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ABSTRACT 

 

INVESTIGATION OF COMPRESSOR CYCLE OPERATING POINT 

FOR VARIOUS AIR CONDITIONS 

 

In this study, operating point of compression cycle for various conditions is 

documented with the consideration of all the equipment of vapor-compression 

refrigeration cycle. An algorithm which characterizes all the equipment, simulation of 

the cycle and enabling of the calculation of capacitive values is proposed. The algorithm 

includes compressor capacitive value polynomial coefficients, air and refrigerant side 

pressure drop and heat transfer correlations (for finned heat exchangers) which were 

taken from the literature to uncover the operating point and performance of each 

equipment in the cycle. e-Ntu and LMTD relations are discussed and proper correlations 

are included on the thesis. Furthermore, the mathematical models in the literature were 

surveyed in order to uncover circuiting analysis performed in the cycles.   
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ÖZET 

 

ÇEŞİTLİ HAVA KOŞULLARINDA KOMPRESÖR ÇEVİRİMİ ÇALIŞMA 

NOKTASININ ARAŞTIRILMASI 

 

 Bu çalışmada, buhar sıkıştırmalı kompresör çevrimi çalışma noktası, buhar sıkıştırmalı 

soğutma çevrimi ekipmanlarını kapsayacak şekilde incelenmiştir. İncelenen bu ekipmanların 

kapasitif hesaplamaların yapılabilmesi ve kompresör çevrimin similasyonunun 

gerçekleştirilebilmesi için algoritma mantığı araştırılmıştır. Kompresör kapasite hesaplarında 

polinom katsayıları, eşanjör yapılarında finli borulu eşanjörlerin hava ve akışkan tarafı ısı 

transfer ve basınç kaybı korelasyonları literatürden bulunmuştur. Isı transfer hesaplamaları 

için e-Ntu ve LMTD metodları üzerinde çalışılmış ve uygun korelasyonlar listelenmiştir. 

Bunun yanı sıra finli borulu eşanjörlerde matematiksel modeller, farklı devreleme şekillerine 

yönelik çevrim analizlerini gerçekleştirebilmek için irdelenmiştir.  
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CHAPTER 1 

INTRODUCTION 

Air conditioning/refrigeration with vapor-compression cycle was commercialized in 

1911. This commercializing was enabled advancement in distinct fields from air conditioning 

to transportation of foods. Therefore, cooling with vapor compression cycle became a 

necessity for everyone. Here we focus on the vapor compression cycle specifically used for 

space cooling applications such as household and office air conditioning, cold room units and 

data center cooling. These systems are the most common ones. 

Generally, two working fluids (air and water) are being used in air conditioning 

applications. The energy of the working fluid is transferred to the coolant at the evaporator. 

Then it is discharged to the ambient at the condenser. Here, we benefit from the current heat 

exchanger designs and their heat transfer calculations in the literature and also from the 

compressor correlations in order to investigate how the compressor cycle can be simulated in 

various air conditioning applications. 

There are many distinct evaporator and condenser designs both on the market and in the 

literature; however, heat pump vapor compression cycle simulation software is very rare, i.e. 

only 3: EvapCond [1], ACHP [2], RooftopSelector [3]. The market and literature require a 

simulation program which simulates the effect of all the components in the refrigeration cycle 

instantly due to several reasons. First, designers generally use a specific program for heat 

exchanger design and another for selecting compressor. In order to assure the most 

appropriate equipment selection, iterative calculation method is essential. In addition, the 

current approach pressure equalization is overlooked as a result of which causes a lot of 

problems on the field. 

1.1 AIR CONDITIONING DESIGN METHODOLOGY 

A typical air conditioner system has four main components: compressor, condenser, 
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expansion valve and evaporator. Another essential component in the vapor compression cycle 

is the type of the refrigerant, because it changes the entire characteristics of the cycle. 

Therefore, it is a never-ending process for new refrigerants to be developed for many distinct 

applications. Currently developed refrigerants have relatively decreased effects on the 

environment in comparison to their predecessors. Until very recently R410a and R134a 

refrigerants were common, but nowadays R32 and R1234yf refrigerants are being used on the 

market. Furthermore, with the new regulations such as ERP 2018 and ERP 2021, the expected 

seasonal efficiency values are being increased for the commercial units. 

Due to the expectations of the market and regulations, the effect of the refrigerants on 

the environment is going to be decreasing. Nowadays, refrigerants are released to the market 

according to their GWP (Global warming potential). Old and new refrigerant GWP and 

Ozone Depletion Potential (ODP) values are listed in the Table1.1. 

Table 1-1 Refreigerant’s GWP and ODP (Source:[4]) 

  Refrigerant OWP GWP 

Old R22 0,055 1810 

Old R410A 0 2088 

Old R134A 0 1430 

New R32 0 675 

New R1324yf 0 4 

  

In addition to the developments related with the refrigerants, the developments on the 

other equipment are also being continued. For instance; frequency inverter compressors are 

taking place of on/off compressors, microchannel heat exchangers are preferred to finned tube 

heat exchangers. However, due to the microchannel evaporator refrigerant distribution 

problems, it is generally used as condenser in heat pump systems.  

 Finned tube heat exchanger simulation models have been developed since 1980s, and 

many researchers have studied the mathematical model of simulations and empirical heat 

transfer equations. While tube by tube and segment by segment methods have been developed 

for circuit arrangement [5] [6] [7], refrigerant and air side heat transfer coefficient correlation 

studies also have been done according to these methods. Furthermore, Domanski et al. 

managed to programme ISHED which can learn circuit analyze logic. [8] 
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1.2 HEAT EXCHANGER TYPES IN COMPRESSOR CYCLE 

On the market, compressor cycle commercial units appear in two categories; air and 

water cooled. As well as the air finned tube and microchannel heat exchangers, the water plate 

and shell & tube heat exchangers are used for cooling and heating.  

1.2.1 Finned Tube Heat Exchanger 

Finned tube heat exchangers are being used for heating and cooling the air on the 

market. They are not only being used in compressor cycle, but also can condition the air with 

steam and water. Table 1.2 lists in which applications finned tubes can be used. 

Table 1-2 Heat exchanger and flow types 

Type 
Primary 

flow 

Secondry 

flow 

Evaporator Air/water Refrigerant 

Condenser Air/water Refrigerant 

Water cylce heat exc. Air/water Water 

Steam cycle heat exc. Air/water Steam 

 

 

Figure 1-1 Visual of finned tube heat exchanger (Source: [9]) 

 On finned tube heat exchangers, various fin types such as wavy, plain, louver, slit, are 

used for increasing the heat transfer between air and the refrigerant. Also grooved or smooth 

type copper tubes are used for the refrigerant side.  

1.2.2 Microchannel heat exchangers 
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The applications in which microchannel heat exchangers are used similar to finned 

tube heat exchangers, i.e. heating/cooling applications. Although these type of heat 

exchangers are small (small volume for the same or greater heat transfer surface area) and 

need less refrigerants for the same capacity range compared to finned tube heat exchangers, 

they are not preferred due to non-uniform refrigerant distribution problem.  

 

Figure 1-2 Microchannel heat exchanger (Source: [10]) 

1.2.3 Shell & tube heat exchangers 

Shell & tube heat exchangers are being used in many distinct applications. For 

specifically cooling applications, they are preferred for conditioning the water in the 

compressor cycle. Shell & tube designs are usually used with 5oC water temperature 

difference to assure desired heat transfer. While they require more refrigerant than other heat 

exchangers, they are preferred due to their high capacity.  

1.2.4 Plate heat exchangers 

The applications in which plate heat exchangers are preferred are the same with the 

Shell & tube heat exchangers. There are gasket and brazed type heat exchangers. Gasket plate 

heat exchangers can be repaired on blockage problems, and its surface area can be increased 

because they can be disintegrated and montaged with changes. However, brazed types cannot 
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be disintegrated (brazing connects all the parts similar to they are welded), therefore, brazed 

types should be replaced when repair is required.  

 

 

Figure 1-3 Shell & tube heat exchanger (Source: [11]) 

 

Figure 1-4 Gasket plate exchangers (Source: [12]) 
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Figure 1-5 Plate heat exchangers (Source: [13]) 

1.3 COMPRESSOR TYPES 

There are three main types of compressors which are, piston, scroll and screw. Although 

scroll and screw types are taking place of piston compressor. The fact that piston compressors 

are repairable makes them preferable in the market. The most important difference between 

screw and scroll types is their capacity range. While scroll compressors are up to 100 kw 

capacity range screw compressor can reach 500kw cooling capacity [14] [15]. Furthermore, 

because frequency inverter adaption can be applied to this type of compressors, they provide 

advantages of energy efficiency and power consumption for the consumers. 

  

Figure 1-6 1-Semi hermetic piston compressor (Source: [16]) 2-Scroll compressor (Source: 

[17]) 3-Screw compressor (Source: [18]) 
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1.4 OTHER EQUIPMENT 

Compressor cycle also consists some auxiliary equipment that help the system work 

properly such as filter dryer, liquid receiver, suction accumulator, ball valve etc. Auxiliary 

equipment calculations are not examined in this study. Their brief explanation can be found 

below. 

 

Filter dryer: Filter dryer is used for filtering and dehumidifying the refrigerant in the 

cycle. Bi-flow and non-return types are on the market. 

Liquid receiver: Liquid receiver is used for balancing the refrigerant mass in the system, 

that the condenser and evaporator are not compact in a unit. 

Suction accumulator: This equipment is used for protecting the unit by eliminating 

return of liquid to compressor. 

Ball valve: Ball valve is used for closing the liquid line while fixing the units. 

 

 

Figure 1-7 Filter dryer (Source: [19]) 

 

 

Figure 1-8 Liquid receiver (Source: [20]) 



 

 

8 

 

 

 

  

Figure 1-9 Suction accumulator (Source: [21]), Ball valve (Source: [22])  
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CHAPTER 2 

COMPONENT MODEL DEVELOPMENT 

There are four major components in a typical HVAC system: compressor, condenser, 

expansion device and evaporator. Compressor compresses the superheated refrigerant from 

low pressure to high pressure via rotary or reciprocating motion supplied from work input. 

The refrigerant in the evaporator evaporates while receiving heat from its surrounding. 

Therefore, evaporators are used for cooling applications. Similarly, phase change occurs in 

condensers, and therefore heat is transferred from the refrigerant to the environment in 

condensers. Furthermore, expansion devices are used to decrease the pressure of sub-cooled 

high pressure refrigerant to low pressure while the expansion process occur at constant 

enthalpy. 

 

Figure 2-1 Compressor cycle schematic 
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2.5 Calculation Methods of Compressor Cycle Main Equipment 

2.5.1 Compressor calculations 

 In HVAC, scroll and reciprocating compressor types are commonly used. Most 

common performance calculation is rating standart of ARI model [23], which includes the 

polynomial coefficients of suction and discharge saturation temperatures of compressors. 

Each coefficient in formula is valid for the specific rating conditions. So, compressor 

manufacturers are publishing Ci and Di coefficients to calculate the refrigeration capacity, 

power input, mass flow and current of a specific compressor. 

𝑋 =  𝐶1 + 𝐶2 𝑡S + 𝐶3 𝑡𝑑 + 𝐶4 𝑡s
2 + 𝐶5 𝑡𝑠𝑡𝑑  +  𝐶6 𝑡𝑑

2 + 𝐶7 𝑡𝑠 
3 + 𝐶8 𝑡𝑑𝑡𝑠 

2

+ 𝐶9 𝑡𝑠𝑡𝑑
2  + 𝐶10𝑡𝑑

3 
 (2.1) 

 To be able to calculate the change of capacitive values according to the other 

superheat values, mass flow should be corrected. [23]. A change of the superheat temperature 

has a negligible impact on power consumption. 

ṁcorrected = { 1 +  𝐹𝑣 [(𝜈 rated/ 𝜈 corrected) –  1] }  ·  ṁrated 
(2.2) 

Besides, subcooling degree can be changed in practical area. So, compressor capacity 

and COP values should be corrected according to the enthalpy difference. 

 

Figure 2-2 Compressor cycle in PH diagram 
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𝑄𝑐𝑜𝑚𝑝,𝑐𝑜𝑟𝑟 = ṁ𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(ℎ3 − ℎ3𝑠) 
(2.3) 

𝐶𝑂𝑃𝑐𝑜𝑟𝑟 =
𝑄𝑐𝑜𝑚𝑝,𝑐𝑜𝑟𝑟

𝑄𝑝,𝑖𝑛
  (2.4) 

2.5.2 Finned tube heat exchanger calculations 

2.5.2.1 Method 

Finned tube heat exchanger calculations are differed on three basic calculation method 

respectively, zone-by-zone, tube-by-tube and segment-by-segment. These methods have 

advantages to each other. While, tube-by-tube and segment-by-segment models are detailed to 

analyze heat exchanger circuit design, and proper to use of row-by-row air side heat transfer 

coefficients, zone-by-zone method does not have these capabilities, however more 

computationally efficient. In figure 2-3 discretization methods are shown.  

 

 

Figure 2-3 Heat exchanger calculation models 
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2.5.2.1.1 Zone-by-zone method 

Zone by zone calculation method is based on refrigerant position. While, in condenser, 

there are three zones, named superheated, two phase and subcooled; in evaporator, there are 

two zones, named two phase and superheated [24]. This calculation method assumes every 

circuit is the same. Because of that different circuit designs cannot be applied simultaneously.  

2.5.2.1.2 Tube-by-tube method 

 Tube-by-tube method assumes that, each single tube is a calculation domain [7]. 

Because of that, this method allows circuitry algorithm. Inlet and outlet refrigerant properties 

are constant along the tube. Although this approach requires long computational time, it gives 

more accurate results than zone-by-zone method. Furthermore, the transition tube can give 

calculation error because of the constant properties of the refrigerant. 

2.5.2.1.3 Segment-by-segment method 

Segment-by-segment method defines segments in each tube [25]. With this method, 

transient tube calculation error problem is passed. But, as the segment number increases, 

computational time increases greatly. Refrigerant properties change after every single 

segment. Segment by segment calculations can also be adapted to the tube-by-tube 

calculations by making the segment number 1. Elemental method captures not only the 

circuitry effect, but also air maldistribution. 

2.5.2.2 Heat transfer methods 

2.5.2.2.1 ε-NTU Method  

For the calculation of heat exchanger performance, if the inlet temperatures are 

known, it is preferable to use the effectiveness-number of transfer units (ε-NTU) method, 
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which simplifies the algebra involved in predicting the performance of complex flow 

arrangements. Although ε-NTU Method is the most proper method for the elemental models, 

because the transition element can be occurred, iteration can give incorrect results. In ε-NTU 

method, single and two-phase regions should be applied [26]. 

Dry conditions 

𝑄 = 휀𝐶𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑖𝑛) 
(2.5) 

𝑁𝑇𝑈 = 𝑈𝐴/𝐶𝑚𝑖𝑛 
(2.6) 

 

Effectiveness can be calculated as follows 

For single phase: 

If Cmin is unmixed and Cmax is mixed, 

휀𝑠𝑝=
1

𝐶𝑟
(1 − 𝑒𝑥𝑝{−𝐶𝑟[1 − 𝑒𝑥𝑝(−𝑁𝑇𝑈)]}) (2.7) 

 

If Cmin is mixed and Cmax is unmixed, 

휀𝑠𝑝=1 − 𝑒𝑥𝑝 {−
1

𝐶𝑟

[1 − 𝑒𝑥𝑝(−𝐶𝑟𝑁𝑇𝑈)]} (2.8) 

 

If both Cmin and Cmax are unmixed, [27] 

휀𝑠𝑝=1 − 𝑒𝑥𝑝 {−
1

𝐶𝑟
𝑁𝑇𝑈0.22[𝑒𝑥𝑝(−𝐶𝑟𝑁𝑇𝑈0.78)]} (2.9) 

The unmixed or mixed state of the fluid is determined by the geometry of the fluid 

flow passages. Flow through a louvered fin heat exchanger is considered mixed since the 

perforated surface of the louvered fin accommodates cross.mixing of the flow paths. Flow 

through nonperforated fin heat exchangers is considered unmixed since there is no mechanism 

for mixing. On the refrigerant side, the refrigerant is always considered unmixed in the 
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segment-by-segment calculation. The unmixed Cmin and Cmax equation is more suitable for 

heat exchangers with smooth fins. Correlations for dry conditions are below. [27] 

For two-phase: 

휀𝑡𝑝=1 − 𝑒𝑥𝑝 (−𝑁𝑇𝑈) 
(2.10) 

Where  

𝐶𝑟 = 𝐶𝑚𝑖𝑛/𝐶𝑚𝑎𝑥 
(2.11) 

Where Cmin is the minimum value of air and refrigerant heat capacitance, Cmax is the 

maximum value of air and refrigerant heat capacitance. 

𝐶𝑎𝑖𝑟 = ṁ𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟 
(2.12) 

𝐶𝑟𝑒𝑓 = ṁ𝑟𝑒𝑓𝑐𝑝,𝑟𝑒𝑓 
(2.13) 

Wet conditions 

Wet conditions affect heat exchanger effectiveness and heat capacitance ratio 

calculations. In addition, air side specific heat value is taken at saturation temperature and 

number of transfer unit calculation logic is the same as the dry surface calculations [5]. 

𝑄 = Ԑ𝑤𝑒𝑡ṁ𝑎𝑖𝑟(ℎ𝑎𝑖𝑟,𝑖𝑛 − ℎ𝑟𝑒𝑓,𝑖𝑛,𝑠𝑎𝑡) 
(2.14) 

For single phase: 
 

ṁ𝑟𝑒𝑓𝑐𝑝𝑟𝑒𝑓  > ṁ𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 
 

Ԑ𝑤𝑒𝑡 =
1

𝐶𝑟,𝑤
(1 − 𝑒𝑥𝑝{−𝐶𝑟,𝑤[1 − 𝑒𝑥𝑝(−𝑁𝑇𝑈𝑤)]}) (2.15) 
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ṁ𝑟𝑒𝑓𝑐𝑝𝑟𝑒𝑓 < ṁ𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟 

 

Ԑ𝑤𝑒𝑡 = 1 − 𝑒𝑥𝑝 {−
1

𝐶𝑟,𝑤
[1 − 𝑒𝑥𝑝(−𝐶𝑟,𝑤𝑁𝑇𝑈𝑤)]} (2.16) 

Where Cr,w is min value of these both 

ṁ𝑟𝑒𝑓𝑐𝑝,𝑟𝑒𝑓

ṁ𝑎𝑖𝑟𝑐𝑝,𝑠𝑎𝑡
,
ṁ𝑎𝑖𝑟𝑐𝑝,𝑠𝑎𝑡

ṁ𝑟𝑒𝑓𝑐𝑝,𝑟𝑒𝑓
 

Two phase flow: 

휀𝑤 = 1 − 𝑒𝑥𝑝(−𝑁𝑇𝑈𝑤) 
(2.17) 

𝑁𝑇𝑈𝑤 =
𝑈𝐴𝑤

𝑚𝑎𝑖𝑟
 (2.18) 

2.5.2.2.2 LMTD Method 

Log Mean Temperature Difference method is another option to calculate the heat 

transfer rate. In this method, outlet temperature is needed in order to perform calculations. 

Hence, if inlet temperatures are known, LMTD method requires iterative procedures. Heat 

exchanger capacity by using LMTD method can be calculated as follows [26]:  

For parallel flow: 

𝑄 = 𝑈𝐴(𝐿𝑀𝑇𝐷) 
(2.19) 

𝐿𝑀𝑇𝐷 =
∆𝑇2 − ∆𝑇1

ln (∆𝑇2 − ∆𝑇1)
 (2.20) 

∆𝑇1 = 𝑇ℎ,𝑖 − 𝑇𝑐,𝑖 
(2.21) 
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∆𝑇2 = 𝑇ℎ,𝑜 − 𝑇𝑐,𝑜 
(2.22) 

For counter flow: 

 For counter flow heat exchangers, the correction factor (F) is unity.  

𝑄 = 𝑈𝐴(𝐿𝑀𝑇𝐷) 
(2.23) 

𝐿𝑀𝑇𝐷 =
∆𝑇2 − ∆𝑇1

ln (∆𝑇2 − ∆𝑇1)
 (2.24) 

∆𝑇1 = 𝑇ℎ,𝑖 − 𝑇𝑐,𝑜 
(2.25) 

∆𝑇2 = 𝑇ℎ,𝑜 − 𝑇𝑐,𝑖 
(2.26) 

2.5.2.3 Heat transfer equations  

 In order to calculate overall heat transfer rate of the heat exchanger, thermal circuit 

model should be considered. In steady state, heat is transferred from the hot fluid to the cold 

fluid through the wall. During conduction, via tube and fin, the subsequent deposition of a 

film on the surface can greatly increase the resistance to heat transfer between fluids. 

Therefore, fouling factor should be considered and inserted to the thermal resistance. While 

dry condition calculations are as in the traditional heat transfer method, [28] wet surface 

conditions shown below are modified by Harms et al. [5] 

 

1

𝑈𝐴
=

1

𝑈𝑐𝐴𝑐
=

1

𝑈ℎ𝐴ℎ
 

(2.27) 

1

𝑈𝐴
=

1

(𝜂𝑜ℎ𝐴)𝑐
+

𝑅𝑓,𝑐′′

(𝜂𝑜𝐴)𝑐
+ 𝑅𝑤 +

𝑅𝑓,ℎ′′

(𝜂𝑜𝐴)ℎ
+

1

(𝜂𝑜ℎ𝐴)ℎ
 (2.28) 

 

If the fouling terms for fin and tube heat exchangers are neglected, 

http://refhub.elsevier.com/S1359-4311(15)00977-1/sr0135
http://refhub.elsevier.com/S1359-4311(15)00977-1/sr0135
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Dry conditions: 

1

𝑈𝐴
=

1

ℎ𝑟𝑒𝑓 ∗ 𝐴𝑖𝑛
+ 𝑙𝑛 (

 (
𝐷𝑜

𝐷𝑖
)

2𝜋𝑘𝑡𝑢𝑏𝑒𝐿𝑡𝑢𝑏𝑒
) +

1

(𝜂𝑠𝑢𝑟𝑓ℎ𝑎𝑖𝑟𝐴𝑜)
 (2.29) 

Wet conditions: 

1

𝑈𝐴𝑤
=

𝑐𝑝,𝑎𝑖𝑟,𝑠

ℎ𝑟𝑒𝑓𝐴𝑖𝑛
+ 𝑐𝑝,𝑎𝑖𝑟,𝑠𝑙𝑛 (

𝐷𝑜

𝐷𝑖

2𝜋𝑘𝑡𝑢𝑏𝑒𝐿𝑡𝑢𝑏𝑒
) +

𝑐𝑝,𝑎𝑖𝑟,𝑚

𝜂𝑠𝑢𝑟𝑓,𝑤ℎ𝑎𝑖𝑟𝐴𝑜
 (2.30) 

Saturation specific heat is calculated as a derivative of saturated air enthalpy at 

refrigerant temperature: 

𝑐𝑝,𝑎𝑖𝑟,𝑠 =
𝑑ℎ𝑎𝑖𝑟,𝑠

𝑑𝑇
 (2.31) 

Where surface and fin efficiencies are calculated according to wet and dry conditions. 

If the coil surface temperature is below the air saturation temperature, dry and wet surface fin 

efficiencies are shown below according to the Harms et al. method [5]. 

𝜂𝑠𝑢𝑟𝑓 = 1 −
𝐴𝑓

𝐴𝑜
(1 − 𝜂𝑓) (2.32) 

𝜂𝑠𝑢𝑟𝑓,𝑤 = 1 −
𝐴𝑓

𝐴𝑜
(1 − 𝜂𝑓,𝑤) (2.33) 

Where fin efficiency; 

For dry conditions 

𝜂𝑓 =
𝑡𝑎𝑛ℎ (𝑚𝐷𝑐𝑜𝑙𝑙𝑎𝑟∅)

𝑚 ∗ 𝐷𝑐𝑜𝑙𝑙𝑎𝑟∅
 (2.34) 

 

𝑚 = √(
2ℎ𝑎𝑖𝑟

2𝑘𝑓𝑖𝑛𝑡𝑓𝑖𝑛
) (2.35) 

For wet conditions 
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𝜂𝑓,𝑤 =
𝑡𝑎𝑛ℎ(𝑚𝑓,𝑤𝐷𝑐𝑜𝑙𝑙𝑎𝑟∅)

𝑚𝑓,𝑤𝐷𝑐𝑜𝑙𝑙𝑎𝑟∅
 (2.36) 

𝑚𝑓,𝑤 = √[
2(𝐹𝑝 + 𝑡𝑓𝑖𝑛)ℎ𝑎𝑖𝑟,𝑤𝑐𝑝,𝑎𝑖𝑟,𝑠

𝑘𝑓𝐹𝑝𝑡𝑓𝑖𝑛𝑐𝑝,𝑎𝑖𝑟
] (2.37) 

𝑑𝑐𝑜𝑙𝑙𝑎𝑟 = 𝑑𝑜 + 2𝑡𝑓𝑖𝑛 
(2.38) 

Ø = (𝑟𝑟 − 1)[1 + 0,35𝑙𝑛 (𝑟𝑟)] 
(2.39) 

Radius ratio is defined for staggered tubes: 

𝑟𝑟 = 1,27
𝑋𝑚

𝑑𝑐𝑜𝑙𝑙𝑎𝑟
√[

𝑋𝑙

𝑋𝑚
− 0,3] (2.40) 

Where Xl and Xm are geometric parameters that are correlated to the tube pitch (Pt) and row 

pitch (Pl) as follows: 

𝑋𝑚 =
𝑃𝑡

2
 𝑖𝑓 𝑃𝑡 ≤ 𝑃𝑙  (2.41) 

𝑋𝑚 = 𝑃𝑙  𝑖𝑓 𝑋𝑚 > 𝑃𝑙 
(2.42) 

𝑋𝑙 =
1

2
√(

𝑃𝑡

2
)2 + 𝑃𝑙

2 (2.43) 

 

Where colar radius is the tube outside radius including fin collar. 

 

In order to decrease calculation time, Braun et all [5] recommends the calculation 

method mentioned below to find out the air outlet temperature and enthalpy according to wet 

and dry conditions. 

Outlet air conditions for dry conditions 

𝑇𝑎,𝑜𝑢𝑡 = 𝑇𝑎,𝑖𝑛 + 휀𝑎(𝑇𝑐,𝑠 − 𝑇𝑎,𝑖𝑛) 
(2.44) 
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𝑁𝑇𝑈𝑎 =
𝜂𝑠𝑢𝑟𝑓ℎ𝑎𝑖𝑟𝐴𝑜

𝐶𝑝,𝑎𝑖𝑟
 (2.45) 

휀𝑎 = 1 − 𝑒−𝑁𝑇𝑈𝑎 
(2.46) 

Outlet air conditions for wet conditions,  b33 

𝑇𝑎,𝑜𝑢𝑡 = 𝑇𝑎,𝑖𝑛 + 휀𝑎(𝑇𝑒 − 𝑇𝑎,𝑖𝑛) 
(2.47) 

ℎ𝑎,𝑜𝑢𝑡 = ℎ𝑎,𝑖𝑛 + 휀𝑎(ℎ𝑠,𝑐 − ℎ𝑎,𝑖𝑛) 
(2.48) 

𝑁𝑇𝑈𝑎 =
𝜂𝑠𝑢𝑟𝑓,𝑤ℎ𝑎𝑖𝑟,𝑤𝐴𝑜

𝐶𝑝,𝑎𝑖𝑟
 (2.49) 

휀𝑎 = 1 − 𝑒−𝑁𝑇𝑈𝑎 
(2.50) 

 

Figure 2-4 Heat transfer ratio electrical analogy 
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2.5.2.4 Junction tube matrix  

 To simulate air outlet conditions and refrigerant outlet conditions junction tube matrix 

is being used with segment by segment method. With this method two-dimensional non-

uniformity of air distribution can be applied. A change in the single and two-phase segment 

can be obtained according to segment number arrangement, as well. Moreover, different 

circuitry algorithms can be applied with this method and most effective heat exchanger 

capacity solution can be found. 

 The term ‘junction’ is defined as the intersection where two or more tubes are joined 

together [25].The relationships are shown as follows: 

JTA[n,i,j]=1   :junction n is upstream and connected to tube at row i column j 

JTA[n,i,j]=-1  :junction n is downstream and connected to tube at row i column j 

JTA[n,i,j]=0  :junction n is not connected to tube at row i column j 

 

According to the information in the junction tube connectivity matrix, the following can 

be determined:  

• Refrigerant phase position and pressure drops can be calculated 

• Refrigerant mass flow in each circuit can be calculated 

• Different working fluids in different circuits can be calculated 

In the study of Jiang et al. a sample circuit schema, table and model assumptions are 

shown below [25]. Each segment is treated as a discrete unit of heat transfer, without 

considering the conduction of heat transfer through the fin plates between tubes. 

When the air flow at the face of the heat exchanger is non-uniform (i.e. different air 

velocities at different segments of the tubes in the frontal face row), the air 

velocity at the segments in the air flow direction across the heat exchanger remains the same 

as that at the corresponding segment in the frontal face. The air side heat transfer coefficient 

for each segment is calculated based on the individual air velocity at that segment. 

When dehumidification occurs, the heat transfer resistance due to the water film on the 

surface of the tube and the fin, is either neglected or can be accounted for by adding a certain 

value of resistance to the fin-tube contact resistance. 
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Figure 2-5 Circuit schematic (Source: [25]) 

Refrigerant pressure drop is calculated in each segment, and in each segment refrigerant 

properties are constant. 

𝑃𝑖,𝑗,𝑘,𝑖𝑛 − 𝑃𝑖,𝑗,𝑘,𝑜𝑢𝑡 = ∆𝑃𝑓 + ∆𝑃𝑎 + ∆𝑃𝑔 
(2.51) 

Where;  

i: row number 

j: column number 

k: segment number for refrigerant flow 

∆Pf: Friction term 

∆Pa: Acceleration term 

∆Pg: Gravitational term 

Pressure drop calculation will be detailed in section 2.1.2.6. 

 

For staggered tube arrangement : 

ṁ𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛 = 0,5(ṁ𝑎𝑖𝑟,𝑖,𝑗,𝑘,𝑜𝑢𝑡 + ṁ𝑎𝑖𝑟,𝑖+1,𝑗,𝑘,𝑜𝑢𝑡) 
(2.52) 

ṁ𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛ℎ𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛

= 0,5(ṁ𝑎𝑖𝑟,𝑖,𝑗,𝑘,𝑜𝑢𝑡ℎ𝑎𝑖𝑟,𝑖,𝑜𝑢𝑡 + ṁ𝑎𝑖𝑟,𝑖+1,𝑗,𝑘,𝑜𝑢𝑡ℎ𝑎𝑖𝑟,𝑖+1,𝑗,𝑜𝑢𝑡) 
(2.53) 

ṁ𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛 ∗ 𝑤𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛

= 0,5(ṁ𝑎𝑖𝑟,𝑖,𝑗,𝑘,𝑜𝑢𝑡𝑤𝑎𝑖𝑟,𝑖,𝑜𝑢𝑡 + ṁ𝑎𝑖𝑟,𝑖+1,𝑗,𝑘,𝑜𝑢𝑡𝑤𝑎𝑖𝑟,𝑖+1,𝑗,𝑜𝑢𝑡) 
(2.54) 
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Table 2-1 Junction tube matrix index (Source: [25]) 

  Tube (row, column) 

1,1 1,2 1,3 1,4 2,1 2,2 2,3 2,4 

Junction 1 -1 1             

2         -1 1     

3   -1 1     -1     

4     -1       1   

5       1     -1   

6       -1       1 

 

For inline tube arrangement: 

ṁ𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛 = ṁ𝑎𝑖𝑟,𝑖,𝑗,𝑘,𝑜𝑢𝑡 
(2.55) 

ℎ𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛 = ℎ𝑎𝑖𝑟,𝑖,𝑗,𝑘,𝑜𝑢𝑡 
(2.56) 

𝑤𝑎𝑖𝑟,𝑖,𝑗+1,𝑘,𝑖𝑛 = 𝑤𝑎𝑖𝑟,𝑖,𝑗,𝑘,𝑜𝑢𝑡 
(2.57) 

2.5.2.5 Air side heat transfer and pressure drop correlations 

Air side and pressure drop correleations in the litterature are usually according to 

Colburn j and friction factor. Researchers have made a lot different tests and data reduction 

methods according to heat exchanger geometries. Although there are studies for wet surface 

conditions, most common cases are at the dry conditions.  

𝑗 =
ℎ𝑎𝑖𝑟

𝐺𝑎𝑖𝑟,𝑚𝑎𝑥𝑐𝑝,𝑎𝑖𝑟
𝑃𝑟𝑎𝑖𝑟

2/3 (2.58) 

𝑓 =
𝐴𝑐

𝐴𝑜

𝜌𝑚

𝜌1
[
2∆𝑃𝜌1

𝐺𝑐
2 − (1 + 𝜎2) (

𝜌1

𝜌2
− 1)] (2.59) 
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Correlations for plain, wave, louver and slit fins at dry surface conditions are shown below. 

2.5.2.5.1 Plain fins:  

For dry conditions; [29] 

For N=1; 

𝑗 = 0.108𝑅𝑒𝐷𝑐
−0.29(

𝑃𝑡

𝑃𝑙
)𝑗1(

𝐹𝑝

𝐷𝐶
)−1.084(

𝐹𝑝

𝐷ℎ
)−0.786(

𝐹𝑝

𝑃𝑡
)𝑗2 (2.60) 

Where  

𝑗1 = 1.9 − 0.23ln (𝑅𝑒𝐷𝑐) 
(2.61) 

𝑗2 = −0.236 + 0.126ln (𝑅𝑒𝐷𝑐) 
(2.62) 

For N≥2; 

𝑗 = 0.086 ∗ 𝑅𝑒𝐷𝑐
𝑗3𝑁𝑗4(

𝐹𝑝

𝐷𝐶
)𝑗5(

𝐹𝑝

𝐷ℎ
)𝑗6(

𝐹𝑝

𝑃𝑡
)−0.93 (2.63) 

Where  

𝑗3 = −0.361 −
0.42𝑁

𝑙𝑛(𝑅𝑒𝑑𝑐)
+ 0.158ln (𝑁(

𝐹𝑝

𝐷𝑐
)0.41) (2.64) 

j4 = −1.224 −
0.076(

Pl

Dh
)1.42

ln (ReDc)
 

(2.65) 

j5 = −0.083 +
0.058N

ln (ReDc)
 (2.66) 

j6 = −5.735 + 1.21ln (
ReDc

N
) (2.67) 

f = 0.0267ReDc
F1(

Pt

Pl
)F2(

Fp

Dc
)F3 (2.68) 

F1 = −0.764 + 0.739
Pt

Pl
+ 0.177

Fp

Dc
−

0.00758

N
 (2.69) 
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F2 = −15.689 +
64.021

ln (ReDc)
 (2.70) 

F3 = −1.696 +
15.695

ln (ReDc)
 (2.71) 

Dh =
4AcL

A0
 (2.72) 

𝑅𝑒𝐷𝑐 =
𝐺𝑎𝑖𝑟,𝑚𝑎𝑥𝐷𝑐

ϻ𝑎𝑖𝑟
 (2.73) 

For wet conditions; [30] 

300<ReDc<5500 

𝑗 = 0.29773𝑅𝑒𝐷𝑐
−0.364휀−0.168 

(2.74) 

 

𝑗 = 0.4𝑅𝑒𝐷𝑐
−0.468+0.04076𝑁휀0.159𝑁−1.261 

(2.75) 

 

𝑓 = 28.209𝑅𝑒𝐷𝑐
−0.5653𝑁−0.1026 (

𝐹𝑝

𝐷𝑐
)
−1.3405

휀−1.3343 (2.76) 

휀 =
𝐴𝑜

𝐴𝑝
 (2.77) 

 

In 2007 Pirompugd et al. [31] used finite circular fin method for wet surfaces. In this 

method, heat exchangers divided into little segments and separated into three main region 

named respectively, fully dry, fully wet and partially wet. Although Wang and Pirompugd 

developed their correlations for plain and wave finned heat exchangers, correlations are still 

for narrow geometry ranges.  
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Figure 2.6 Air side fully dry, fully wet and partially wet conditions on the tubes (Source: [32]) 

For plain fins Pirompugd and Wang [33] published the correlations as added below. 

Fully wet conditions: 1, 2, 4, 6 Rows and partially wet conditions 1, 2, 4 Rows 

 

𝑗 = 𝑎𝑅𝑒𝐷𝑐

(𝑏
𝐹𝑠
𝐹𝑝

+𝑐
𝑃𝑙
𝐷𝑐

+𝑑
𝑃𝑡
𝐷𝑐

+𝑒)
 (2.78) 

jh,6,partial = (738.92534
Fs

2

Fp
2 − 1390.12647

Fs

Fp
+ 654.15084) 

ReDc

(−230.74625
Fs

2

Fp
2+434.90018

Fs
Fp

+205.41037)

 

(2.79) 
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𝑗𝑚,6,𝑝𝑎𝑟𝑡𝑖𝑎𝑙 = (9483.51598
𝐹𝑠

2

𝐹𝑝
2 − 17964.96398

𝐹𝑠

𝐹𝑝
+ 8508.25346) 

𝑅𝑒𝐷𝑐

(−835.94824
𝐹𝑠

2

𝐹𝑝
2+1579.81844

𝐹𝑠
𝐹𝑝

−746.95346)

 

(2.80) 

 

Figure 2-7 Plain fin coefficients for jh and jm (Source: [33]) 

2.5.2.5.2 Herringbone wavy fin    

For dry conditions; [34] 

For ReDc<1000 

𝑗 = 0.882𝑅𝑒𝐷𝑐
𝐽1(

𝐷𝑐

𝐷ℎ
)𝐽2(

𝐹𝑠

𝑃𝑡
)𝐽3(

𝐹𝑠

𝐷𝑐
)−1.58(𝑡𝑎𝑛𝛳)−0.2 (2.81) 

𝐽1 = 0.0045 − 0.491𝑅𝑒𝐷𝑐
−0.0316−0.0171 ln(𝑁𝑡𝑎𝑛𝛳) (

𝑃𝑙

𝑃𝑡
)
−0.1019 ln(𝑁𝑡𝑎𝑛𝛳)

 

(
𝐷𝑐

𝐷ℎ
)

0.542+0.0471𝑁

(
𝐹𝑠

𝐷𝑐
)0.984(

𝐹𝑠

𝑃𝑡
)−0.349 

(2.82) 
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𝐽2 = −2.72 + 6.48𝑡𝑎𝑛𝛳 
(2.83) 

𝐽3 = 2.66𝑡𝑎𝑛𝛳 
(2.84) 

 

 

Figure 2-8 Plain fin coefficients for jh and jm (Source:[33]) 

𝑓 = 4.37𝑅𝑒𝐷𝑐
𝐹1(

𝐹𝑠

𝐷ℎ
)𝐹2(

𝑃𝑙

𝑃𝑡
)𝐹3(

𝐷𝑐

𝐷ℎ
)0.2054𝑁𝐹4 (2.85) 

𝐹1 = −0.574 − 0.137(ln(𝑅𝑒𝐷𝑐) − 5.26)0.245 (
𝑃𝑡

𝐷𝑐
)
−0.765

 

(
𝐷𝑐

𝐷ℎ
)
−0.243

(
𝐹𝑠

𝐷ℎ
)
−0.474

(𝑡𝑎𝑛𝛳)−0.217𝑁0.035 

(2.86) 

𝐹2 = −3.05𝑡𝑎𝑛𝛳 
(2.87) 

𝐹3 = −0.192𝑁 
(2.88) 
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𝐹4 = −0.646𝑡𝑎𝑛𝛳 
(2.89) 

For ReDc≥1000  

𝑗 = 0.0646𝑅𝑒𝐷𝑐
𝐽1(

𝐷𝑐

𝐷ℎ
)𝐽2(

𝐹𝑠

𝑃𝑡
)−1.03(

𝑃𝑙

𝐷𝑐
)0.432(𝑡𝑎𝑛𝛳)−0.692𝑁−0.737 (2.90) 

𝐽1 = −0.0545 − 0.0538𝑡𝑎𝑛𝛳 − 0.302𝑁−0.24 (
𝐹𝑠

𝑃𝑙
)
−1.3

 

(
𝑃𝑙

𝑃𝑡
)0.379(

𝑃𝑙

𝐷ℎ
)−1.35𝑡𝑎𝑛𝛳−0.256 

(2.91) 

𝐽2 = −1.29(
𝑃𝑙

𝑃𝑡
)1.77−9.43𝑡𝑎𝑛𝛳(

𝐷𝑐

𝐷ℎ
)0.229−1.43𝑡𝑎𝑛𝛳(

𝐹𝑠

𝑃𝑡
)−0.174ln (0.5𝑁)𝑁−0.166−1.08𝑡𝑎𝑛𝛳 (2.92) 

𝑓 = 0.228𝑅𝑒𝐷𝑐
𝐹1𝑡𝑎𝑛𝛳𝐹2(

𝐹𝑠

𝑃𝑙
)𝐹3(

𝑃𝑙

𝐷𝑐
)𝐹4(

𝐷𝑐

𝐷ℎ
)0.383(

𝑃𝑙

𝑃𝑡
)−0.247 (2.93) 

𝐹1 = −0.141(
𝐹𝑠

𝑃𝑙
)0.0512(𝑡𝑎𝑛𝛳)−0.472(

𝑃𝑙

𝑃𝑡
)0.35(

𝑃𝑡

𝐷ℎ
)0.449𝑡𝑎𝑛𝛳𝑁−0.049+.0237𝑡𝑎𝑛𝛳 (2.94) 

𝐹2 = −0.562(ln(𝑅𝑒𝐷𝑐))
−0.0923𝑁0.013 

(2.95) 

𝐹3 = 0.302𝑅𝑒𝐷𝑐
0.03(

𝑃𝑡

𝐷𝑐
)0.026 (2.96) 

𝐹4 = −0.306 + 3.63𝑡𝑎𝑛𝛳 
(2.97) 

For wet conditions [35] 

𝑗 = 0.472293𝑅𝑒𝐷𝑐
𝑗1 (

𝑃𝑡

𝑃𝑙
)

𝑗2

(
𝑃𝑑

𝑋𝑓
)

𝑗3

(
𝑃𝑑

𝐹𝑠
)

𝑗4

𝑁−0.4933 (2.98) 

𝑓 = 0.149001𝑅𝑒𝐷𝑐
𝑓1 (

𝑃𝑡

𝑃𝑙
)

𝑓2

𝑁𝑓3𝑙𝑛 (3.1 −
𝑃𝑑

𝑋𝑓
)

𝑓4

(
𝐹𝑝

𝐷𝑐
)

𝑓5

(
2𝛤

ϻ
)

0.0769

 (2.99) 

Where 
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𝑗1 = −0.5836 + 0.2371 (
𝐹𝑠

𝐷𝑐
)
0.55

𝑁0.34 (
𝑃𝑡

𝑃𝑙
)
1.2

 (2.100) 

𝑗2 = 1.1873 − 3.0219 (
𝐹𝑠

𝐷𝑐
)
1.5

(
𝑃𝑑

𝑋𝑓
)

0.9

(𝑙𝑛𝑅𝑒𝐷𝑐)
1.22 (2.101) 

𝑗3 = 0.006672 (
𝑃𝑡

𝑃𝑙
)𝑁1.96 (2.102) 

𝑗4 = −0.1157 (
𝐹𝑠

𝐷𝑐
)
0.9

𝑙𝑛 (
50

𝑅𝑒𝐷𝑐
) (2.103) 

𝑓1 = −0.067 + (
𝑃𝑑

𝐹𝑠
) (

1.35 − 0.15𝑁

ln (𝑅𝑒𝐷𝑐
) + 0.0153 (

𝐹𝑠

𝐷𝑐
) (2.104) 

𝑓2 = 2.981 − 0.082𝑙𝑛(𝑅𝑒𝐷𝑐) + (
0.127𝑁

4.05 − ln (𝑅𝑒𝐷𝑐)
) (2.105) 

𝑓3 = 0.53 − 0.0491𝑙𝑛(𝑅𝑒𝐷𝑐) 
(2.106) 

𝑓4 = 11.91 (
𝑁

ln (𝑅𝑒𝐷𝑐)
)
0.7

 (2.107) 

𝑓5 = 1.32 + 0.287𝑙𝑛(𝑅𝑒𝐷𝑐) 
(2.108) 

Pirompugd and Wong, also [36] published correlations for wavy fin tube heat 

exchangers according to the actual dry bulb and equivalent dry bulb method. Correlations 

shown below are for actual dry bulb temperature method. 

Under fully wet conditions 1-2-4 rows 

𝑗 = 𝑎𝑅𝑒𝐷𝑐

(𝑏
𝐹𝑠
𝐹𝑝

+𝑐
𝑃𝑙
𝐷𝑐

+𝑑
𝑃𝑡
𝐷𝑐

+𝑒)
 (2.109) 

Under fully wet conditions 6 rows and under partially wet conditions 4,6 rows: [37] 

𝑗 = (𝑎
𝐹𝑠

𝐹𝑝
+ 𝑏)𝑅𝑒𝐷𝑐

(𝑐
𝐹𝑠
𝐹𝑝

+𝑑)
 (2.110) 
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Figure 2-9 Wavy fin coefficients for jh and jm (Source:[36]) 

300<ReDc<5000 

 

N>1 (fully wet conditions) 

𝑗ℎ,𝑁,𝑓 = 𝑗ℎ,1𝑁
−0.06451 (

𝑆𝑝

𝐷𝑐
)

(−0.1219𝑁+0.7381)

 

(휀)(−0.1219𝑁+0.7381)𝑅𝑒𝐷𝑐
(0.03475𝑁−0.1145

𝐹𝑠
𝐷𝑐

+0.00521
𝑃𝑙
𝐷𝑐

−0.03498
𝑃𝑡
𝐷𝑐

−0.04374)
 

(2.111) 

𝑗𝑚,𝑁,𝑓 = 𝑗𝑚,1𝑁
0.1016 (

𝑆𝑝

𝐷𝑐
)

(−0.2419𝑁+2.5353)

 

(휀)(−0.312𝑁+1.8373)𝑅𝑒𝐷𝑐
(0.0654𝑁−0.1935

𝐹𝑠
𝐷𝑐

+0.133
𝑃𝑙
𝐷𝑐

−0.2329
𝑃𝑡
𝐷𝑐

+0.1563)
 

(2.112) 

 

𝑗𝑚,1 = 1.00006 (
𝑃𝑙

𝐷𝑐
)
−1.6741

(
𝑃𝑡

𝐷𝑐
)
−0.6715

𝑅𝑒𝐷𝑐
(−0.4252

𝐹𝑠
𝐷𝑐

+0.1398
𝑃𝑙
𝐷𝑐

+0.1408
𝑃𝑡
𝐷𝑐

−0.8472)
 (2.113) 

 

N=1 (fully wet and partially wet conditions) 
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𝑗ℎ,1 = 6.6412 (
𝑃𝑙

𝐷𝑐
)
−0,00085

(
𝑃𝑡

𝐷𝑐
)
−2.1461

𝑅𝑒𝐷𝑐
(−0.2636

𝐹𝑠
𝐷𝑐

−0.00091
𝑃𝑙
𝐷𝑐

+0.1558
𝑃𝑡
𝐷𝑐

−0.8865)
 (2.114) 

𝑗𝑚,1 = 1.00006 (
𝑃𝑙

𝐷𝑐
)
−1.6741

(
𝑃𝑡

𝐷𝑐
)
−0.6715

𝑅𝑒𝐷𝑐
(−0.4252

𝐹𝑠
𝐷𝑐

+0.1398
𝑃𝑙
𝐷𝑐

+0.1408
𝑃𝑡
𝐷𝑐

−0.8472)
 (2.115) 

 

Figure 2-10 Wavy fin coefficients for jh and jm (Source:[36]) 

 

N>1 (partially wet conditions 65% <Awet/Ao <100%) 

𝑗ℎ,𝑁,𝑝 = 𝑗ℎ,𝑁,𝑓𝑁
−1.7838 (

𝑆𝑝

𝐷𝑐
)

(−0.9459𝑁+3.9329)

 

(
𝐴𝑤𝑒𝑡

𝐴𝑜
)

(0.6919𝑁−4.7697)

𝑅𝑒𝐷𝑐
(−0.1554𝑁+1.1667

𝐹𝑠
𝐷𝑐

+0.2253
𝑃𝑙
𝐷𝑐

−0.1645
𝑃𝑡
𝐷𝑐

+0.7158)
 

(2.116) 

𝑗𝑚,𝑁,𝑝 = 𝑗𝑚,𝑁,𝑓𝑁
−1.6415 (

𝑆𝑝

𝐷𝑐
)

(−0.7655𝑁+4.0144)

 

(
𝐴𝑤𝑒𝑡

𝐴𝑜
)
(1.16𝑁−7.793)

𝑅𝑒𝐷𝑐
(−0.1151𝑁+0.695

𝐹𝑠
𝐷𝑐

+0.5492
𝑃𝑙
𝐷𝑐

−0.4798
𝑃𝑡
𝐷𝑐

+0.974)
 

 

(2.117) 
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2.5.2.5.3 Louver fin 

Dry conditions [29] 

 

Flat tube  

𝑗 = 𝑅𝑒𝐿𝑝
−0.49 (

𝛳

90
)
0.27

(
𝐹𝑝

𝐿𝑝
)

−0.14

(
𝐹𝑙

𝐿𝑝
)−0.29(

𝑇𝑑

𝐿𝑝
)−0.23(

𝐿𝑙

𝐿𝑝
)0.68(

𝑇𝑝

𝐿𝑝
)−0.28(

𝑡𝑓𝑖𝑛

𝐿𝑝
)−0.05 (2.118) 

Round tube 

For ReDc<1000 

𝑗 = 14.3117𝑅𝑒𝐷𝑐
𝐽1(

𝐹𝑝

𝐷𝑐
)𝐽2(

𝐿ℎ

𝐿𝑝
)𝐽3(

𝐹𝑝

𝑃𝑙
)𝐽4(

𝑃𝑙

𝑃𝑡
)−1.724 (2.119) 

𝐽1 = −0.991 − 0.1055 (
𝑃𝑙

𝑃𝑡
)
3.1

ln (
𝐿ℎ

𝐿𝑝
)  

 

(2.120) 

𝐽2 = −0.7344 + 2.1059(
𝑁0.55

ln(𝑅𝑒𝐷𝑐) − 3.2
) 

 

(2.121) 

𝐽3 = 0.08485 (
𝑃𝑙

𝑃𝑡
)
−4.4

𝑁−0.68 

 

(2.122) 

𝐽4 = −0.1741ln (𝑁) 
(2.123) 

For ReDc≥1000 

𝑗 = 1.1373𝑅𝑒𝐷𝑐
𝐽1 (

𝐹𝑝

𝑃𝑙
)

𝐽2

(
𝐿ℎ

𝐿𝑝
)

𝐽3

(
𝑃𝑙

𝑃𝑡
)

𝐽4

(𝑁)0.3545 (2.124) 

𝐽1 = −0.6027 − 0.02593 (
𝑃𝑙

𝐷ℎ𝑡
)
0.52

ln (
𝐿ℎ

𝐿𝑝
)𝑁−0.5 (2.125) 

𝐽2 = −0.4776 + 0.40774 (
𝑁0.7

ln(𝑅𝑒𝐷𝑐) − 4.4
) (2.126) 
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𝐽3 = −0.58655 (
𝐹𝑝

𝐷ℎ
)
2.3

(
𝑃𝑙

𝑃𝑡
)
−1.6

𝑁−0.65 (2.127) 

𝐽4 = 0.0814(ln(𝑅𝑒𝐷𝑐) − 3) 
(2.128) 

Wet conditions [38] 

𝑗 = 9.717𝑅𝑒𝐷𝑐
𝑗1 (

𝐹𝑝

𝐷𝑐
)

𝑗2

(
𝑃𝑙

𝑃𝑡
)

𝑗3

𝑙𝑛 (3 −
𝐿𝑝

𝐹𝑝
)

0.07162

𝑁−0.543 (2.129) 

𝑗1 = −0.023634 − 1.2475 (
𝐹𝑝

𝐷𝑐
)
0.65

(
𝑃𝑙

𝑃𝑡
)
0.2

𝑁−0.18 (2.130) 

𝑗2 = 0.856exp (𝑡𝑎𝑛𝜃𝑙) 
(2.131) 

𝜃𝑙 =
𝐿ℎ

𝐿𝑝
 (2.132) 

𝑗3 = 0.25𝑙𝑛(𝑅𝑒𝐷𝑐) 
(2.133) 

𝑓 = 2.814𝑅𝑒𝐷𝑐
𝑓1 (

𝐹𝑝

𝐷𝑐
)

𝑓2

(
𝑃𝑙

𝐷𝑐
)

𝑓3

(
𝑃𝑙

𝑃𝑡
+ 0.091)

𝑓4

(
𝐿𝑝

𝐹𝑝
)

1.958

𝑁0.04674 (2.134) 

𝑓1 = 1.223 − 2.857 (
𝐹𝑝

𝐷𝑐
)
0.71

(
𝑃𝑙

𝑃𝑡
)
−0.05

 (2.135) 

𝑓2 = 0.8079𝑙𝑛(𝑅𝑒𝐷𝑐) 
(2.136) 

𝑓3 = 0.8932𝑙𝑛(𝑅𝑒𝐷𝑐) 
(2.137) 

𝑓4 = −0.999𝑙𝑛 (
2𝛤

ϻ𝑓
) (2.138) 

 

General friction coefficient for louver fin geometry 
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𝑓 = 𝑓1𝑓2𝑓3 
(2.139) 

For ReLp<150 

𝑓1 = 1.39𝑅𝑒𝐿𝑝
(−

0.805𝐹𝑝

𝐹1
)
(ln (1 + (

𝐹𝑝

𝐿𝑝
)))

3.04

 (2.140) 

𝑓2 = (𝑙𝑛 ((
𝐹𝑡

𝐹𝑝
)

0.48

+ 0.9))

−1.435

(
𝐷ℎ

𝐿𝑝
)

−3.01

(𝑙𝑛(0.5𝑅𝑒𝐿𝑝))
−3.01

 (2.141) 

𝑓3 = (
𝐹𝑝𝐹𝑑

𝐿1
2 )

−0.308

(𝑒
−0.1167

𝑇𝑝

𝐷𝑚)𝛳𝑙
0.35 (2.142) 

For 150<ReLp<5000 

𝑓1 = 4.97𝑅𝑒𝐿𝑝
(0.6049−

1.064
𝛳0.2 )

(ln ((
𝐹𝑡

𝐹𝑝
)

0.5

+ 0.9))

−0.527

 (2.143) 

𝑓2 = ((
𝐷ℎ

𝐿𝑝
) 𝑙𝑛(0.3𝑅𝑒𝐿𝑝))

−2.966

(
𝐹𝑝

𝐿1
)
−0.7931(

𝑇𝑝

𝑇ℎ
)

 (2.144) 

𝑓3 = (
𝑇𝑝

𝐷𝑚
)
−0.0446

(𝑙𝑛 (1.2 + (
𝐿𝑝

𝐹𝑝
)

1.4

))

−3.553

𝛳𝑙
−0.477 (2.145) 

2.5.2.5.4 Slit fin 

Dry conditions [29] 

𝑗 = 5.98𝑅𝑒𝐷𝑐
𝑗1 (

𝐹𝑠

𝐷𝑐
)

𝑗2

𝑁𝑗3 (
𝑆𝑠

𝑆ℎ
)

𝑗4

(
𝑃𝑡

𝑃𝑙
)
0.804

 (2.146) 

𝑓 = 0.1851𝑅𝑒𝐷𝑐
𝑓1 (

𝐹𝑠

𝐷𝑐
)

𝑓2

(
𝑆𝑠

𝑆ℎ
)

𝑓3

𝑁−0.046 (2.147) 

𝑗1 = −0.647 + 0.198
𝑁

𝑙𝑛(𝑅𝑒𝐷𝑐)
− 0.458

𝐹𝑠

𝐷𝑐
+ 2.52

𝑁

𝑅𝑒𝐷𝑐
 (2.148) 
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𝑗2 = 0.116 + 1.125
𝑁

𝑙𝑛(𝑅𝑒𝐷𝑐)
− 47.6

𝑁

𝑅𝑒𝐷𝑐
 (2.149) 

𝑗3 = 0.49 + 175

𝐹𝑠

𝐷𝑐

𝑅𝑒𝐷𝑐
−

3.08

𝑙𝑛(𝑅𝑒𝐷𝑐)
 

(2.150) 

𝑗4 = 0.63 + 0.086𝑆𝑛 
(2.151) 

𝑓1 = −1.485 + 0.656 (
𝐹𝑠

𝐷𝑐
) + 0.855 (

𝑃𝑡

𝑃𝑙
) (2.152) 

𝑓2 = −1.04 −
125

𝑅𝑒𝐷𝑐
 (2.153) 

𝑓3 = −0.83 + 0.117𝑆𝑛 
(2.154) 

Wet conditions [39] 

𝑗 = 0.7291𝑅𝑒𝐷𝑐
𝑗1 (

𝑃𝑡

𝑃𝑙
)
0.188

𝑁0.0218 (
𝑆𝑠

𝑆ℎ
)
−0.0671

𝑆𝑛
0.1937 (2.155) 

𝑓 = 0.501𝑅𝑒𝐷𝑐
𝑓1 (

𝐹𝑠

𝐷𝑐
)

𝑓2

(
𝑃𝑡

𝑃𝑙
)

−1.1858

𝑁0.06 (
𝑆𝑠

𝑆ℎ
)
−0.07162

 (2.156) 

𝑗1 = −0.5264 −
0.0456

(1 +
2𝛤
ϻ𝑓

)
2 − 0.0003𝑁3 

(2.157) 

𝑓1 = −0.3021 +
3.2065

√𝑅𝑒𝐷𝑐

+ 0.0844

ln (1 +
2𝛤
ϻ𝑓

)

1 +
2𝛤
ϻ𝑓

 (2.158) 

𝑓2 = −0.2756 − 0.0044𝑙𝑛𝑅𝑒𝐷𝑐 − 0.0013 (
𝐹𝑠

𝐷𝑐
) (2.159) 
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2.5.2.6 Refrigerant side heat transfer correlations 

In the literature, there are many studies on refrigerant side heat transfer and pressure 

drop correlations. In this section, correlations will be explained to implement segment by 

segment method. Correlations are examined according to the refrigerant phase change 

procedure in horizontal smooth tubes. 

Two phase examinations are the most complex part for heat exchanger calculations. 

While a lot of overall refrigerant heat transfer calculations are enough for tube by tube 

methods, for segment by segment method, refrigerant phase changing conditions in two phase 

region are getting more complex.  

2.5.2.6.1 Two Phase Condensation 

Thome et al. [40] developed a new flow pattern map for refrigerant condensation in 

horizontal tubes. According to this method, new regions are introduced for refrigerant flow 

name, fully-stratified (S), stratified wavy (SW), intermittent (I), annular (A), mist (MF) and 

bubbly(B) flow. Thome et al. calculated transition mass flow velocities for each region to 

decide the flow regimes. Ranges for flow pattern is shown below.  

Annular flow 

G>Gwavy, G<Gmist or G<Gbubbly and x<xIA 

Intermittent flow 

G>Gwavy, G<Gmist and x>xlA  

Stratified wavy flow 

Gstrat<G<Gwavy 

Fully stratified flow 

G<Gstrat 

Mist flow  

G>Gmist 

Calculations are given below respect to the calculation order. 
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Figure 2-11 Two phase flow patterns in horizontal tube according (Source:[40]) 

 

 

Figure 2-12 R134 a at 40C  inner diameter 8mm mass flow pattern according to the vapor 

quality and mass flow velocity (Source:[40]) 



 

 

38 

 

 

 

 

Figure 2-13 Dry angle positions according to flow pattern (Source:[41]) 

 

휀ℎ = (1 + (
1 − 𝑥

𝑥
) (

𝜌𝑉

𝜌𝐿
))

−1

 (2.160) 

휀𝑟𝑎 =
𝑥

𝜌𝑉
([1 + 0.12(1 − 𝑥)] [

𝑥

𝜌𝑉
+

1 − 𝑥

𝜌𝐿
] +

1.18(1 − 𝑥)[𝑔𝜎(𝜌𝐿 − 𝜌𝑉)]0.25

𝐺𝜌𝐿
0.5

)

−1

 (2.161) 

휀𝑣𝑣 =
휀ℎ − 휀𝑟𝑎

𝑙𝑛 (
휀ℎ

휀𝑟𝑎
)

 
(2.162) 

𝜃𝑠𝑡𝑟𝑎𝑡 = 2𝜋 − 2{𝜋(1 − 휀𝑣𝑣) + (
3𝜋

2
)
1/3

[1 − 2(1 − 휀𝑣𝑣) + (1 − 휀𝑣𝑣)
1
3 − 휀𝑣𝑣

1/3]

−
1

200
(1 − 휀𝑣𝑣)휀𝑣𝑣[1 − 2(1 − 휀𝑣𝑣)][1 + 4((1 − 휀𝑣𝑣)

2 + 휀𝑣𝑣
2)]} 

(2.163) 

(
𝑊𝑒

𝐹𝑟
)
𝐿

=
𝑔𝑑𝑖

2𝜌𝐿

𝜎
 (2.164) 



 

 

39 

 

 

 

𝐴𝐿𝑑 =
1

8
[(2𝜋 − 𝜃𝑠𝑡𝑟𝑎𝑡) − 𝑠𝑖𝑛(2𝜋 − 𝜃𝑠𝑡𝑟𝑎𝑡)] (2.165) 

𝐴𝐿 = A𝑖(1 − 휀𝑣𝑣) 
(2.166) 

𝐴𝑣 = 𝐴휀𝑣𝑣 
(2.167) 

𝐴𝑣𝑑 =
𝐴𝑣

𝑑𝑖𝑛
2 (2.168) 

𝑃𝑖𝑑 = 𝑠𝑖𝑛 (
2𝜋 − 𝜃𝑠𝑡𝑟𝑎𝑡

2
) (2.169) 

ℎ𝐿𝑑 = 0.5 (1 − cos (
2𝜋 − 𝜃𝑠𝑡𝑟𝑎𝑡

2
)) (2.170) 

𝜉 = [1.138 + 2𝑙𝑜𝑔 (
𝜋

1.5𝐴𝐿𝑑
)]

−2

 (2.171) 

𝐺𝑤𝑎𝑣𝑦 = {
16𝐴𝑣𝑑

3𝑔𝑑𝑖𝜌𝐿𝜌𝑉

𝑥2𝜋2(1 − (2ℎ𝐿𝑑 − 1)2)0.5
[

𝜋2

25ℎ𝐿𝑑
2 (

𝑊𝑒

𝐹𝑟
)
𝐿

−1.023

+ 1]}

0.5

+ 50

− 75𝑒−(𝑥2−0.97)
2
/𝑥(1−𝑥) 

(2.172) 

𝐺𝑠𝑡𝑟𝑎𝑡 = {
(226.3)2𝐴𝐿𝑑𝐴𝑣𝑑

2𝜌𝑣(𝜌𝐿 − 𝜌𝑣)𝜇𝐿𝑔

𝑥2(1 − 𝑥)𝜋3
} + 20𝑥 (2.173) 

𝐺𝑚𝑖𝑠𝑡 = {
7680𝐴𝑣𝑑

2𝑔𝑑𝑖𝜌𝐿𝜌𝑣

𝑥2𝜋2𝜉
(
𝐹𝑟

𝑊𝑒
)
𝐿
}

0.5

 (2.174) 

𝐺𝑏𝑢𝑏𝑏𝑙𝑦 = {
256𝐴𝑉𝑑𝐴𝐿𝑑

2𝑑𝑖𝑛
1.25𝜌𝐿(𝜌𝐿 − 𝜌𝑉)𝑔

0.3164(1 − 𝑥)1.75𝜋2𝑃𝑖𝑑𝜇𝐿
0.25

}

1/1.75

 (2.175) 

𝑥𝐼𝐴 = {[0.2914 (
𝜌𝑉

𝜌𝐿
)
−1/1.75

(
𝜇𝐿

𝜇𝑉
)

−1/7

] + 1}

−1

 (2.176) 

𝛿 =
𝑑𝑖

2
− √(

𝑑𝑖

2
)
2

−
2𝐴𝑙

(2𝜋 − 𝜃𝑑𝑟𝑦)
 (2.177) 

If δ>d/2 δ=d/2 
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𝑅𝑒𝐿 =
4𝐺(1 − 𝑥)𝛿

(1 − 휀)ϻ𝐿
 (2.178) 

𝑃𝑟𝐿 =
𝐶𝑝𝐿𝜇𝐿

𝑘𝐿
 (2.179) 

For Annular, intermittent and mist flow  

𝜃𝑑𝑟𝑦 = 0 
(2.180) 

𝑓𝑖 = 1 + (
𝑢𝑉

𝑢𝐿
)
1/2

(
(𝜌𝐿 − 𝜌𝑉)𝑔𝛿2

𝜎
)

1/4

 (2.181) 

For the stratified wavy flow 

𝜃𝑑𝑟𝑦 = 𝜃𝑠𝑡𝑟𝑎𝑡 
(2.182) 

𝑓𝑖 = 1 + (
𝑢𝑉

𝑢𝐿
)
1/2

(
(𝜌𝐿 − 𝜌𝑉)𝑔𝛿2

𝜎
)

1/4

(
𝐺

𝐺𝑠𝑡𝑟𝑎𝑡
) (2.183) 

 

Fully stratified wavy 

𝜃𝑑𝑟𝑦 = 𝜃𝑠𝑡𝑟𝑎𝑡 [
(𝐺𝑤𝑎𝑣𝑦 − 𝐺)

(𝐺𝑤𝑎𝑣𝑦 − 𝐺𝑠𝑡𝑟𝑎𝑡)
]

0.5

 (2.184) 

𝑓𝑖 = 1 + (
𝑢𝑉

𝑢𝐿
)
1/2

(
(𝜌𝐿 − 𝜌𝑉)𝑔𝛿2

𝜎
)

1/4

(
𝐺

𝐺𝑠𝑡𝑟𝑎𝑡
) (2.185) 

ℎ𝑐 = 0.003𝑅𝑒𝐿
0.74𝑃𝑟𝐿

0.5 𝑘𝐿

𝛿
𝑓𝑖 (2.186) 

ℎ𝑓 = 0.655 [
𝜌𝐿(𝜌𝐿 − 𝜌𝑉)𝑔ℎ𝐿𝑉𝑘𝐿

3

ϻ𝐿𝑑𝑖𝑞
]

1/3

 (2.187) 

ℎ𝑡𝑝 =
ℎ𝑓𝑟𝜃 + (2𝜋 − 𝜃𝑑𝑟𝑦)𝑟ℎ𝑐

2𝜋𝑟
 (2.188) 
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2.5.2.6.2 Two Phase Evaporation 

Similarly to condensation, evaporation flow patterns are developed by J.R.Thome and 

his team mates. Furthermore, in this case some flow patterns are added. The flow pattern 

names are respectively, Slug (S), Slug + stratified wavy (SSW), Stratified wavy (SW), 

Intermittent (I), Annular (A), Dryout (D) and Mist (M) flow [42]. Once more, the transition 

mass flow velocities designate the flow pattern conditions.  

The zone is distinguished by the flow pattern as; 

Slug zone 

If Gwavy,xIA<G and Gwavy>G  

Slug+stratified wavy zone 

if Gstrat<G<Gwavy,xIA and x<xIA and Gwavy>G 

Stratified wavy zone 

if x≥xIA and Gwavy>G 

Intermittent 

if G>Gwavy and G<Gdryout and x<xIA 

Annular 

if G>Gwavy and G<Gdryout and x> xIA 

Dryout 

if Gmist>G>Gdryout 

Mist  

if G > Gmist 

Calculations are given below in respect to the calculation order. [43] 

𝐺𝑑𝑟𝑦,𝑜𝑢𝑡 =

[
 
 
 
 1

0.235
(𝑙𝑛 (

0.58

𝑥
) + 0.52) (

𝑑𝑖

𝜌𝑉𝜎
)

−0.17

(
1

𝑔𝑑𝑖𝜌𝑉(𝜌𝐿 − 𝜌𝑉)
)
−0.37

(
𝜌𝑉

𝜌𝐿
)
−0.25

(
𝑞

𝜌𝑐𝑟𝑖𝑡
)
−0.7

]
 
 
 
 
0.926

 (2.189) 

𝐺𝑚𝑖𝑠𝑡 =

[
 
 
 
 1

0.0058
(𝑙𝑛 (

0.61

𝑥
) + 0.57) (

𝑑𝑖

𝜌𝑉𝜎
)
−0.38

(
1

𝑔𝑑𝑖𝑛𝜌𝑉(𝜌𝐿 − 𝜌𝑉)
)
−0.15

(
𝜌𝑉

𝜌𝐿
)
0.09

(
𝑞

𝜌𝑐𝑟𝑖𝑡
)
−0.27

]
 
 
 
 
0.943

 (2.190) 
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𝐺𝑤𝑎𝑣𝑦 = {
16𝐴𝑣𝑑

3𝑔𝑑𝑖𝜌𝐿𝜌𝑣

𝑥2𝜋2(1 − (2ℎ𝐿𝑑 − 1)2)0.5
[

𝜋2

25ℎ𝐿𝑑
2 (

𝑊𝑒

𝐹𝑟
)
𝐿

−1

+ 1]}

0.5

+ 50 (2.191) 

𝐺𝑠𝑡𝑟𝑎𝑡 = {
(226.3)2𝐴𝐿𝑑𝐴𝑣𝑑

2𝜌𝑣(𝜌𝐿 − 𝜌𝑣)𝜇𝐿𝑔

𝑥2(1 − 𝑥)𝜋3
} (2.192) 

𝑥𝐼𝐴 = {[0.2914 (
𝜌𝑉

𝜌𝐿
)
−1/1.75

(
𝜇𝐿

𝜇𝑉
)
−1/7

] + 1}

−1

 (2.193) 

𝜃𝑠𝑡𝑟𝑎𝑡 = 2𝜋 − 2{𝜋(1 − 휀𝑣𝑣) + (
3𝜋

2
)

1
3
[1 − 2(1 − 휀𝑣𝑣) + (1 − 휀𝑣𝑣)

1
3 − 𝑒휀𝑣𝑣

1
3]

−
1

200
(1 − 휀𝑣𝑣)휀𝑣𝑣[1 − 2(1 − 휀𝑣𝑣)][1 + 4((1 − 휀𝑣𝑣)

2 + 휀𝑣𝑣
2)]} 

(2.194) 

휀ℎ = (1 + (
1 − 𝑥

𝑥
) (

𝜌𝑉

𝜌𝐿
))

−1

 (2.195) 

휀𝑟𝑎 =
𝑥

𝜌𝑣
([1 + 0.12(1 − 𝑥)] [

𝑥

𝜌𝑣
+

1 − 𝑥

𝜌𝐿
] +

1.18(1 − 𝑥)[𝑔𝜎(𝜌𝐿 − 𝜌𝑣)]
0.25

𝐺𝜌𝐿
0.5

)

−1

 (2.196) 

휀𝑣𝑣 =
휀ℎ − 휀𝑟𝑎

𝑙𝑛 (
휀ℎ

휀𝑟𝑎
)

 
(2.197) 

For Slug, intermittent and annular zone  

𝜃𝑑𝑟𝑦 = 0 

 
(2.198) 

For stratified  

𝜃𝑑𝑟𝑦 = [
𝐺𝑤𝑎𝑣𝑦 − 𝐺

𝐺𝑤𝑎𝑣𝑦 − 𝐺𝑠𝑡𝑟𝑎𝑡
]

0.61

 (2.199) 

 

For SW 

𝜃𝑑𝑟𝑦 = [
𝐺𝑤𝑎𝑣𝑦 − 𝐺

𝐺𝑤𝑎𝑣𝑦 − 𝐺𝑠𝑡𝑟𝑎𝑡
]

0.61

𝜃𝑠𝑡𝑟𝑎𝑡 (2.200) 

For Slug + Sw 
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𝜃𝑑𝑟𝑦 =
𝑥

𝑥𝐼𝐴
[

𝐺𝑤𝑎𝑣𝑦 − 𝐺

𝐺𝑤𝑎𝑣𝑦 − 𝐺𝑠𝑡𝑟𝑎𝑡
]

0.61

𝜃𝑠𝑡𝑟𝑎𝑡 (2.201) 

𝛿 =
𝑑𝑖

2
− √(

𝑑𝑖

2
)
2

−
2𝐴𝐿

(2𝜋 − 𝜃𝑑𝑟𝑦)
 (2.202) 

 

If δ>d/2 δ=d/2 

ℎ𝑡𝑝 =
𝜃𝑑𝑟𝑦ℎ𝑉 + (2𝜋 + 𝜃𝑑𝑟𝑦)ℎ𝑤𝑒𝑡

2𝜋
 (2.203) 

ℎ𝑉 = 0.023𝑅𝑒𝑉
0.8𝑃𝑟𝑉

0.4 𝑘𝑉

𝑑𝑖
 (2.204) 

ℎ𝑐𝑏 = 0.0133𝑅𝑒𝛿
0.69𝑃𝑟𝐿

0.4 𝑘𝐿

𝛿
 (2.205) 

ℎ𝑛𝑏 = 55(𝑃𝑟)
0.12 − (−𝑙𝑜𝑔𝑃𝑟)

−0.55𝑀−0.5𝑞0.67 
(2.206) 

ℎ𝑤𝑒𝑡 = [(ℎ𝑐𝑏)
3 + (ℎ𝑛𝑏)

3]1/3 
(2.207) 

For mist flow 

𝑅𝑒𝐻 =
𝐺𝑑𝑖

𝜇𝑉
(𝑥 +

𝜌𝑉

𝜌𝐿

(1 − 𝑥)) 

 

(2.208) 

𝑌 = 1 − 0.1 [(
𝜌𝐿

𝜌𝑉
− 1) (1 − 𝑥)]

0.4

 (2.209) 

ℎ𝑚𝑖𝑠𝑡 = 0.0117𝑅𝑒𝐻
0.79𝑃𝑟𝑉

−1.06𝑌−1.83
𝑘𝑉

𝐷
 (2.210) 

For dry out 

𝑞𝑐𝑟𝑖𝑡 = 0.131𝜌𝑉
0.5ℎ𝐿𝑉(𝑔(𝜌𝐿 − 𝜌𝑉)𝜎)0.25 

(2.211) 

𝑥𝑑𝑖 = 0.58𝑒
[0.52−0.235𝑊𝑒𝑉

0.17𝐹𝑟𝑉
0.37(

𝜌𝑉
𝜌𝐿

)
0.25

(
𝑞

𝑞𝑐𝑟𝑖𝑡
)
0.7

]
 (2.212) 
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𝑥𝑑𝑒 = 0.61𝑒
[0.57−0.0058𝑊𝑒𝑉

0.38𝐹𝑟𝑉
0.15(

𝜌𝑉
𝜌𝐿

)
−0.09

(
𝑞

𝑞𝑐𝑟𝑖𝑡
)
0.27

]
 (2.213) 

ℎ𝑑𝑟𝑦𝑜𝑢𝑡 = ℎ𝑡𝑝(𝑥𝑑𝑖) −
𝑥 − 𝑥𝑑𝑖

𝑥𝑑𝑒 − 𝑥𝑑𝑖
[ℎ𝑡𝑝(𝑥𝑑𝑖) − ℎ𝑚𝑖𝑠𝑡(𝑥𝑑𝑒)] (2.214) 

2.5.2.6.3 For single phase 

 Single phase calculations in evaporator and condenser are the same as given by the 

Gnielinski method [44]. In this case, refrigerant properties should be adjusted according to the 

refrigerant position either in superheated region or subcooled region. Calculations are given 

below. 

 

If refrigerant is in subcooled region: 

Prref=PrL and kref=kL 

If Refrigerant is in superheated region: 

Prref=PrV and kref=kV 

ℎ𝑠𝑝 =
(𝑅𝑒𝐷𝑖𝑛 − 1000)𝑃𝑟𝑟𝑒𝑓 (

𝑓
2
) 𝑘𝑟𝑒𝑓

1 + 12.7√𝑓/2(𝑃𝑟𝑟𝑒𝑓
0.67 − 1)𝑑𝑖𝑛

 (2.215) 

𝑓 = [1.58𝑙𝑛(𝑅𝑒𝐷𝑖𝑛) − 3.28]−2 
(2.216) 

2.5.2.7 Refrigerant side pressure drop correlations 

Refrigerant side pressure drop calculations are divided into three parts, frictional, 

acceleration and gravitational [6]. Frictional part is the most dominant part in calculations. 

While gravitational part is for change at elevation in heat exchanger, gravity effect is more 

dominant in low quality. 

∆𝑃𝑟𝑒𝑓 = ∆𝑃𝑓𝑟𝑖𝑐 + ∆𝑃𝑎𝑐𝑐𝑒𝑙 + ∆𝑃𝑔𝑟𝑎𝑣 
(2.217) 
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2.5.2.7.1 Accelerational pressure drop  

Accelerational pressure drop calculations are based on the inlet and outlet conditions 

in tube. Because of that, at single phase region, subcooled and superheated area momentum 

term is always positive, which means pressure increasing. 

For single phase 

∆𝑃𝑎𝑐𝑐𝑒𝑙 = 𝐺𝑟𝑒𝑓
2 (

1

𝜌𝑟𝑒𝑓,𝑖𝑛
−

1

𝜌𝑟𝑒𝑓,𝑜𝑢𝑡
) (2.218) 

For two phase 

∆Paccel = Gref
2 (

x2

αρV
+

(1 − x)2

(1 − α)ρL
) (2.219) 

For void fraction calculations, usually Zivi’s [45] formula is being used. 

α =
1

1 +
1 − x

x (
ρV

ρL
)
2/3

 
(2.220) 

2.5.2.7.2 Gravitational pressure drop  

Gravitational pressure drop is for elevation difference for the refrigerant. Elevation 

difference occurs only in tube bends. [6] 

∆𝑃𝑔𝑟𝑎𝑣 = 𝜌𝑟𝑒𝑓𝑔𝐿𝑠𝑒𝑔

𝐻𝑐𝑜𝑖𝑙

𝐿𝑐𝑜𝑖𝑙
 (2.221) 

2.5.2.7.3 Frictional pressure drop 

Frictional term is the most dominant section of the pressure drop calculations. As for 

single phase Ragazzi and Pederson approach is shown below, for two phase calculations 

Thome et al. [46] approach is described. 
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2.5.2.7.3.1 For single phase 

Single phase calculations are given below, according to turbulent and laminar flow, also for 

vapor and liquid refrigerants. 

If ReDin ≤ 2300 

𝑓𝑟𝑒𝑓,𝑉 = 𝑓𝑟𝑒𝑓,𝐿 =
16

𝑅𝑒𝑑,𝑖𝑛
 (2.222) 

 

If 100,000≥ ReDin≥2300 

For vapor refrigerant 

𝑓𝑟𝑒𝑓,𝑉 =
0.046

(𝑅𝑒𝑑,𝑖𝑛)
0.2 (2.223) 

For liquid refrigerant 

𝑓𝑟𝑒𝑓,𝐿 =
0.079

(𝑅𝑒𝑑,𝑖𝑛)
0.25 (2.224) 

 

 

If ReDin≥100,000 

𝑓𝑟𝑒𝑓,𝑉 = 𝑓𝑟𝑒𝑓,𝐿 =
0.0032 + 0.221(𝑅𝑒𝑑,𝑖𝑛)

−0.237

4
 (2.225) 

Frictional pressure-drop for vapor and liquid: 

∆𝑃𝑓,𝐿 =
2𝑓𝐿𝐺

2𝐿

𝑑𝑖𝜌𝑟𝑒𝑓
 (2.226) 

∆𝑃𝑓,𝑉 =
2𝑓𝑉𝐺2𝐿

𝑑𝑖𝜌𝑟𝑒𝑓
 (2.227) 

 

2.5.2.7.3.2 Two phase evaporation frictional pressure drop 

For two phase calculations are similar to evaporation heat transfer coefficients. Again, 
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flow pattern method is used by Thome et al. Refrigerant flow positions are similar to 

evaporation heat transfer coefficients. 

 

Annular flow 

𝑢𝑉 =
𝐺

𝜌𝑉

𝑥

휀𝑣𝑣
 (2.228) 

𝑢𝐿 =
𝐺

𝜌𝐿

1 − 𝑥

1 − 휀𝑣𝑣
 (2.229) 

𝑊𝑒𝐿 =
𝜌𝐿𝑢𝐿

2𝑑𝑖

𝜎
 (2.230) 

𝑓𝑖,𝑎𝑛𝑢𝑙𝑎𝑟 = 0.67 [
𝛿

𝑑𝑖
]
1.2

[
(𝜌𝐿 − 𝜌𝑉)𝑔𝛿2

𝜎
]

−0.4

(
𝜇𝑉

𝜇𝐿
)

0.08

(𝑊𝑒𝐿)
−0.034 (2.231) 

∆𝑃𝑎𝑛𝑛𝑢𝑙𝑎𝑟,𝑓 = 4𝑓𝑖,𝑎𝑛𝑢𝑙𝑎𝑟 (
𝐿

𝑑𝑖
)
𝜌𝑉𝑢𝑉

2

2
 (2.232) 

 

 

Figure 2-14 Flow pattern map evaluated for R-22 (Source:[40]) 
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Slug + Intermittent flow 

휀ℎ = (1 + (
1 − 𝑥

𝑥
) (

𝜌𝑉

𝜌𝐿
))

−1

 (2.233) 

휀𝑟𝑎 =
𝑥

𝜌𝑣
([1 + 0.12(1 − 𝑥)] [

𝑥

𝜌𝑣
+

1 − 𝑥

𝜌𝐿
] +

1.18(1 − 𝑥)[𝑔𝜎(𝜌𝐿 − 𝜌𝑣)]
0.25

𝐺𝜌𝐿
0.5

)

−1

 (2.234) 

휀𝑣𝑣 =
휀ℎ − 휀𝑟𝑎

𝑙𝑛 (
휀ℎ

휀𝑟𝑎
)

 
(2.235) 

∆𝑃𝑠𝑙𝑢𝑔+𝑖𝑛𝑡𝑒𝑟𝑚𝑖𝑡𝑡𝑒𝑛𝑡,𝑓 = ∆𝑃𝑓,𝐿 (1 −
휀𝑣𝑣

휀𝑣𝑣,𝑥𝐼𝐴
)

0.25

+ ∆𝑃𝑎𝑛𝑛𝑢𝑙𝑎𝑟 (
휀𝑣𝑣

휀𝑣𝑣,𝐼𝐴
)

0.25

 (2.236) 

 

Stratified wavy flow 

𝜃𝑑𝑟𝑦
∗ =

𝜃𝑑𝑟𝑦

2𝜋
 (2.237) 

𝑅𝑒𝐺 =
𝐺𝑥𝑑𝑖

𝜇𝑉휀𝑣𝑣
 (2.238) 

𝑓𝑡𝑝,𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑𝑤𝑎𝑣𝑦 = 𝜃𝑑𝑟𝑦
∗∆𝑃𝑓,𝑉 + (1 − 𝜃𝑑𝑟𝑦

∗)𝑓𝑖,𝑎𝑛𝑢𝑙𝑎𝑟 
(2.239) 

∆𝑃𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑𝑤𝑎𝑣𝑦,𝑓 = 4𝑓𝑡𝑝,𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑𝑤𝑎𝑣𝑦 (
𝐿

𝑑𝑖
)
𝜌𝐺𝑢𝐺

2

2
 (2.240) 

Slug + Stratified wavy flow 

∆𝑃𝑠𝑙𝑢𝑔+𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑𝑤𝑎𝑣𝑦,𝑓 = ∆𝑃𝑓,𝐿 (1 −
휀𝑣𝑣

휀𝑣𝑣,𝐼𝐴
)

0.25

+ ∆𝑃𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑𝑤𝑎𝑣𝑦,𝑓 (
휀𝑣𝑣

휀𝑣𝑣,𝐼𝐴
)

0.25

 (2.241) 

Mist flow 

휀𝐻 =
1

1 +
1 − 𝑥

𝑥
𝜌𝑉

𝜌𝐿

 
(2.242) 

𝜇𝑚 = 𝑥𝜇𝑉 + (1 − 𝑥)𝜇𝐿 
(2.243) 

𝑅𝑒𝑚 =
𝐺𝑑𝑖

𝜇𝑚
 (2.244) 
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𝜌𝑚 = 𝜌𝐿(1 − 휀𝐻) + 𝜌𝑔휀𝐻 
(2.245) 

∆𝑃𝑚𝑖𝑠𝑡,𝑓 = 2∆𝑃𝑠𝑝,𝑓,𝑚 (
𝐿

𝑑𝑖
)

𝐺2

𝜌𝑚
 (2.246) 

Dryout Flow 

𝜇𝑚,𝑥𝑑𝑒 = 𝑥𝑑𝑒𝜇𝑉 + (1 − 𝑥𝑑𝑒)𝜇𝐿 
(2.247) 

𝑅𝑒𝐻 =
𝐺𝑑𝑖

𝜇𝑚,𝑥𝑑𝑒
 (2.248) 

∆𝑃𝑚𝑖𝑠𝑡,𝑓∗ = 2∆𝑃𝑠𝑝,𝑓,𝑚,𝑥𝑑𝑒 (
𝐿

𝑑𝑖
)

𝐺2

𝜌𝑚
 (2.249) 

𝑢𝑉 =
𝐺

𝜌𝑉

𝑥𝑑𝑖

휀𝑣𝑣
 (2.250) 

𝑢𝐿 =
𝐺

𝜌𝐿

1 − 𝑥𝑑𝑖

1 − 휀𝑣𝑣
 (2.251) 

𝑊𝑒𝐿,𝑥𝑑𝑖 =
𝜌𝐿𝑢𝐿

2𝑑𝑖

𝜎
 (2.252) 

𝑓𝑖,𝑎𝑛𝑢𝑙𝑎𝑟∗ = 0.67 [
𝛿

𝑑𝑖
]
1.2

[
(𝜌𝐿 − 𝜌𝑉)𝑔𝛿2

𝜎
]

−0.4

(
𝜇𝑉

𝜇𝐿
)

0.08

(𝑊𝑒𝐿,𝑥𝑑𝑖)
−0.034

 (2.253) 

∆𝑃𝑎𝑛𝑛𝑢𝑙𝑎𝑟,𝑓∗ = 4𝑓𝑖,𝑎𝑛𝑢𝑙𝑎𝑟∗ (
𝐿

𝑑𝑖
)
𝜌𝐺𝑢𝐺

2

2
 (2.254) 

∆𝑃𝑑𝑟𝑦𝑜𝑢𝑡,𝑓 = ∆𝑃𝑎𝑛𝑛𝑢𝑙𝑎𝑟,𝑓∗ −
𝑥 − 𝑥𝑑𝑖

𝑥𝑑𝑒 − 𝑥𝑑𝑖
(∆𝑃𝑎𝑛𝑛𝑢𝑙𝑎𝑟,𝑓∗ − ∆𝑃𝑚𝑖𝑠𝑡,𝑓∗) 

(2.255) 

Stratified flow 

𝜃𝑠𝑡𝑟𝑎𝑡
∗ =

𝜃𝑠𝑡𝑟𝑎𝑡

2𝜋
 (2.256) 

𝑓𝑡𝑝,𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑 = 𝜃𝑠𝑡𝑟𝑎𝑡
∗∆𝑃𝑠𝑝,𝑓,𝑉 + (1 − 𝜃𝑠𝑡𝑟𝑎𝑡

∗)𝑓𝑖,𝑎𝑛𝑢𝑙𝑎𝑟 
(2.257) 
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𝑢𝑉 =
𝐺

𝜌𝑉

𝑥

휀𝑣𝑣
 (2.258) 

∆𝑃𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑,1 = 4𝑓𝑡𝑝,𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑 (
𝐿

𝑑𝑖
)
𝜌𝑉𝑢𝑉

2

2
 (2.259) 

 

If x≥xIA 

∆𝑃𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑,𝑓 = ∆𝑃𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑,1 
(2.260) 

If x<xIA 

∆𝑃𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑,𝑓 = ∆𝑃𝑓,𝐿 (1 −
휀𝑣𝑣

휀𝑣𝑣,𝐼𝐴
)

0.25

+ ∆𝑃𝑠𝑡𝑟𝑎𝑡𝑖𝑓𝑖𝑒𝑑,1 (
휀𝑣𝑣

휀𝑣𝑣,𝐼𝐴
)

0.25

 (2.261) 

According to Thome et al., studies range of application for evaporation, condensation heat 

transfer and frictional correlations are shown below: 

3.1<din<21.4 

0.02<pr<0.8 

76<(We/Fr)L<884 

 

Applicable refrigerants: Ammonia, R-11, R-12, R-22, R-32, R-113, R-123, R-125, R-134a, R-

236ea, R-32/R-125 near azeotrope, R-402A, R-404A, R-407C, R-410A, 

R-502, propane, n-butane, iso-butane and propylene. 

2.5.2.7.3.3 Two phase condensation frictional pressure drop 

 Condensation pressure drop calculations, are shown below as Souza et al. [47] 

correlations. This method is based on the calculation of the liquid refrigerant pressure drop 

correlated according to the two-phase section. 

∆𝑃𝑓 = ∆𝑃𝑓,𝐿∅𝑙𝑖𝑞
2
 

(2.262) 

Where ∆𝑃𝑓 is the frictional pressure drop in liquid phase and ∅𝑙𝑖𝑞
2
 is the two phase correction 

factor. 
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∅𝑙𝑖𝑞
2 = 1.376 +

𝐶1

𝑋𝑡𝑡
𝐶2

 (2.263) 

Where  

 

If FrL ≥ 0.7 

𝐶1 =  7.242 
(2.264) 

𝐶2 = 1.655 
(2.265) 

If FrL < 0.7 

𝐶1 = 4.172 + 5.48𝐹𝑟𝐿 − 1.564𝐹𝑟𝐿
2 

(2.266) 

𝐶2 = 1.773 − 0.169𝐹𝑟𝐿 
(2.267) 

𝐹𝑟𝐿 =
𝐺𝑟𝑒𝑓

2

𝜌𝐿𝑔𝑑𝑖
 (2.268) 

𝑋𝑡𝑡 = (
𝜌𝑉

𝜌𝐿
)
0.5

(
𝜇𝑉

𝜇𝐿
)
0.125

(
1 − 𝑥𝑟𝑒𝑓

𝑥𝑟𝑒𝑓
)

0.875

 (2.269) 

 

Correlation is valid for xref ≥ 0.17. If xref < 0.17 interpolation between liquid and two-

phase correlations should be used. 

2.5.2.8 Heat transfer area 

The common equations which are used to calculate heat transfer surface are are listed below 

according to wavy and plain fins. [48] 

 

Fin spacing 
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𝐹𝑠 = 𝐹𝑝 − 𝑡𝑓𝑖𝑛 
(2.270) 

Number of fins 

𝑁𝑓 =
𝐿𝑐𝑜𝑖𝑙 − 𝐹𝑠

𝑡𝑓𝑖𝑛 + 𝐹𝑠
 (2.271) 

Coil height 

𝐻𝑐𝑜𝑖𝑙 = 𝑃𝑡𝑁𝑡 
(2.272) 

Face area 

𝐴𝑓𝑎𝑐𝑒 = 𝐻𝑐𝑜𝑖𝑙𝐿𝑐𝑜𝑖𝑙 
(2.273) 

Outside tube area 

𝐴𝑝 = (𝜋𝑑𝑜𝐿𝑐𝑜𝑖𝑙 − 𝑁𝑓𝑡𝑓𝑖𝑛)𝑁𝑁𝑡 
(2.274) 

Total surface area 

𝐴𝑜 = 𝐴𝑓 + 𝐴𝑝 
(2.275) 

Plain fin area 

𝐴𝑓 = 2 [𝑊𝑐𝑜𝑖𝑙𝐻𝑐𝑜𝑖𝑙 − (
𝜋𝑑𝑜

2

4
)𝑁𝑡]𝑁𝑓𝐿𝑐𝑜𝑖𝑙 + 2𝐻𝑐𝑜𝑖𝑙𝑡𝑓𝑖𝑛𝑁𝑓𝐿𝑐𝑜𝑖𝑙 (2.276) 

Wavy fin area 

𝑠𝑒𝑐𝜃 =

√𝑥𝑓
2 + 𝑃𝑑

2

𝑥𝑓
 

(2.277) 

𝐴𝑓 = 2(𝐻𝑐𝑜𝑖𝑙𝑋𝑙𝑁𝑠𝑒𝑐𝜃 − 𝑁𝑡𝑁𝜋𝑑𝑜
2/4)𝑁𝑓𝑖𝑛 

(2.278) 

Minimum flow area is calculated based on the arrangement type such as  

For staggered arrangement 
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2𝑎 = (𝑃𝑡 − 𝑑𝑜) − (𝐷𝑐 − 𝑑𝑜)𝑡𝑓𝑖𝑛𝑁𝑓 
(2.279) 

2𝑏 = 2(√[(
𝑃𝑡

2
)
2

+ 𝑋𝑙
2] − 𝑑𝑜 − (𝐷𝑐 − 𝑑𝑜)𝑡𝑓𝑖𝑛𝑁𝑓) (2.280) 

𝐴𝑜 = [(
𝐻𝑐𝑜𝑖𝑙

𝑃𝑡
− 1) 𝑐 + (𝑃𝑡 − 𝑑𝑜) − (𝑑𝑐 − 𝑑𝑜)𝑡𝑓𝑖𝑛𝑁𝑓] 𝐿𝑐𝑜𝑖𝑙 (2.281) 

 

If 2a<2b then c=2b else c=2a 

For inline arrangement 

𝐴𝑜 = [(𝑃𝑡 − 𝑑𝑜)𝐿𝑐𝑜𝑖𝑙 − (𝑑𝑐 − 𝑑𝑜)𝑡𝑓𝑖𝑛𝑁𝑓𝐿𝑐𝑜𝑖𝑙]
𝐻𝑐𝑜𝑖𝑙

𝑃𝑡
 (2.282) 
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CHAPTER 3 

COMPRESSOR CYCLE ALGORITHM 

Previously, equipment in vapor compression refrigeration cycle were introduced. 

Furthermore, the equations and correlations of heat transfer and pressure drop calculations 

were given for all the equipment in distinct flow types and cases. In this section, an algorithm 

is proposed which uses all the discussed equations and correlations to connect all the 

equipment in the refrigeration cycle and documents the effect of all equipment on the cycle as 

a real time simulation. 

In order to specify specific application, the following information is required for the 

program: 

• Outdoor temperature & relative humidity (RH) 

• Indoor temperature & RH 

• Air flow over condenser and evaporator 

• Air flow distribution around the condenser and evaporator copper tubes 

• Condenser and evaporator circuit arrangement 

• Refrigerant type 

• Compressor model  

• Compressor sub-cooling and superheat point 

• Suction and discharge copper tube diameter, length and settlement 

• Compressor cycle mode, cooling or heating 

Then, in order for the program to begin iterations ‘calculation button’ should be clicked. 

Algorithm of the program is given in the figure 3.1. Simulation program first calculates the 

compressor mass flow. Then, it calculates the discharge tube outlet condensation temperature 

to use in condenser inlet. Condenser calculations can start with the inlet condensation 

temperature. In condenser, pressure drop, heat transfer and outlet temperature of refrigerant 

and air are calculated in each segment. Then, if condenser outlet subcooling value is the same 

with compressor subcooling value which is a user input, simulation program continues with 

the next step to calculate liquid line pressure drop and refrigerant mass; otherwise, it iterates 
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until compressor condensation temperature error decreases to 1oC. After liquid line 

calculations, program continues with evaporator calculations, which are similar to condenser 

side. Then, program calculates the suction line outlet evaporation temperature and superheat 

temperature. If these values are the same same with compressor inlet values calculations, the 

calculations are stopped and the results are written; otherwise the algorithm iterates to reduce 

compressor condensation and evaporation temperature until the error decreases to 1 ˚C. 

Overall, the algorithm uses heat transfer and pressure drop equations and correlations in order 

to calculate all properties for the entire cycle. The user can also decide to the number of 

segments the problem to be divided. However, it should be noted that the number of segments 

increases the accuracy but also computational time. Furthermore, the algorithm calculates the 

values and iterates until all the properties in the cycle are in accord. 

 

 

Figure 3-1 Software simulation algorithm  
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CHAPTER 4 

HEAT EXCHANGER SIMULATION RESULTS 

Here the results of the developed algorithm is compared with Friterm heat exchanger 

simulation program. Unfortunately, the cost of experimental study was a constraint so is the 

lack of experimental data in the literature. Therefore, it is decided to validate the algorithm 

with commercially used software of Friterm heat exchanger simulation program. The same 

problem is defined in both software defined as in Tables 4-1 and 4-2. Then, capacity and 

pressure drop values supplied by the softwares are compared. Main difference between the 

developed algorithm and Friterm software is related with the circuitry of the exhangers and air 

flow distribution. Friterm software [49] is not capable of including the circuitry information 

and it uses common circuitry algorithm of Z shape. In addition, it does not enable user to 

define air flow distribution and uses uniform air flow distribution in the software. However, 

developed software enables for user to include the circuitry of heat exchangers and include 

how the air flow distributed over the exchangers. Especially, if there is a computational fluid 

dynamics simulations at hand that can be incorporated to enhance to accuracy of the results.    

Table 4-1 Condenser calculation comparation between this study and Friterm software 

(Source: [49]) 

Condenser Comparison 

    Simulation 

Programme 

Friterm 

Tube in rows   2 

Tube number 
 

36 

Length of heat exchanger mm 800 

Copper tube wall thickness mm 0,4 

Copper tube out diameter mm 9,52 

Tube distance in rows mm 22 

Tube distance in columns mm 25,4 
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Number of circuits 
 

6 

Fin thickness mm 0,12 

Fin spacing mm 2,1 

Fin type 
 

Wavy 

Refrigerant type 
 

R410A 

Condensation temp ˚C 55 

Condenser inlet temperature ˚C 95,19 

Refrigerant mass flow kg/h 392 

Air flow m3/h 7800 

Air inlet temperature ˚C 35 

Air inlet RH % 40,29 

Segments in each tube 
 

5 - 

Total capacity kW 21,12 21,8 

Air outlet temperature ˚C 43,2 43,7 

Air outlet RH % 25,9 26,2 

Refrigerant side pressure drop kPa 8,53 10,7 

Outlet condensation temperature ˚C 54,8 - 

Outlet subcooling ˚C 2,4 5 

Refrigerant mass kg 1,33 - 

Table 4-2 Evaporator calculation comparation between this study and Friterm software 

(Source: [49]) 

Evaporator Comparison 

    Simulation Programme Friterm 

Tube in rows   3 

Tube number   36 

Length of heat exchanger mm 500 

Copper tube wall thickness mm 0,4 

Copper tube out diameter mm 9,52 

Tube distance in rows mm 22 
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Tube distance in columns mm 25,4 

Number of circuits   6 

Fin thickness mm 0,12 

Fin spacing mm 2,1 

Fin type   Wavy 

Refrigerant type   R410A 

Condensation temp ˚C 55 

Evaporation temp ˚C 7 

Condenser subcooling ˚C 5 

Refrigerant mass flow kg/h 410 

Air flow m3/h 3600 

Air inlet temperature ˚C 27 

Air inlet RH % 46,94 

Segments in each tube   5 - 

Total capacity kW 17,28 16,8 

Sensible heat ratio % 0,71 0,8 

Air outlet temperature ˚C 16,9 15,7 

Air outlet RH % 74,2 83,41 

Refrigerant side pressure drop kPa 28,3 27,8 

Outlet evaporation temperature ˚C 6,12 - 

Outlet superheat ˚C 12,71 8 

Refrigerant mass kg 0,47 - 

 

 

 

 

 

 

 

 



 

 

59 

 

 

 

CHAPTER 5 

                                     CONCLUSION 

In this study, basic equipment of water-cooled and air-cooled vapor compression cycle 

were introduced. The equipment was specified and the advantages and disadvantages of 

specific type of equipment were discusses such as piston, screw and rotary compressors. The 

heat transfer and pressure drop equations were given for finned tube heat exchangers 

specifically for condensers and evaporators. The correlations were specified whether the flow 

is single phase or two phase, if two phase what is the characteristics of the flow (slug, 

intermittent or annular zone) and Reynolds number. The mathematical calculation model of 

zone-by-zone, tube-by-tube and segment by segment were specified. Each method calculates 

the correlations for defined zones, tubes or segments. Segment by segment method is selected 

for the developed algorithm because it is the most accurate method if the segment number is 

increased. In addition, its results can be adopted that if the segment number is the same with 

the number of tubes then the results became the same with the tube by tube method. After 

introducing the correlations and deciding on the mathematical calculation method, difference 

between e-Ntu and LMTD are discussed. Then, the compressor polynomials were 

documented. The algorithm of the developed software was also discussed where not only a 

specific heat exchanger calculated by the software but the all the properties for all 

components are calculated simultaneously. Therefore, the designer should not use several 

selections software packages, one for condenser, another for evaporator and so on. In 

addition, as the design parameters varied the input values for each program should be altered 

and working conditions should be satisfied by the user. However, developed software 

eliminates this confusion by enabling all the simulations to be run simultaneously and satisfy 

working conditions automatically. Then in order to validate the accuracy of the developed 

software, the results of a commercially available heat exchanger selection software was used. 

The results of the sample case showed that the results of the developed software is acceptable.  
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