previous design limitations and conform with the pressure drop
requirement. These accepted designs were represented by green triangles in the figure,
while the red triangles depicted the rejected designs that failed to meet the previous
limitations, despite some of them had a pressure drop less than 0.2 bar. This
emphasizes the critical role of the optimization process in ensuring the creation of an
efficient and high-performing superheaters that meet all the essential design

requirements.

The following figure shows the corresponding surface area of 300 designs in which
the perfect designs that have successfully passed all the suggested design limitation by
this paper are repersented in a green color while the other that failed to pass on of the
previous mentioned design limitation are pollted in the figure as red triangles. The
optimal design what satisfy all the design criteria and has the smallest heating surface

area between the accepted design is shown as a yellow triangle.
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Figure 5.77. Superheater heating surface area diagram R123

Figure 5.77 provides a representation of the heating surface area for each of the 300
superheter designs based on the total number of tube rows and the total number of
tubes in one row of each superheater. It is worth noting that only 4 designs satisfy all
the previous limitations and can be considered as good superheater designs, and these
designs are represented as green triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 13 m2, corresponding to 8 tubes in one row and 3 number of
tube rows. This design ensures the lowest possible cost and investment while also
maintaining the required performance of ORC, making it the ideal choice for the

superheater.
Table 5.19. Finned Tube Superheater Design Result R123

Quse Design Test Result

Nsube;’a-nw Neaw N:total Error AP, AP, A
NO
# # # % bar bar m? kW accepted/not accepted
1 2 2 4 -67.699 1.540 1.468 2.141 88.686 Not accepted
2 4 2 8 -51.177 0.392 0.396 4.283 134.048 Not accepted
15 16 2 32 -0.064 0.026 0.029 17.132 274.383 Not accepted
16 17 2 34 2.777 0.023 0.026 18.202 282.184 Acceptable design
17 18 2 36 5.504 0.020 0.024 19.273 289.672 Acceptable design
18 19 2 38 8.128 0.018 0.021 20.344 296.876 Acceptable design
19 20 2 40 10.657 0.016 0.019 21.415 303.819 Not accepted
36 7 3 21 -0.460 0.252 0.138 11.243 273.298 Not accepted
37 8 3 24 6.720 0.194 0.107 12.849 293.011 Acceptable design*
38 9 3 27 13.353 0.153 0.086 14.455 311.222 Not accepted
299 30 11 330 626.112 0.069 0.009 176.670 1993.612 Not accepted
300 31 11 341 636.210 0.065 0.009 182.559 2021.338 Not accepted

*Minimal superheater area, ideal choice-lowest cost

** All the superheater design calculations are carried out assuming P2=22bar.
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5.4.3.4 Superheater optimization procedure for R236fa

: A A A
& A A A "
A A
A A " A
A & -
& A
A A
A A A -
A A
= a . a
= A A
= A
T . R “
5 . .
= a“
e . LN R - S I . N P o
T el e e e e e e T
=
= A
w
< =

2 3 4 s [ 7 8 9 10 11
2 8 142026 2 8 14 2026 2 B 14 2026 2 B8 14 20 26 2 B 14 20 26 2 8 142026 2 8 14 2026 2 B 1420 26 2 B8 14 20 26 2 B 14 20 26

Number of rows
Number of tubes /row

A Rejected Values =-=-Qreq. (kW) A Accepted Values -=~=-Maximum allawable heat transfer kW

Figure 5.78. Heat transfer rate through the superheater R236fa

Figure 5.78, illustrates the total heat transfer rate of 300 different designs of
superheaters as a function of the total number of tube rows and tubes in one row of
each design. The green triangles represent the superheater designs that meet required
value of the heat transfer that are located between the upper limit and the lower limit.
The upper limit, shown as a red dashed line, signifies the maximum permissible
superheater heat transfer (kW) at 476.3, while the lower limit is denoted by a dashed
green line, representing the minimum required heating rate (kW) at 433. On the other
hand, the red triangles signify the designs that do not meet the established criteria and,
consequently, have been rejected. It shown by the figure that only 10 designs have
successfully satisfied this range out of 300 superheater designs attempted. This
outcome is expected since the heating duty required for superheaters is considerably
lower than that of evaporators and preheaters. These results indicate that only a few
superheater designs meet the established criteria, that consequently go through other
design limitations to select the optimal design among them. horizontal axis represents
the number of tubes per row and the total number of tubes rows of each superheater

design and each design of them results in a value of heat transfer kW which is indicated

in vertical axis.
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Figure 5.79. Superheater design error% diagram R236fa

Figure 5.79 provides a representation of superheater design error for 300 superheater
designs with respect to the total number of tube rows and the total number of tubes in
one row of each superheater design. The maximum allowable percentage of the design
error for each superheater design is represented as an upper limit of 10% marked by a
red dashed line. The successful designs that meet this criterion and have a design error
value of less than 10% are denoted by green triangles, while the designs that exceed
the upper limit or have negative values are represented by red triangles, indicating their
failure to meet the design requirements. It is noteworthy that out of all the attempted
superheater designs, only 10 were able to pass this limitation. The findings of this
analysis provided superheater designs with an accurate volume that were prevented
from being underdesigned or overdesigned and this enable them to go further through

other design limitations in order to select the optimal design of them.

147



e
B

=
S 022
-]
~
B 0,20 oo e = e ———
2
= o8 4 'y A A A A A A A A
&
7 o016
4
4
= 014, A A A i A A i i A
@
Z oz
>
= A A A A A A A A A 'y
< 010
5 A A A A A A A A A A
5 o.08
= A A A A A A A A A A
l-'( 0.06 A A A A A A A A A A
& A A A A A A A A A A
2 A A A A A A A A A A
S -0e Iy ry Iy
=
w
0.02
0.00

2 3 4 5 6 7 a ] 10 11
2 8 142026 2 B 142026 2 8 142026 2 B8 1420 26 2 8 142026 2 8 142026 2 8 142026 2 B8 14 2026 2 8 14 20 26 2 8 14 20 26

Number of rows
Number of tubes /row

A Rejected Values ----Pmax (Bar) A Accepted Values

Figure 5.80. Shell side pressure drop through the superheater R236fa
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Figure 5.81. Tube side pressure drop through the superheaterR236fa

Figure 5.80 presents the shell side pressure drop for each superheater design as a
function of the total number of tube rows and the total number of tubes in one row of
each design. A red dashed line indicates the maximum allowable shell side pressure
drop of 0.2 bar, which is a crucial factor in ensuring optimal preheater performance.
The green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a shell side pressure drop value of less than

0.2 bar. Conversely, the red triangles are the rejected designs that failed to pass one of
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the previous limitations or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 9 designs, out of the 300 total designs

considered, were able to satisfy all the design requirements and constraints.

Figures 5.81 provide a representation of the superheater's tube side pressure drop, as a
function of the total number of tube rows and tubes in one row of each superheater
design. The red dashed line, which marks the maximum allowable value of 0.2 bar,
serves as a stringent criterion for evaluating each design's suitability. The figure
illustrates that out of the 300 attempted designs, only 7 superheater designs were
approved to be the ultimate choice, demonstrating outstanding performance that
satisfies all previous design limitations and conform with the pressure drop
requirement. These accepted designs were represented by green triangles in the figure,
while the red triangles depicted the rejected designs that failed to meet the previous
limitations, despite some of them had a pressure drop less than 0.2 bar.emphasizes the
critical role of the optimization process in ensuring the creation of an efficient and

high-performing superheaters that meet all the essential design requirements.

The following figure shows the corresponding surface area of 300 designs in which
the perfect designs that have successfully passed all the suggested design limitation by
this paper are repersented in a green color while the other that failed to pass on of the
previous mentioned design limitation are pollted in the figure as red triangles. The
optimal design what satisfy all the design criteria and has the smallest heating surface

area between the accepted design is shown as a yellow triangle.
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Figure 5.82. Superheater heating surface area diagram R236fa

Figure 5.82 provides a representation of the heating surface area for each of the 300
superheter designs based on the total number of tube rows and the total number of
tubes in one row of each superheater. It is worth noting that only 7 designs satisfy all
the previous limitations and can be considered as good superheater designs, and these
designs are represented as green triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 18 m2, corresponding to 11 tubes in one row and 3 number
of tube rows. This design ensures the lowest possible cost and investment while also

maintaining the required performance of ORC, making it the ideal choice for the

superheater.

A table is inserted below which shows in detail all the findings of this process with

concering in the accepted superheater designs
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Table 5.20. Finned Tube Superheater Design Result R236fa

NO Niubesraw  Nraw Ntotal Error AP, AP A Qest Design Test Result
# # # % bar bar m? kw accepted/not accepted

1 2 2 4 -74.0955488 1.85978384 1.45951785 2.14145317 112.126231 Not accepted

2 4 2 8 -60.2044881 0.47244132 0.39332999 4.28290634 172.253051 Not accepted

20 21 2 42 -3.44319937 0.01801875 0.01757079 22.4852583 417.94169 Not accepted

21 22 2 44 -1.29396825 0.01644548 0.01611275 23.5559849 427.244538 Not accepted

22 23 2 46 0.79062217 0.01507091 0.01483314 24.6267114 436.267592 Acceptable design
23 24 2 48 2.81496321 0.01386285 0.0137037  25.697438  445.02986 Acceptable design
24 25 2 50 4.7829919  0.01279536 0.01270157 26.7681646 453.548382 Acceptable design
25 26 2 52 6.69825318 0.0118474 0.01180811 27.8388912 461.838503 Acceptable design
26 27 2 54 8.56395156 0.01100172 0.01100798 28.9096178 469.914093 Acceptable design
27 28 2 56 10.3829944 0.01024407 0.0102885 29.9803444 477.787736 Not accepted

28 29 2 58 12.1580286 0.00956261 0.00963905 31.0510709 485.470891 Not accepted

39 10 3 30 -0.12642922 0.15032307 0.07025048 16.0608988 432.298177 Not accepted

40 11 3 33 499154533 0.12451727 0.05876779 17.6669886 454.451096 Acceptable design*
41 12 3 36 9.82855336 0.10485145 0.0499377  19.2730785 475.387864 Acceptable design
42 13 3 39 14.4188421 0.08951884 0.04299552 20.8791684 495.256718 Not accepted
299 30 11 330 526.403092 0.08323733 0.00905074 176.669886 2711.3571 Not accepted
300 31 11 341 535.720452 0.07801256 0.00851603 182.558883 2751.68686 Not accepted

*Minimal superheater area, ideal choice-lowest cost

** All the superheater design calculations are carried out assuming P2=22bar.

5.4.3.5 Superheater optimization procedure for R142b
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Figure 5.83. Heat transfer rate through the superheater R142b

Figure 5.83, illustrates the total heat transfer rate of 300 different designs of
superheaters as a function of the total number of tube rows and tubes in one row of
each design. The green triangles represent the superheater designs that meet required
value of the heat transfer that are located between the upper limit and the lower limit.

The upper limit, shown as a red dashed line, signifies the maximum permissible
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superheater heat transfer (kW) at 347.16, while the lower limit is denoted by a dashed
green line, representing the minimum required heating rate (kW) at 315.6. On the other
hand, the red triangles signify the designs that do not meet the established criteria and,
consequently, have been rejected. It shown by the figure that only 8 designs have
successfully satisfied this range out of 300 superheater designs attempted. This
outcome is expected since the heating duty required for superheaters is considerably
lower than that of evaporators and preheaters. These results indicate that only a few
superheater designs meet the established criteria, that consequently go through other
design limitations to select the optimal design among them. horizontal axis represents
the number of tubes per row and the total number of tubes rows of each superheater

design and each design of them results in a value of heat transfer kW which is indicated

in vertical axis.
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Figure 5.84.Superheater design error% diagram R142b

Figure 5.84 provides a representation of superheater design error for 300 superheater
designs with respect to the total number of tube rows and the total number of tubes in
one row of each superheater design. The maximum allowable percentage of the design
error for each superheater design is represented as an upper limit of 10% marked by a
red dashed line. The successful designs that meet this criterion and have a design error
value of less than 10% are denoted by green triangles, while the designs that exceed
the upper limit or have negative values are represented by red triangles, indicating their

failure to meet the design requirements. It is noteworthy that out of all the attempted
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superheater designs, only 8 were able to pass this limitation. The findings of this
analysis provided superheater designs with an accurate volume that were prevented

from being underdesigned or overdesigned and this enable them to go further through

other design limitations in order to select the optimal design of them.
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Figure 5.85. Shell side pressure drop through the superheater R142b
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Figure 5.86. Tube side pressure drop through the superheaterR142b

Figure 5.85 presents the shell side pressure drop for each superheater design as a
function of the total number of tube rows and the total number of tubes in one row of
each design. A red dashed line indicates the maximum allowable shell side pressure

drop of 0.2 bar, which is a crucial factor in ensuring optimal preheater performance.
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The green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a shell side pressure drop value of less than
0.2 bar. Conversely, the red triangles are the rejected designs that failed to pass one of
the previous limitations or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 5 designs, out of the 300 total designs

considered, were able to satisfy all the design requirements and constraints.

Figure 5.86 presents the tube side pressure drop for each superheater design as a
function of the total number of tube rows and the total number of tubes in one row of
each design. A red dashed line indicates the maximum allowable tube side pressure
drop of 0.2 bar, which is a crucial factor in ensuring optimal preheater performance.
The green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a tube side pressure drop value of less than
0.2 bar. Conversely, the red triangles are the rejected designs that failed to pass one of
the previous limitations or have a tube side pressure drop value exceeding the
maximum limit. It is noteworthy that only 3 designs, out of the 300 total designs
considered, were able to satisfy all the design requirements and constraints.

emphasizes the critical role of the optimization process in ensuring the creation of an
efficient and high-performing superheaters that meet all the essential design

requirements.

The following figure shows the corresponding surface area of 300 designs in which
the perfect designs that have successfully passed all the suggested design limitation by
this paper are repersented in a green color while the other that failed to pass on of the
previous mentioned design limitation are pollted in the figure as red triangles. The
optimal design what satisfy all the design criteria and has the smallest heating surface

area between the accepted design is shown as a yellow triangle.
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Figure 5.87. Superheater heating surface area diagram R142b

Figure 5.87 provides a representation of the heating surface area for each of the 300
superheter designs based on the total number of tube rows and the total number of
tubes in one row of each superheater. It is worth noting that only 3 designs satisfy all
the previous limitations and can be considered as good superheater designs, and these
designs are represented as green triangles in the figure. Conversely, the rejected
designs, which failed to pass one or more of the previous tests, are shown as red
triangles. The optimum design that is associated with the yellow triangle with the
minimum surface area of 14 m2, corresponding to 13 tubes in one row and 2 number
of tube rows. This design ensures the lowest possible cost and investment while also

maintaining the required performance of ORC, making it the ideal choice for the

superheater.

A table is inserted below which shows in detail all the findings of this process with

concering in the accepted superheater designs

155



Table 5.21. Finned Tube Superheater Design Result R142b

Nubefraw — Nraw Niotal Error AP, AP, A Qess Design Test Result

NO
# % bar bar m? kw accepted/not accepted

1 2 2 4 -64.8519666 1.90500452 1.46573242 2.14145317 110.931683 Not accepted
2 4 2 8 -46.5951813 0.48419044 03950155 4.28290634 168.5524293 Not accepted
n n 2 2 -3.73590494 0.0555514  0.05015387 12.848719 303.8217798 Not accepted
2 8 2 26 012842631 0.04745041 0.04318178 13.9194456 316.0181028  Acceptable design*
B 1 2 2 3.800729% 0.04102391 0.03759693 14.9901722 327.6083622  Acceptable design
% 15 2 30 730186218 0.03582082 0.03305117 16.0608988 338.6583827  Acceptable design
5 16 2 kY] 106493018 0.03155374 0.02929961 17.1316253 349.22332% Not accepted
299 30 il 330 708.544161 0.08528151 0.00909024 176.669886 2551.868648 Not accepted
30 3N il 341 720029598 0.07993046 0.00855321 182.558883 2588.118155 Not accepted

*Minimal superheater area, ideal choice-lowest cost

** All the superheater design calculations are carried out assuming P2=22bar.

5.4.3.6 Superheater optimizatiom procedure R600a
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Figure 5.88. Heat transfer rate through the superheater R600a

Figure 5.88, illustrates the total heat transfer rate of 300 different designs of
superheaters as a function of the total number of tube rows and tubes in one row of
each design. The green triangles represent the superheater designs that meet required
value of the heat transfer that are located between the upper limit and the lower limit.
The upper limit, shown as a red dashed line, signifies the maximum permissible
superheater heat transfer (kW) at 402.33, while the lower limit is denoted by a dashed
green line, representing the minimum required heating rate (kW) at 365.76. On the

other hand, the red triangles signify the designs that do not meet the established criteria
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and, consequently, have been rejected. It shown by the figure that only 7 designs have
successfully satisfied this range out of 300 superheater designs attempted. This
outcome is expected since the heating duty required for superheaters is considerably
lower than that of evaporators and preheaters. These results indicate that only a few
superheater designs meet the established criteria, that consequently go through other
design limitations to select the optimal design among them. horizontal axis represents
the number of tubes per row and the total number of tubes rows of each superheater
design and each design of them results in a value of heat transfer kW which is indicated
in vertical axis.
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Figure 5.89. Superheater design error% diagram R600a

Figure 5.89 provides a representation of superheater design error for 300 superheater
designs with respect to the total number of tube rows and the total number of tubes in
one row of each superheater design. The maximum allowable percentage of the design
error for each superheater design is represented as an upper limit of 10% marked by a
red dashed line. The successful designs that meet this criterion and have a design error
value of less than 10% are denoted by green triangles, while the designs that exceed
the upper limit or have negative values are represented by red triangles, indicating their
failure to meet the design requirements. It is noteworthy that out of all the attempted
superheater designs, only 7 were able to pass this limitation. The findings of this
analysis provided superheater designs with an accurate volume that were prevented
from being underdesigned or overdesigned and this enable them to go further through

other design limitations in order to select the optimal design of them.
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Figure 5.90. Shell side pressure drop through the superheater R600a

Figure 5.90 presents the shell side pressure drop for each superheater design as a
function of the total number of tube rows and the total number of tubes in one row of
each design. A red dashed line indicates the maximum allowable shell side pressure
drop of 0.2 bar, which is a crucial factor in ensuring optimal preheater performance.
The green triangles represent the designs that have successfully passed all the previous
tests, as well as this limitation, exhibiting a shell side pressure drop value of less than
0.2 bar. Conversely, the red triangles are the rejected designs that failed to pass one of
the previous limitations or have a shell side pressure drop value exceeding the
maximum limit. It is noteworthy that only 5 designs, out of the 300 total designs

considered, were able to satisfy all the design requirements and constraints.
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Figure 5.91. Tube side pressure drop through the superheater R600a

Figures 5.91 provide a representation of the superheater's tube side pressure drop, as a
function of the total number of tube rows and tubes in one row of each superheater
design. The red dashed line, which marks the maximum allowable value of 0.2 bar,
serves as a stringent criterion for evaluating each design's suitability. The figure
illustrates that out of the 300 attempted designs, only 5 superheater designs were
approved to be the ultimate choice, demonstrating outstanding performance that
satisfies all previous design limitations and conform with the pressure drop
requirement. These accepted designs were represented by green triangles in the figure,
while the red triangles depicted the rejected designs that failed to meet the previous
limitations, despite some of them had a pressure drop less than 0.2 bar. emphasizes the

critical role of the optimization process in ensuring the creation of an efficient and

high-performing superheaters that meet all the essential design requirements.
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The following figure shows the corresponding surface area of 300 designs in which
the perfect designs that have successfully passed all the suggested design limitation by
this paper are repersented in a green color while the other that failed to pass on of the
previous mentioned design limitation are pollted in the figure as red triangles. The

optimal design what satisfy all the design criteria and has the smallest heating surface

area between the accepted design is shown as a yellow triangle.
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Figure 5.92. Superheater heating surface area diagram R600a

Figure 5.92 represents the heating surface area for each of the 300 superheter designs
as a function of the total number of tube rows and the total number of tubes in one row
of each superheater. It is seen from the chart that only 5 designs have conformed with
all the previous limitations . These designs are represented as green triangles in the
figure. While, the rejected designs, which failed to pass one or more of the previous
limitations, are shown in red color. The optimum design is indicated in the figure as a
yellow triangle with minimal surface area of 13 m2, corresponding to 8 tubes in one
row and 3 number of tube rows. This design ensures the lowest possible cost and

investment while also maintaining the required performance of ORC, making it the

ideal choice for the superheater.
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Table 5.22. Finned Tube Superheater Design Result R600a

0 Niuberaw  Nraw Niotal Error AP, AP, A Qess Design Test Result
N

# # # % bar bar m? kw accepted/not accepted
1 2 2 4 -69.449779 1.04137955 1.46307485 2.14145317 111.739884 Not accepted
2 4 2 8 -53.2551344 0.26496643 0.39429471 4.28290634 170.973096 Not accepted
14 15 2 30 -4.58796208 0.0196509 0.03299013 16.0608988 348.977183 Not accepted
15 16 2 32 -1.53148907 0.01731239 0.02924546 17.1316253 360.156478 Not accepted
16 17 2 34 1.40132536 0.01537028 0.02611741 18.2023519 370.883482  Acceptable design
17 18 2 36 4.22161463 0.01373955 0.02347641 19.2730785 381.198916  Acceptable design
18 19 2 38 6.93900147 0.01235686 0.02122541 20.3438051 391.137977  Acceptable design
19 20 2 40 9.56186637 0.0111742  0.01929049 21.4145317 400.731315  Acceptable design
35 6 3 18 -11.5083839 0.23113663 0.18370624 9.63653926 323.665185 Not accepted
36 7 3 21 -3.63176903 0.17043329 0.1374968 11.2426291 352.474536 Not accepted
37 8 3 24 3.60627627 0.13091328 0.10700761 12.848719 378.948267  Acceptable design*
38 9 3 27 10.3180043 0.10374352 0.0857969  14.4548089 403.496951 Not accepted
298 29 1 319 614.412045 0.04987097 0.00966313 170.78089 2613.01936 Not accepted
299 30 11 330 625.267894 0.04664132 0.00907335 176.669886 2652.7255 Not accepted
300 31 11 341 635.873659 0.04371697 0.00853731 182.558883 2691.51694 Not accepted

*Minimal superheater area, ideal choice-lowest cost

** All the superheater design calculations are carried out assuming P2=22bar.
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CHAPTER 6
ORC PERFORMANCE ANALYSIS FOR REAL CASE

6.1 Recorded values of ORC (real case)

In the following section, we endeavor to undertake a comprehensive and rigorous
performance analysis and calculation of Organic Rankine Cycle (ORC) system, which
1s built upon the foundation of the pressure drop resulting from the optimal design of
the heat exchanger units represented in Chapter 5. Our primary objective is to delve
into how the performance of the ORC system is influenced by the pressure drop. The
significance of this study is paramount since it provides invaluable insights into the
optimal design and operation of ORC systems, which are gaining increased popularity
in diverse industrial applications. The research findings have the potential to
revolutionize the overall efficiency and sustainability of energy conversion processes,
which is integral to the realization of a cleaner and more sustainable energy future.
The following table shows the optimization results that were obtained in the previous
chapter based on pumping pressure equal to 22 bar with the use of R245fa, R123,
R600, R236fa, R124b, and R600a.

Table 6.1. Recorded optimum designs

Refrigerant, name | Equipment Heating surface | Refrigerant side pressure drops
area m’ bar

R245fa Condenser 240 0.095
Preheater 445.521 0.162
Evaporator 205 0.100
Superheater | 12.849 0.173

R123 Condenser 233 0.160
Preheater 631.155 0.131
Evaporator 238 0.119
Superheater = 12.849 0.194

R600 Condenser 317 0.024
Preheater 356.417 0.180
Evaporator 205 0.062
Superheater  11.243 0.137

R236fa Condenser 402 0.037
Preheater 445.521 0.134
Evaporator 186 0.053
Superheater | 17.667 0.125

R142b Condenser 451 0.151
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Preheater 356.417 0.153
Evaporator 312 0.058
Superheater | 13.919 0.047
R600a Condenser 380 0.018
Preheater 356.417 0.102
Evaporator 178 0.14
Superheater | 12.849 0.131
Table 6.2. Optimum design’s geometrical parameters HExU
Refrigerant, H.T. Us A Nr nt N L
name
R245fa Unit m?2 # # # m
Preheater 445.521 8 15 120 2
Evaporator 205 8 7 56 2
Superheater 12.849 8 24 0.8
R123 Unit m2 # # # m
Preheater 631.155 10 17 170 2
Evaporator 238 8 8 64 2
Superheater 12.849 8 3 24 0.8
R600 Unit m?2 # # # m
Preheater 356.417 6 16 96 2
Evaporator 205 8 7 56 2
Superheater 11.243 7 21 0.8
R236fa Unit m?2 # # # m
Preheater 445.521 10 12 120 2
Evaporator 186 10 5 50 2
Superheater 17.667 11 33 0.8
R142b Unit m2 # # # m
Preheater 356.417 12 96 2
Evaporator 312 12 7 84 2
Superheater 13.919 13 26 0.8
R600a Unit m?2 # # # m
Preheater 356.417 8 12 96 2
Evaporator 178 6 8 48 2
Superheater 12.849 8 3 24 0.8
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Table 6.3. Optimum design’s geometrical parameters of Condensers

Refrigerant, H.T. Us A L NT Ntp
name m? m #

R245fa Condenser 240 6 502 6

R123 Condenser 233 6 844 6

R600 Condenser 317 5.5 724 8
R236fa Condenser 402 6 840 8
R142b Condenser 451 6 942 8
R600a Condenser 380 6 794 8

Table 6.4. The flow parameters for ORC (Real case)

Pressure Temperature Enthalpy Mass flow
Fluid

1 R245fa 2.905 44.561 259.26 20.9821
2 R245fa 22 45.616 261.11 20.9821
3 R245fa 21.838 126.23 384.27 20.9821
4 R245fa 21.738 125.99 487.49 20.9821
5 R245fa 21.565 135.99 503.75 20.9821
6 R245fa 3 73.747 467.15 20.9821
7 Water 1 20.00 84.01 69.57095
8 Water 1 35.00 146.70 69.57095
9 Exhaust gas 1 375 784.3018 21.80

10 Exhaust gas 1 360.2477 768.6531 21.80

11 Exhaust gas 1 265.4602 669.3061 21.80

12 Exhaust gas 1 150 550.7663 21.80

1 R600 3.48 36.981 289.19 10.67

2 R600 22.00 38.201 293.32 10.67

3 R600 21.82 119.21 524.65 10.67

4 R600 21.76 119.05 739.95 10.67

5 R600 21.62 129.05 770.54 10.67

6 R600 3.50 66.415 694.46 10.67

7 Water 1 20.00 84.01 68.96

8 Water 1 35.00 146.70 68.96
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9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 360.8862 769.3294 21.80
11 Exhaust gas 1 260.3134 663.9686 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R123 1.84 45.404 246.23 22.54
2 R123 22.00 46.575 248.01 22.54
3 R123 21.87 152.37 370.34 22.54
4 R123 21.75 152.06 461.57 22.54
5 R123 21.56 162.06 473.9 22.54
6 R123 2.00 78.674 4333 22.54
7 Water 1 20.00 84.01 67.25
8 Water 1 35.00 146.70 67.25
9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 362.989 771.557 21.80
11 Exhaust gas 1 273.0984 677.2378 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R236fa 3.84 35.762 243.88 27.06
2 R236fa 22.00 36.948 245.59 27.06
3 R236fa 21.87 105.9 342.72 27.06
4 R236fa 21.75 105.63 417.63 27.06
5 R236fa 21.56 115.63 433.74 27.06
6 R236fa 4.00 63.528 408.24 27.06
7 Water 1 20.00 84.01 70.94
8 Water 1 35.00 146.70 70.94
9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 356.1459 764.3113 21.80
11 Exhaust gas 1 267.4037 671.3231 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R142b 4.85 37.303 248.52 21.38
2 R142b 22.00 38.507 250.5 21.38
3 R142b 21.85 102.7 346.05 21.38
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4 R142b 21.79 102.56 473.88 21.38
5 R142b 21.74 112.56 488.58 21.38
6 R142b 5.00 51.414 455.47 21.38
7 Water 1 20.00 84.01 70.58
8 Water 1 35.00 146.70 70.58
9 Exhaust gas 1 375 784.3018 21.80
10 Exhaust gas 1 361.4055 769.8794 21.80
11 Exhaust gas 1 241.4808 644.4842 21.80
12 Exhaust gas 1 150 550.7663 21.80
1 R600a 4.98 37.578 290.15 12.21
2 R600a 22.00 38.876 294.12 12.21
3 R600a 21.90 105.3 483.34 12.21
4 R600a 21.76 104.95 680.66 12.21
5 R600a 21.63 114.95 710.95 12.21
6 R600a 5.00 62.595 652.72 12.21
7 Water 1 20.00 84.01 70.63
8 Water 1 35.00 146.70 70.63
9 Exhaust gas 1 375 784.3018 21.8

10 Exhaust gas 1 359.0033 767.3355 21.8

11 Exhaust gas 1 253.3766 656.7833 21.8

12 Exhaust gas 1 150 550.7663 21.8

R245fa

Table 6.5. ORC thermodynamic analysis results (Real case)

Qevap

kW

qup

1%

Wpump

1%

Weur

1%

VVnet

kW

Nth,0RC

%

14%

32%

2582 2169 341 39 768 729
R600 2468 2297 326 44 812 768 15% 34%
R123 2757 2056 278 40 915 875 17% 39%
R236fa 2611 2042 437 46 696 650 13% 29%
R142b 2043 2734 314 42 708 666 13%
29%
R600a 2311 2410 370 48 711 663 13% 29%
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Figure 6.1. Performance analysis of ORC (Real case)

Based on a real case where the pressure drop across the heat transfer units is
considered, the values presented in Figure 6.1 demonstrate that R123 is the top
performer in the Organic Rankine Cycle (ORC), surpassing other fluids such as R600,
R245fa, R142b, R600a, and R236fa.

By comparing between the ideal and real case performance analysis of ORC the

following table is created as:
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Table 6.6. HExUs heat transfer rate for ideal and real case

R245fa Ideal 2585.3 2168.26 337.46
Real 2581.65 2168.57 340.852
R600 Ideal 2480.76 2287.98 322.33
Real 2467.81 2296.87 326.399
R123 Ideal 2740.79 2075.73 274.56
Real 2757 2056 277.8
R236fa Ideal 2623 2036 433
Real 2611 2042 437.4
R142b Ideal 2036.8 2738.71 315.6
Real 2043 2734 314.4
R600a Ideal 2319.1 2406.22 365.76
Real 2311 2410 369.9

Table 6.7. ORC performance for ideal and real case

R245fa Ideal 39.07 778.36 739.28 14.52% 32.61%
Real 38.9826 768 728.967 14.32% 32.15%
R600 Ideal 44.13 818.57 774.43 15.21% 34.16%
Real 44.1187 811.654 767.535 15.08% 33.85%
R123 Ideal 40.61 932 891.39 17.51% 39.32%
Real 40.2 915 874.8 17.20% 38.60%
R236fa Ideal 47 702 655.87 12.88% 28.93%
Real 46.47 696.2 649.7 12.80% 28.70%
R142b Ideal 424 717.1 674.771 13.25% 29.76%
Real 42.38 708.1 665.7 13.10% 29.40%
R600a Ideal 48.48 718.25 669.77 13.16% 29.54%
Real 48.48 711.2 662.7 13.00% 29.20%
Table 6.8. The performance ratio between real and ideal case
Refrigerant R245fa R123 R600 R236fa R142b R600a
Whet,ideal (kW) 739 891 774 656 675 670
Whnet,Real (kW) 729 875 768 650 666 663
Whnet,Real / Wnet, ideal 98.6 % 98.1% : 99.1%  99.06% 98.66 % 98.94 %
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CHAPTER 7
CONCLUSION

This thesis presents a comprehensive and simple approach to optimizing the design of
heat transfer units in an Organic Rankine Cycle (ORC) system. The ORC system was
operated using six different refrigerants, namely R245fa, R600, R123, R236fa, R142b,
and R600a, selected for their appropriate properties. The optimization process
involved evaluating each heat exchanger unit considering multiple design limitations
to achieve maximum efficiency and minimum cost.

The study provides insights into the design of finned tube heat exchangers for the
preheater, evaporator, and superheater, as well as shell and tube condensers. The
optimized designs for each heat exchanger unit offer a balance between surface area
and pressure drop, resulting in an efficient, cost-effective, and sustainable ORC

system.

To summarize the procedure, constant working conditions were defined, including the
exhaust gas inlet and outlet temperature and mass flow rate. Then, the ORC system
was defined, and its schematic was drawn, including four types of heat exchanges
(preheater, evaporator, and superheater), turbine, and pump. Thermodynamic
calculations based on the ideal case were performed to determine the ideal power
generation and heating duties required by each heat exchanger unit. This information
was used to determine the required size for each component to perform the required

duty.

The design and optimization process for each heat exchanger component was shown
in detail, and the best designs were selected as optimum designs that balanced between
pressure drop and minimum heat surface area. Lastly, the study checked how the
optimum designs found affect the overall performance of the ORC compared to the

ideal case to confirm that these components conform with the required results.
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In conclusion, This study have reached the following results :

1. This study has reached the optimum designs that balance between minimal heat
transfer surface area and low value of pressure drop.

2. ORC system experiences power losses of less than 2% when using the recorded
optimal designs. This is an excellent result, indicating that the design and optimization
methodology developed in this study has successfully reached cost-effective and high-

performing designs that can serve as a foundation for future research
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